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ABSTRACT: Extensive studies have been conducted to elucidate
the effects of such parameters as molecular weight, polydispersity,
and composition on the controlled release properties of poly(p,L-
lactic-co-glycolic acid) (PLGA). However, studies dealing with the
effect of monomer sequence distribution have been sparse mainly
because of the difficulty of precisely controlling the monomer
sequence in PLGA. Herein, we present a semibatch copolymeriza-
tion strategy that enables the production of statistically sequence-
controlled “uniform PLGA” polymers through control of the rate
of comonomer addition. Using this method, a series of PEG—
PLGA samples having a comparable molecular weight and
composition but different sequence distributions (uniform vs
gradient) were prepared. The properties of these materials (PEG
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crystallization/melting, hygroscopicity, aqueous sol—gel transition, drug release kinetics) were found to significantly vary,
demonstrating that sequence control only at the statistical level still significantly influences the properties of PLGA. Most notably,

uniform PLGA exhibited the more sustained drug release behavior

he synthesis of monodisperse, high molecular weight

(MW) PLGA has been a topic of interest because of its
usefulness for various biomedical applications. Ring-opening
polymerization (ROP) of lactide (LA) and glycolide (GL)
requires a catalyst to make the reaction proceed at a reasonable
rate. Metal catalysts are common choices with tin being the
most widely used." With a tin catalyst, LA and GL undergo
polymerization by the coordination—insertion mechanism.”
This chemistry enables high MW PLGA (>100 kDa) to be
produced within minutes to hours at not-too-inconvenient
temperatures (130—200 °C).” MWs and polydispersities are
controlled by the propagation-to-initiation rate ratio and the
extent of transesterification.’ Transesterification is promoted at
elevated temperatures (>130 °C)* and results in a broadening
of the MW distribution.’

Another inconvenient aspect of the ROP of LA and GL is
the large difference in reactivity between the two monomers;
for tin-catalyzed ROP reactions, the reactivity ratios are r;, =
0.2 and rg; = 2.8 at 200 °C.° As a result, a conventional batch
copolymerization reaction produces a gradient PLGA having
long sequences of GL near the initiating end and long
sequences of LA toward the opposite end of a chain.

Recently, organic catalysts”® have emerged as alternatives to
metal catalysts. Organic catalysts enable the ROP of LA/GL to
be effected at ambient temperature, thereby without trans-
esterification reactions.” However, under organic catalysts, the
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compared to gradient PLGA.

disparity of the reactivities becomes exacerbated'’ (r;, & 3.37
X 1072 and g = 13.6 in the 1,8-diazabicyclo[5.4.0]undec-7-
ene(DBU)-catalyzed process at room temperature''). This
renders it impossible to produce PLGA products using a batch
process because gradient PLGA polymers containing long GL
sequences are not soluble in most organic solvents.'” To
address this limitation, researchers have proposed a semibatch
copolymerization strategy (a constant-rate GL addition
method)."”'* However, this method is still incapable of
producing a sequence uniform PLGA copolymer.'' A semi-
batch process having a varying-rate monomer addition is
required to produce the desired uniform PLGA architecture.'
However, it is difficult to execute this concept, especially when
DBU is used as the catalyst, because the reactivity ratios differ
greatly between LA and GL."

Recently, Meyer and co-workers demonstrated a method to
deterministically control the repeat unit sequences in PLGA.'
Their “segmer assembly polymerization” method involves
condensation reactions of “segmers” containing predesigned
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sequences of lactate and glycolate units. However, there are
potential disadvantages of this method, which include (i)
additional steps needed to prepare segmers, and (i) higher
polydispersity indices (PDI)'” and (iii) lower MWs achiev-
able'® relative to ROP methods. Ding and co-workers used
transesterification reactions as a means of increasing the
randomness of the PLGA sequence;'” PLGA-PEG-PLGA
materials were synthesized with a tin catalyst at two different
temperatures (130 vs 160 °C). The copolymer prepared at the
higher temperature showed a more uniform monomer
distribution because of a greater level of transesterification.
However, this method does not allow precise control of the
sequence and also accompanies a broadening of the MW
distribution.

In this Letter, we demonstrate an alternative approach for
producing uniform PLGA products with narrow MW
distributions via semibatch ROP. In this approach, a mixture
of LA and GL is continuously fed into the reactor at a constant
rate, unlike the previous approach in which only the more
reactive GL is continuously added.'” In our case, the sequence
distribution is controlled by the comonomer feed rate; so this
method is called “feed rate-controlled polymerization
(FRCP)”. The idea is that the disparity in monomer
reactivities becomes unimportant in the slow comonomer
feed limit, that is, when the feed rate is slower than the
polymerization rates. One can imagine the extreme situation,
where small amounts of LA and GL molecules are either in one
feed stream (Scheme 1) or in separate streams, added to the

Scheme 1. (a) Schematic Depiction of the Feed Rate
Controlled Polymerization (FRCP) Process;” (b) DBU-
Catalyzed Copolymerization of LA and GL

@ Monomer (LA & GL)

Feed Raa
Control

N
Initiator (MPEG-OH)
& Catalyst (DBU)

(b)

o
I \ o ) o .
X o o L o o )K/o‘
mPEG-OH 4 + ‘ 08U > mPEG o Yo} \‘H
~_© o 1 n ] IX

o o

LA

“Both lactide (LA) and glycolide (GL) monomers (either together as
a mixture or in separate feed streams) are continuously fed into the
reactor at a constant rate.

reactor each time at sufficiently long intervals between
additions; in this case, the copolymer sequence is not
controlled by the inherent reactivities of the monomers, but
instead by the rate(s) of their addition. In reality, the smallest
amount of monomers that can be added to the reactor at each
addition step is limited by the size of the droplet of the
comonomer solution (Scheme 1); therefore, the PLGA
produced by the FRCP must possess some level of sequence
gradient at local scales, although on a global scale, the
monomer distribution must be uniform.

To demonstrate this FRCP concept, a series of PEGg -
PL, G, stA materials were synthesized under different
comonomer feed rate and polymerization rate conditions;
the polymerization rate was controlled by DBU (catalyst)
concentration. Briefly, 10 mL of a comonomer solution
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containing 116 mM LA and 144 mM GL in dichloromethane
(DCM) was injected at various rates (0.05—0.3 mL/min) into
the reactor that initially contained S mL of an initiator/catalyst
solution (11.2 mM mPEG—OH and 11-33 mM DBU in
DCM). The polymerization was run for the time needed to
complete the comonomer injection and then terminated by
adding benzoic acid. As summarized in Table 1 (runs 1-5), at
fast monomer feed rates and low DBU concentrations, the
reaction mixture turned opaque due to the generation of
(PEG-)PLGA chains containing long GL sequences and their
precipitation; at slower monomer feed rates/higher DBU
concentrations, the reaction mixture remained transparent
throughout the reaction, suggesting more uniform sequence
characteristics for the PLGA products. The resultant PEG-
PLGA was characterized by 'H NMR to determine its MW
(Figure S1). As shown in Table 1, as the monomer feed rate
was increased (runs 4 and S) or the DBU concentration was
decreased (run 1), the PLGA block MW decreased because of
the precipitation of the growing chains, which limited the
polymerization conversion.

Similar experiments were also performed targeting PEGg -
PL; 3. Gs A and PEGs -PL; G, 5 A microstructures (runs 6
and 7 and 8—11, respectively, in Table 1). For the PEGs g
PL, G, 5 A experiments, larger amounts of DBU had to be
added in order to obtain a high monomer conversion because
the less reactive LA was the majority monomer component
(run 10). Overall, all qualitative trends were the same as those
observed in the previous PEG; g -PL, G, 51 A case.

The PEG; ¢ -PL; G5 oA samples (runs 6 and 7 in Table 1)
were chosen for detailed microstructural investigation. In
addition to the products of Runs 6 and 7 (named, respectively,
as OLG2 and OLG3 in Table 2), one additional sample
(OLG1) was prepared at a slower feed rate (0.03 mL/min) for
this study. As indicated in Table 2, for the synthesis of OLG1,
DBU was injected three times (20 yL of DBU injected at every
2 h) to obtain a high monomer conversion because of the long
reaction time (~6 h at the 0.03 mL/min comonomer addition
rate) and the deactivation of DBU over time.”” The sequence
properties of OLG1, OLG2, and OLG3 were characterized by
BC NMR.*"** The signals from the carbonyl carbons were
analyzed to determine the cumulative lactyl—lactyl, lactyl—
glycolyl, glycolyl-lactyl, and glycolyl—glycolyl diad concen-
trations (I 1, Iy, Iy, and Igg, respectively).'* The I;; and I,
data were obtained using hexafluoroisopropanol as the solvent
(Figure 1a),"*** and the I; and I data used were obtained
using DMSO-dj as the solvent (Figure $3).”* The cumulative
number-average lactate/glycolate sequence lengths (L, and L
, respectively) were calculated using the following equations
(derivations given in the Supporting Information (SI)):

I I
2 42, T =25¢ 42

L,
ILG GL

(1)
As shown in Table 2, the results confirm that a slower

comonomer feed rate gives shorter average LA/GL sequence

lengths and thus a more uniform sequence distribution.

The molecular characteristics of the copolymers produced
by the FRCP method (OLG1, OLG2, and OLG3) were also
compared with those of a commercial PEGgy-PLs 0 Gs g A
product synthesized with a tin catalyst (AK010, PolySciTech).
As shown in Figure S3 ("H NMR), the chemical composition
of AK010 (LA/GL =2 50:50) is similar to that of our polymers.
The number-average lactate/glycolate sequence lengths of
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Table 1. Summary of PEG-PLGA Polymers Synthesized Using the FRCP Method under Different Comonomer Feed Rate and

DBU Concentration Conditions”

run No. polymer target feed rate (mL/min)
1 PEG; oi-PLy 5k Go.siA 0.10
2 PEGs oi-PL 51 Go.siA 0.08
3 PEG; p-PL, 5.Gy 51A 0.10
4 PEGs 0i-PLy 5k Go.siA 0.20
S PEGs 0-PLy 51 G skA 0.30
6 PEGg 04-PLs 0G5 oA 0.05
7 PEGs o1-PLs 01 Gs oA 0.10
8 PEG; g-PL; Gy 5 A 0.03
9 PEG; o-PL; 5 Gy s1A 0.05
10 PEG; g-PL; G, 5.A 0.0
11 PEGs o-PL; 5 G 5iA 0.05

[DBU], (mM) product in DCM polymer product®

11.1 opaque PEG; gi-PLg20kG1 kA
33.5 transparent PEG; -PL; 6 G, 1A
33.5 transparent PEG; p-PL, 1G5 oA
33.5 translucent PEGs o-PL; ok Go.okA
33.5 opaque PEG; 0i-PL; 2 Ga0kA
33.5 transparent PEG; y-PL, 3G, 5A
33.5 opaque PEG; o -PL, 11 Gy g1 A
33.5 transparent PEG; -PL; .G, 7 A
33.5 transparent PEG; -PLs .G, 1A
55.8 transparent PEG; p-PL 1G5 0 A
89.3 transparent PEGg oi-PLs 51Ga o1 A

“The reaction conditions were as follows: for all runs, the volume of comonomer feed solution injected into the reactor = 10 mL, the initial volume
of initiator/catalyst solution in the reactor = 6.0 mL, [mPEG-OH], = 11.2 mM (reactor), solvent = DCM (for both comonomer and initiator/
catalyst solutions), T = 25 °C; for PEG; q-PL, G, 514, [LA], = 116 mM (feed), [GL], = 144 mM (feed); for PEG; 3 -PLg 0 Gs oA, [LA], = 232
mM (feed), [GL], = 289 mM (feed); for PEG;,-PL, .G, 5iA, [LA], = 349 mM (feed), [GL], = 144 mM (feed). "Italicized entries represent the
best among tested conditions identified for producing the respective target PEG—PLGA products. “Based on 'H NMR.

Table 2. Cumulative Number-Average Lactate and Glycolate Sequence Lengths (L; and L, Respectively) for PEG; g-
PL; 0G5 A Polymers Synthesized under Different Comonomer Feed Rate Conditions

polymer ID feed rate (mL/min) [DBU], (mM) polymer product® I /Lc" I © Iee/Ia” Le"
OLGI1 0.03 223 x 3¢ PEGy - PLg 2,Gs oA 148 496 1.89 5.78
OLG2 0.05 335 PEG ,-PL, G, g A 178 5.56 2.06 6.12
OLG3 0.10 335 PEG, -PL, 1,G A 174 5.48 2.58 7.16

“Number-average molecular weight values were determined by '"H NMR (Figure S2). *Determined by '*C NMR using hexafluoroisopropanol as
the solvent (Figure 1a). “Calculated using eq 1. “Determined by '*C NMR using DMSO-dg as the solvent (Figure S2). ““X 3” denotes that 3 doses
of DBU (20 uL of DBU per injection) were added to the reactor (at the beginning and every 2 h thereafter).

AKO010 were L; =~ 4.76 and L; = 5.98, respectively (Figure
S4). In terms of sequence uniformity, AK010 is not better than
OLG1 (Table 2), although in the AKO10 case, both the less
disparate reactivities of LA and GL with the tin catalyst and the
transesterification that occurred during the polymerization
enhanced the uniformity of the sequence distribution. GPC
data show that the FRCP products are more monodisperse
(PDI 2 1.1-1.2) than AK010 (PDI & 1.8; Figure SS).

In the remainder of this paper, we report on the
investigation of the effects of sequence distribution on the
structural and interaction properties of PEG-PLGA polymers.
Figure 1b shows differential scanning calorimetry (DSC)
profiles of OLG1, OLG2, and OLG3; the DSC profile of a
mPEG; y-OH homopolymer is presented in Figure S6. The
melting temperatures of the PEG; y-PL;s 0 Gsq A copolymers
(T 40—52 °C) were significantly lower than that of
mPEG;,-OH (T, & 67 °C). Among the three copolymers,
the T, decrease was greatest for OLGl (T, = 40 °C),
followed by OLG2 (T, = 44 °C) and then by OLG3 (T, = S0
°C). This trend reflects the fact that from OLG3 to OLG2 to
OLG], the monomer sequence gradient decreases, particularly
near the junction point between the PEG and PLGA blocks.
According to the Gibbs—Thomson equation,” the melting
temperature depression (AT, = T, — T,,, where T,,% is the
equilibrium melting temperature) is proportional to the
interfacial tension (y) between the crystalline and amorphous
phases. The PEG crystal-melt interfacial tension (y) is
influenced by the miscibility between the PEG and PLGA
blocks. Based on the polymer solubility parameters (Sppg
192 (J/ce)'?, Sppa = 214 (J/cc)V?, and Spgy = 23.8 (J/
cc)?)**7*% and the monomer volume of PEG (vpgc & 39.0

o~
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cc/mol), the Flory—Huggins parameters are estimated to be
Jregpia = 0.18 and yppgpga & 0.53, respectively, for the
PEG/PLA and PEG/PGA combinations at 25 °C, which
implies that PEG interacts more favorably with PLA than with
PGA. OLG1 contains the least amount of GL sequences near
the block junction, and therefore the greatest amount of PLGA
segments would intrude into the fold region of the semi-
crystalline PEG domain of the neat OLGI material; OLG3
would be the opposite end of this comparison. Therefore,
OLG]1, followed by OLG2 and OLGS3, should exhibit the
highest y and thus the lowest T,, (the greatest AT,) as
observed experimentally. This trend observed in terms of AT,
(Figure 1b) also agrees with the trend in the degree of
crystallinity (Table S1); as the crystalline fraction decreases,
the T, decreases.””

A separate moisture absorption experiment was performed
to confirm the crystallinity trend. The OLG1, OLG2, and
OLG3 samples were placed within a humidified chamber (85%
relative humidity) at ambient temperature for 2 days.*
Afterward, the amounts of moisture absorbed by the polymers
were measured by thermogravimetric analysis (TGA). As
shown in Figure 1c (weight losses between about 60 and 100
°C), OLGI had the greatest moisture content, followed by
OLG2, and OLG3 had the lowest moisture content. These
results agree with the DSC results (OLG1 > OLG2 > OLG3
in the amorphous fraction; Figure 1b and Table S1).

The effects of PLGA monomer sequence on PEG structures
were evident even in aqueous self-assembly situations. Micelle
solutions of OLG1, OLG2, and OLG3 were prepared by direct
dissolution of the polymers (0.5% by weight) in Milli-Q water
(Figures S7 and S8). Differences in the PEG corona properties
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Figure 1. (a) *C NMR spectra (carbonyl resonances) of the PEGg g-PLs 3 Gs A polymers produced under three different monomer feed rate
conditions (named OLG1, OLG2, and OLG3). See Table 2 for the monomer feed rates used and the molecular weight/monomer sequence length
characteristics and Figure S$ for the polydispersity indices (PDIs) of these polymers. The NMR spectra were obtained using a coaxial tube with the
polymer/hexafluoroisopropanol solution placed in the outer tube and blank DMSO-d, in the inner tube. (b) DSC and (c) TGA traces for OLG],

OLG2, and OLG3.

of these micelles were examined by investigation of the
interactions of these micelles with laponite (clay) nano-
particles. As shown in Figure S9, all three PLGA-PEG micelles
formed gels with laponite at elevated temperatures. The
OLG1/laponite system exhibited the highest sol—gel transition
temperature, followed by the OLG2/laponite and then OLG3/
laponite systems, which is consistent with a previous report
that PLGA-PEG-PLGA triblock copolymers with longer LA/
GL sequences exhibit lower gelation temperatures;'” detailed
discussions of these results are presented in the SI.

We explored how the PLGA sequence distribution affects
the drug release properties of PEG-PLGA. Paclitaxel (PTX)-
loaded PEG-PLGA nanoparticles (“PEG-PLGA/PTX NPs”;
having a hydrodynamic diameter of ~700 nm) were prepared
from OLG1, OLG2, and OLG3 using the emulsion-
evaporation procedure.’’ The size and drug loading character-
istics of the resultant PEG-PLGA/PTX NPs are summarized in
Figure 2a and Table S2. Scanning electron microscopy (SEM)
images (Figure 2a) show that all PEG-PLGA/PTX NPs have a
spherical shape and nonporous surfaces. In all formulations,
single holes of ~150 nm diameter were observed in about 10%
of the particles (created due to the evaporation flux of
DCM).*” Transmission electron microscopy (TEM) images
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(Figure S10) confirmed that these PEG-PLGA/PTX NPs are
open hollow spheres.

The PTX release kinetics of the three NP formulations were
characterized at 37 °C. As shown in Figure 2b, the PTX release
was the fastest with OLG3 (~ 50% released immediately and
~80% within 48 h). The release kinetics were comparable
between OLGI1 and OLG2, and they were much slower than
that of OLG3 (only ~30% released during the first 48 h in
both the OLG1 and OLG2 cases). We believe that this
dramatic difference in drug release kinetics was also caused by
the different sequence characteristics. Based on the solubility
parameter values of PLA and PGA (8p, & 21.4 (J/cc)'?, and
Spa = 23.8 (J/cc)?) and that of PTX (Spryx = 252 (J/
cc)'/?),>**” the Flory—Huggins parameters are estimated to be
Xraprx & 223 for PLA/PTX mixtures and ypga/prx & 0.24
for PGA/PTX mixtures at 25 °C; PTX is more miscible with
PGA than with PLA. Therefore, in PEG-PLGA NPs, PTX will
partition more in the GL-rich region than in the LA-rich
region.

The hydrophobic core domain of an OLG3/PTX NP must
have a gradient in composition; the region near the aqueous-
core interface is rich with GL units, whereas the deeper side of
the core is primarily composed of LA units. In the OLG3 case,
because of its affinity to GL, PTX is more concentrated in the
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Figure 2. (a) DLS histograms (left) and SEM images (right) of PTX-
loaded PEG-PLGA nanoparticles (PEG-PLGA/PTX NPs) produced
via an emulsion-evaporation process. DLS was performed on 0.05%
(by weight) suspensions of PEG-PLGA/PTX NPs in Milli-Q water.
SEM was performed on dried specimens. Scale bars represent 1 ym.
(b) Kinetics of PTX release from PEG-PLGA/PTX NPs (shown in
(a)) in a pH 7.4 buffer containing 20 mg/mL Tween 80 surfactant (to
accelerate the PTX release rate) at 37 °C.

peripheral region of the core domain, and as a result, PTX is
released faster from the OLG3/PTX NPs than the other two
systems (OLG1/PTX and OLG2/PTX NPs); in the latter
cases, a more uniform PLGA sequence distribution causes PTX
to be more homogeneously distributed within the core domain
and thus to be released from it slower. These explanations are
schematically summarized in Figure 3.
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Figure 3. Summary of the findings of this study, that is, the effects of
PLGA monomer sequence distribution on the conformational and
interaction properties of aqueous PEG-PLGA self-assemblies.

In summary, we have developed a new, feed rate-controlled
polymerization (FRCP) method, in which the LA + GL
mixture is continuously fed into the ROP at a sufficiently slow
rate, so that the disparity of the reactivities of LA and GL does
not bias the monomer distribution of the copolymer product,
and as a result, “uniform PLGA” polymers can be produced.
Using this FRCP method, monodisperse PEG-PLGA block
copolymers (OLG1, OLG2, and OLG3) with varying degrees
of sequence uniformity have been prepared and used to
demonstrate the effects of LA/GL sequence distribution on the
properties of the copolymers. As summarized in Figure 3, the
uniform LA/GL sequence distribution in PEG-PLGA renders
the PEG chains less crystallizable in the neat state and less
interactive with water and mineral surfaces in the aqueous self-
assembled state. When PTX is loaded, the sequence uniformity
forces the PTX molecules to be more homogeneously
distributed within the PLGA domain, which suppresses the
burst release of PTX and causes the release process to be more
sustained. Sequence control might hold the key to solving the
long-standing challenge associated with PLGA microencapsu-
lation, a hard-to-predict, initial burst drug release behavior.*?
The FRCP method offers a facile route for the production of
“uniform PLGA” materials for controlled release applications.
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