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Abstract

High temperature melts or use of organic solvents are not practicable approaches for
encapsulating protein based or thermally labile drugs into degradable polymers. Here, we
demonstrate that poly(ethylene glycol) (PEG) in combination with supercritical carbon dioxide
(scCO3) can dramatically reduce the viscosity of polymer melts allowing enhanced uptake of
CO; into poly(D,L-lactide) (PLA). Both PEG and CO; are approved excipients in drug delivery
and it is well documented that individually both are effective plasticisers. Using high pressure
rheology techniques (scCO;, at 14 MPa) we demonstrate a synergistic impact leading to
significantly lower processing temperatures with PEG employed as both a blended additive

and as a component of a block copolymer.

Introduction

Poly(D,L-lactide) (PLA) is an amorphous biodegradable, biocompatible polymer widely
investigated for use in controlled release drug delivery systems.[1-3] Conventional processing
of polymers via extrusion or injection moulding requires high temperatures and pressures in
order to sufficiently reduce the melt viscosity. These are high energy operations which are
not suitable for processing thermally sensitive active pharmaceutical ingredients (APIs) for
drug delivery applications where polymers are employed to promote sustained release.[4]
This is particularly true for APIs that are protein or peptide based. Poly(ethylene glycol) (PEG)
is well-known to significantly plasticise PLA by reducing its glass transition temperature (Ty)
and has also been extensively studied as a processing aid.[5—11] Although reports clearly
show reductions in viscosity and therefore improved processing, there is still a requirement
for high temperatures to achieve low enough viscosities to allow efficient encapsulation, and

these temperatures are still not suitable when processing proteins or peptides. Supercritical



carbon dioxide (scCO) has also been investigated as a promising alternative approach for low
temperature processing of polymers. [12-20] In this paper we focus upon the combination of
PEG and scCO; and demonstrate a significant lowering of viscosity and process temperature
for blends of PEG and PLA and also for new block copolymers (PEG-b-PLA) which are beginning
to be used significantly in drug delivery. We exploit a high pressure rheometer to investigate

guantitatively the combined effects of scCO, and PEG.

Standard rheology has been used extensively to investigate various characteristics of polymer
blends such as phase transitions and morphologies of immiscible polymers.[21] Other studies
have explored viscoelasticity and interactions of blended polymers,[22] while earlier work by
Xie et. al. used a capillary rheometer to identify changes in the viscosity of ultra-high
molecular weight polyethylene (UHMWPE) when blended with PEG.[23] A large body of work
has focused in the last decade on the melt rheology of polymer blends as this information is
vital for the optimization of polymer processing.[8,22—-28] In order to assess the efficiency of
scCO, as a processing aid, several high pressure rheology techniques have been
developed.[29—-38] Some of the first investigations into the effect of CO, on polymer viscosity
were performed by Gourgouillon using a high precision vibrating wire technique.[30] Most
recently, Curia employed a high pressure rotational rheometer to explore the effect of CO;
on a semi-crystalline polymer, polycaprolactone (PCL).[38] In all cases it has been shown that
CO, can effectively reduce the viscosity of many different polymers ranging from
polyethylene,[39] polypropylene[40] and polystyrene (PS)[31] through to PEG,[30] PCL[36,38]
and PLA.[35] However, in most cases only the binary polymer/CO; system is studied. Very
little has been reported on ternary systems, with CO, PS/limonene[41] being one of the few
systems studied and suspensions of fumed silica poly(propylene glycol) under high pressure

CO; being another.[42]

We now report on studies to quantify the combined effects of PEG and high pressure CO; on
the viscosity of amorphous PLA, building upon earlier studies by Kelly et. al. [43] which
focused on the correlation between polymer miscibility and viscosity during blending, and
demonstrated that high miscibility can be achieved with blend compositions between 8 and
25 wt% PEG. In this paper, we probe for the first time the effect of PEG on the polymer melt
viscosity in the presence of CO; during blending and we carefully compare this to the effect

of using comparable block copolymer structures.



Materials

Amorphous poly(D,L-lactide) (PLA) (M, ~10.6 kDa by GPC) with T4 ~49.90 £ 0.04 °C measured
by DSC was purchased from Evonik (Product code R202H) and used as received for the
PEG/PLA blends. Poly(ethylene glycol) with a nominal molecular weight of 10 kDa and T, ~
60.77 £ 0.15 °C measured by DSC was purchased from Sigma Aldrich and used as received.
Poly(ethylene glycol) methyl ether (PEG) (M, ~5.1 kDa by GPC) with T, ~59.13 + 0.08 °C by
DSC was purchased from Sigma Aldrich and used as received for the PEG/PLA blends and as a
macroinitiator for PEG-b-PLA copolymers after drying (see supporting information (SI) for
synthesis details). For the synthesis of 5 kDa PLA, D,L-lactide was purchased from Acros
Organics and stored at 2-8 °C while benzyl alcohol and tin (ll) 2-ethylhexanoate were
purchased from Sigma Aldrich and stored at room temperature (see Sl for details). HPLC grade
THF used for GPC and ethanol were purchased from Fisher Scientific while deuterated
chloroform for NMR was purchased from Sigma Aldrich. Food grade CO, (99.8 %) was
purchased from BOC, UK for use in high pressure rheology experiments, while SFC grade CO;

(99.99%) also from BOC, UK was used for the synthesis.

Methods

Rheology

Rheology was performed using an Anton Paar MCR 102 rheometer equipped with a high
pressure electrically heated measuring cell (PP20/PR-STD parallel plate geometry with 20 mm

diameter) and a Teledyne Isco 260D syringe pump.

Blend samples were produced by weighing the desired amount into a vial and simply shaking

to mix the two powders, see Table 1 for composition details.



Table 1 Weight % composition for blends containing 5 kDa PEG, 10 kDa PEG and 5 kDa PLA with 10 kDa PLA.

Subscript number is the number average molecular weight (kDa) of the preceding polymer.

Sample Name % Composition 5 kDa PEG | % Composition 10 kDa PLA
PLA10100 0 100
PEGs55:PLA1095 5 95
PEGs10:PLA1090 10 90
PEGs533:PLA1067 33 67
PEGs50:PLA1050 50 50
PEG5100 100 0
Sample Name | % Composition 10 kDa PEG | % Composition 10 kDa PLA
PEG10100 100 0
PEG1050:PLA1050 50 50
Sample Name % Composition 5 kDa PLA | % Composition 10 kDa PLA
PLAs100 100 0
PLA510:PLA1090 10 90

Samples were loaded into the rheometer measuring cup and allowed to equilibrate at 80 °C
for 1 hour. The quantity of polymer per measurement was determined by the melt volume,
in order to ensure sufficient contact with the parallel plates. Consecutive shear ramps
increasing logarithmically in shear rate from 0.1 s to 1000 s'* with a measuring point duration
from 120 to 10 seconds across 30 measurement points were performed on each specimen
with a 1 minute pause at 0.1 s between each run. The samples were then pressurised to 140
bar with CO3 using the syringe pump and a 1 hour soak at constant shear rate of 10 s* started
immediately. Following this, a series of shear ramps (as described above) were carried out
every hour with a soak at constant shear rate of 10 s'* between each one, (each measurement
lasted ~ 23 minutes followed by a 37 minute soak). Measurements were performed every
hour for 6 hours after which further measurements were made at 9, 12, 15 and 18 hour time
points. Average saturation viscosity was calculated as the average of the results from the
point where saturation was achieved through to 18 hours (Figure S1). The time to saturation
varied with the blend composition (Table S4). After completion of the high pressure studies,
the rheometer was vented over 20 minutes with a constant shear rate of 100 s and left to
equilibrate for 10 minutes. Samples were then re-measured at ambient pressure, following
the same procedure as the initial ambient pressure measurements. These conditions were
employed because 80 °C was found to be the lowest temperature at which an ambient
pressure viscosity measurement could be performed; while the pressure used was sufficient

to ensure a significant viscosity decrease.[38]



A Carreau model,[44] given by equation 1, was fitted to the viscosity — shear rate data using
the Rheoplus software (Figure 1). The zero shear viscosity (70 (Pa.s)), is the sample viscosity
at sufficiently low shear rates that the viscosity is independent of shear rate, while () is the
viscosity at the specific shear rate () (s?)). Analysis was performed on all measurements, and
the Carreau constants were determined from averaging the individual model fits from repeats
of the same experiment. Parameter values are quoted as 1 standard deviation from the
mean. The relaxation time (A) is also obtained from the model fits, and provides information
about the chain mobility and how this is influenced by the presence of CO, or PEG. The
Carreau exponent (c) is related to the power law region and is obtained from the gradient of

the shear thinning region.[35,38]

n() = noll + ZA?*]~¢ (1)
Three individual samples were analysed for each blend composition and for each of the neat

polymers.

i R iiiiiiiiiii A
1000- 11

¢ Rawdata
-- Carreau Model fitting

) :
T 100- If
>
E I
(/)]
S 10 II
I 08
11 no =6900 Pa.s -
A =0.1115s
R? =0.993
01 0.1 1 10 100 1000

Shear rate 1/s

Figure 1 Raw data given by the ambient pressure viscosity measurement of neat 10 kDa PLA (blue diamonds) is
analysed by the Rheoplus software to provide a Carreau model fit (red dashed line) along with quantitative
values for the zero shear viscosity, 70 (Pa.s) and relaxation time, A(s). Error bars represent +1 standard deviation
from the mean. T = 80 °C. Note that due to the log scale of the axis, error bars which give negative values are
not present. Also during shear thinning and at low viscosity the measurement is inherently subject to large
errors.



Saturation time

The time taken for each sample to become saturated with CO; and reach a viscosity minimum
varied with increasing PEG content. In order to calculate this time, viscosity versus time was
plotted from the values determined from the Carreau model. These plots were then fitted to
an empirical function, given in equation 2 (Figure 2). This represents a transition from a linear
drop in log viscosity (77) with time (t) for short times to a constant saturation viscosity (nsat) at
longer times. In order to obtain the transition time at which saturation viscosity is reached

(tsat), the time at the intercept of the two linear segments is calculated from equation 3.

n= 100 -0m 4 Nsat (2)

1
toat =t — E (10g10 nsat) (3)

Here t* is an interim parameter corresponding to the time at which logio (7- 7sat) =0 and m

is the gradient of the drop in log viscosity with time.
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Figure 2 Raw data of the zero shear viscosity vs time (blue diamonds) is fitted to equation 2 (red dashed line).
From this it is possible to determine the saturation viscosity of the sample (7at (Pa.s)), the gradient of the slope
(m) and the saturation time, (tsat (hours)), along with the R? value. Error bars represent +1 standard deviation
from the mean. T=380 °C.



Results

PLA

The viscosities of a commercial grade 10 kDa PLA and a synthesised 5 kDa PLA were
investigated at ambient pressure (pamb) and 140 bar (T= 80 °C) in order to assess the effect of
CO; on the neat polymer (Figure 3). A significant decrease in viscosity was observed for the
10 kDa PLA from ~6800 Pa.s to ~1 Pa.s, after soaking with CO; in the rheometer for 18 hours
to ensure complete saturation with CO,. The zero shear viscosity of the lower molecular
weight 5 kDa PLA (1200 Pa.s) at ambient pressure and under scCO; was significantly lower
than that of the original 10 kDa PLA (6800 Pa.s). This is because lower molecular weight
polymers have fewer chain entanglements than their higher molecular weight counterparts

resulting in materials which flow more easily with lower viscosity.
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Figure 3 Viscosity of 10 kDa PLA and 5 kDa PLA in the presence of CO: at 140 bar, showing a huge reduction from
that at ambient pressure (pams) without CO2. The viscosity of the 5 kDa PLA is significantly lower than that of the
10 kDa PLA. Error bars represent +1 standard deviations from the mean. T=80 °C

Zero shear viscosity scales as either the square or the 3.4 power of molecular weight (M),

depending on whether the chains are entangled or not.[45] For PLA, the entanglement



molecular weight (M) has been reported as ~9 kDa.[46] In our case we find that the viscosity
correlates to M?3#10_ Given that M is shorter than the critical molecular weight (M.), typically
taken as the point at which the system becomes fully entangled (M. ~ 2M.),[47] the lower
value we observe is in line with the expected viscosity correlation to ~M?. Once the polymer
is saturated with CO,, the viscosity becomes proportional to M*-62%8 which is still close to the
expected ~M?, given the additional uncertainty arising from the measurement of very low
viscosities and the possible solvent effects of CO, on the entanglement length of the

polymer.[48]
Effect of additives on viscosity

The viscosity of a series of PEG/PLA blends was measured at ambient pressure and 140 bar
and the results compared with the neat polymers. Samples were weighed into vials and
mechanically mixed before being loaded into the measuring cell. This approach was intended
to give an indication of how PEG could affect the processing parameters. An additional PLA
only, control blend (10 wt.% 5 kDa PLA with 90 wt.% 10 kDa PLA (PLAs10:PLA1090)) was
prepared and its viscosity was compared to that of 10 wt.% PEG blend (PEGs10:PLA1090). This
experiment was added as there have been recent reports of the use of short chain PLA

oligomers as plasticisers to provide a viscosity reduction.[49]

Initially the measurements at 80 °C and ambient pressure were performed and increasing the
PEG content (wt. %) resulted in a decrease in viscosity (Figure 4). This confirmed that PEG can
be used as a processing aid for polymer melt systems, by lowering the overall viscosity of the
system. These data are in agreement with other results reported in the literature.[43] Even
at relatively low concentrations of 5 wt. %, a decrease in shear viscosity of 64 % can be seen
from 6800 Pa.s for PLA10100 down to 2400 Pa.s for PEGs5:PLA1095. This gives a clear indication
that PEG does plasticise PLA, especially since relatively small quantities resulted in a
considerable reduction in viscosity. With the addition of 10 wt% PEG a viscosity decrease of

95% was observed, to ~400 Pa.s for PEGs10:PLA1090.

Table 2 also shows the effect of the addition of PLA (10 wt% 5 kDa) instead of PEG (10 wt% 5
kDa) to the same 10 kDa PLA (PLAs10:PLA1090). These data show that the addition of a small
amount of a shorter chain homopolymer (PLA) has negligible effect upon the viscosity. By

contrast, the addition of 5 kDa PEG, significantly lowers the viscosity, demonstrating that it is



not the presence of short chains per se that reduces the viscosity of the blend, but the

plasticising effect of the PEG molecules themselves.

When the samples were pressurised with CO; at 140 bar and 80 °C a significant decrease in
viscosity (greater than 50 %) was observed in all cases after only 1 hour of shearing at 10 s
(Figure 4) (Table S3 for absolute values). After saturation with CO», addition of PEG to the PLA
resulted in minimal further viscosity reductions compared to those observed at ambient
pressure (Figure 4). However, a clear reduction in the time taken to achieve saturation could

prove to be a benefit for processes that require fast liquefaction of the polymer at similar

temperatures.

Measurement of the viscosity after venting was made to determine whether processing with
CO; has any irreversible influence on the final product. All blends were found to recover their
viscosity relatively well (Figure 4) confirming that all CO; is removed on depressurisation and
that blends recover their original characteristics. There are some slight differences in
viscosities before and after processing but these are not thought to be significant given the
errors associated with such rheological measurements. It is not thought that thermal
degradation as a result of being held at 80 °C for such a long time (> 24 hours) should have a
significant effect, but this cannot be completely excluded. In a production environment, it is
unlikely that the blends would need to be exposed for such a significant time period to reach
their minimum viscosities. In general, processing with CO2 shows no significant lasting or
detrimental effects on the final product properties, and this is in agreement with previous

results in the literature.[38]
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Figure 4 Viscosity of PLA-PEG blends measured at ambient pressure, and after soaking in CO2 for 1 and 18 hours
at 140 bar pressure. Error bars represent +1 standard deviations from the mean (7= 80 °C).

Table 2 At ambient pressure the viscosity of 10 kDa PLA is significantly reduced by the presence of 10 wt% 5
kDa PEG, whereas no significant difference is seen by the addition of 10 wt% 5 kDa PLA. Error represents +1
standard deviation from the mean (T =80 °C).

Zero shear viscosity % Decrease
Sample at Pamp relative to
Average * SD (Pa.s) PLA10100
PLA10100 6800 + 4300
PLA510:PLA1090 7500 + 1100 -10.70
PEG510:PLA1090 400 £ 200 93.82

All blends were left for 18 hours to ensure complete CO; saturation and to enable a more
accurate comparison. It should be noted that this timescale is merely a function of the limited
surface area of the polymer that is accessible to scCO; inside the rheometer. In our view cells
we can observe that the polymers are fully liqguefied within minutes and at pressures as low
as 20 bar.[50] As the PEG content (wt %) increased, the time taken for the samples to reach
viscosity equilibrium decreased, from approximately 5 hours for PLA10100 to less than 1 hour
for PEG5100 where due to the nature of the experiment it is not possible to calculate an exact

value as the sample has reached its saturation viscosity before the first measurement is



performed at 1 hour (Figure 5). At 80 °C both PEG and PLA are in their equilibrium melt states
given that PEG has a T, of 60 °C and amorphous PLA has a Ty of 50 °C, but the greater mobility
of the PEG molecules substantially reduces the relaxation time of the PLA molecules at the
same temperature. Therefore CO; penetration can occur more quickly, reducing the viscosity
further and reaching equilibrium in a shorter time. It follows that as PEG content increases,

mobility of the remaining PLA chains will also increase, and even shorter saturation times are

observed.
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Figure 5 In the presence of 140 bar CO., the time taken for each sample to be saturated with CO2 and to reach
the viscosity equilibrium decreases as PEG content increases. Error bars represent +1 standard deviations from

the mean.
PEG-b-PLA

Block copolymers of PEG-b-PLA were manufactured by ring opening polymerisation (ROP) in
CO; in order to compare the viscosity of the blocks to those of physical blends of similar
PEG:PLA compositions (Figure 6). A 5 kDa PEG macro-initiator was used in the synthesis of
two block copolymers yielding a copolymer with a 5:5 PEG:PLA ratio (PEGs-b-PLAs) and
another with a 5:10 PEG:PLA ratio (PEGs-b-PLA1o) (See Sl for further information). In order to

keep the weight fractions of the respective polymers constant, the viscosity of the PEGs-b-



PLAs copolymer was compared to that of the 50 wt% 10 kDa PEG blend (PEG1050:PLA1050)
while the PEGs-b-PLA1o copolymer was compared to the 33 wt% PEG (PEGs33:PLA1067). The
viscosities of both of the block copolymers were found to be significantly reduced in
comparison to the neat PLA (PLA10100); from 6800 Pa.s to 5.6 Pa.s for PEGs-b-PLAs and to 44
Pa.s for PEGs-b-PLA1g (Figure 6). However, the observed viscosity reduction for PEGs-b-PLA1o
is not as large as that observed for the weight-equivalent blend PEGs33:PLA1067, which
exhibited a viscosity of 27 Pa.s. This blend is a mixture of longer, less mobile PLA chains with
shorter, highly mobile PEG chains. By contrast, the block copolymer is a covalently linked
analogue and clearly some of the degrees of freedom of the PEG chains are lost once it is
bonded to the PLA (Figure 7). This results in a higher viscosity for the block copolymer, but
one that is still noticeably lower than that of the neat PLA. The overall molecular weight of
the copolymer (15 kDa) is another contribution to the elevated viscosity, being longer than

both the neat PLA (10 kDa) and PEG (5 kDa).
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Figure 6 Comparison of the viscosity of PEG/PLA blends and PEG-b-PLA copolymers at ambient pressure and
after 18 hours in CO2 at 140 bar pressure. The hatched bars represent the blends while the block colours
represent the block copolymers. Error bars represent +1 standard deviation from the mean (7 =80 °C).



When the viscosities of the block PEGs-b-PLAs (5.6 Pa.s) and blend PEG1050:PLA1050 (17 Pa.s)
are compared to one another a reversal of this trend is observed. In this instance the block
copolymer has the same molecular weight as the two homopolymer components of the blend
(10 kDa). In this case we see that the block copolymer has a significantly lower viscosity than
the blend. This can be rationalised by the fact that the block copolymer consists of a less
mobile but short (5 kDa) PLA chain covalently bound to a highly mobile PEG chain (also 5 kDa)
(Figure 7). By contrast, the blend can be described as a mixture of individual blocks but both
have a full 10 kDa chain length. In this case, the observed viscosity reflects the larger
molecular weight of the individual polymer chains of the blend (10 kDa) in comparison to the
molecular weight of the separate blocks and shows a dominance of the PLA. This can also be
reflected by looking carefully at the viscosity of the corresponding PLA chains. The shorter 5
kDa PLA homopolymer (PLAs100) has a viscosity of only 1200 Pa.s, whilst the 10 kDa PLA
(PLA10100) homopolymer is much larger, 6800 Pa.s. Similarly, chain length strongly
determines the viscosities of the PEG homopolymer chains with 5 kDa PEG showing a very

low viscosity of 0.4 Pa.s whereas the 10 kDa PEG is much higher; 3.5 Pa.s.

sample Schematic Molsfcular Viscosity sample Schematic Molejcular Viscosity
weight (Pams) weight (Pamb)
PLA,,100 10kDa 6800 Pa.s | PEG,,100 e 10 kDa 3.5Pas
PLA,100 S5kDa 1200 Pa.s | PEG5100 A 5 kDa 0.4 Pa.s
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Figure 7 Series of schematics depicting the various block copolymers and their comparable blends, along with
the neat polymers for reference. PLA is shown as blue highly coiled chains whereas PEG is the less coiled red
chains. Viscosity and molecular weights are also given.

For the purpose of improving process ability, both blends and block copolymers significantly
reduce the viscosity of PLA and therefore either could be employed. The choice of which to
use will depend on the final application of the product. For example a blend will have
hydrophilic channels enhancing hydrolytic degradation which is important for drug delivery
applications. On the other hand block copolymers could produce micellar like materials with

improved solubility.



Conclusions

Our high pressure rheological data confirm that a combination of PEG and CO can improve
dramatically the ability to process the widely used poly(D,L Lactide) polymer. Not only are
process temperature and melt viscosity significantly lowered, but we also show that PEG
reduces the diffusion time of CO; through the melt. Our data allow quantification of the
process improvements that scCO; could bring and also have shown for the first time the effect
of PEG in both PEG/PLA blends and in block copolymers. Using rheology we also confirmed
that after venting, all the CO; is removed and there are no lasting post processing effects on
viscosity. These data will be exploited in the future to open up a wider range of drug delivery
devices and tissue engineering materials based upon commercially acceptable biodegradable

polymers.
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Supplementary Information

Synthesis

Both the block copolymers and the neat 5 kDa PLA were synthesised from a racemic mix of
D,L-lactide using ring opening polymerisation in CO2, with a mono-functional PEG macro-
initiator for the blocks and benzyl alcohol for the PLA alongside the standard tin(ll) 2-
ethylhexanoate (Sn(oct),) catalyst. Prior to synthesis the monomer, initiator and catalyst were

dried overnight in a vacuum oven at 25 °C to minimise the presence of water.

Lactide, initiator and Sn(oct), were weighed into the autoclave and purged with CO; for 5-10
minutes in order to remove any oxygen (see Table S1 for molar ratios). The vessel was then
sealed and the pressure increased to 55 bar and stirring started. The temperature was then
set to 120 °C, and the pressure topped up to 240 bar. The synthesis proceeded for 1 hour
after which the autoclave was cooled on ice until it reached a temperature less than 25 °C and
vented. Following this, samples were purified using CO, extraction where the sample is
exposed to a flow of CO; at 45 °C and 240 bar for 2 hours in the presence of a small amount

of ethanol (2 mL).[51] Samples were then characterised using DSC, NMR and GPC.

Table S1 Molar ratios used for synthesis of PLA and PEG-b-PLA copolymers.

Molar ratio Target PLA Mwt
Lactide | Sn(oct), | 5 kDa PEG | Benzyl Alcohol (kDa)
PLAs100 35 0.1 / 1 5
PEGs-b-PLAs 35 0.1 1 / 5
PEGs-b-PLA10 70 0.1 1 / 10




Table S2 Details of polymers synthesised by ROP in scCO2.

PEGM, | PLAM, | TotalMn | Mn | Mw | oy Te Tm
(Da)® (Da)° (Da)* | (Da)® | (Da)" Qe | Q)

PLAs100 / 5200 5200 | 5500 | 6300 | 1.14 | 38 /
PEGs-b-PLAs* | 5300 | 4600 10000 | 7500 | 8600 | 1.15 / 50
PEGs-b-PLA1o* | 5200 | 9400 14600 | 10500 | 12100 | 1.16 / 48

* dn/dc values for block copolymers calculated from NMR (Equation S1). (a) Calculated from *H NMR. (b)
Determined from triple detection GPC. (c) Obtained from DSC.

Analytical Methods

DSC

Differential scanning calorimetry (DSC) was performed on a TA-Q2000 (TA instruments) DSC
calibrated with an indium standard under nitrogen flow. 1-3 mg of sample was weighed into
a T-zero sample pan (TA instruments) while a second reference T-zero pan remained empty.
Both pans were heated at 10 °C/min, from -90 °C to 120 °C. Three samples of each polymer
were analysed with two heating cycles per sample in order to erase any thermal history of the
individual samples and the results calculated as an average of transitions from the second

cycle.

GPC

Molecular weights of the polymers were determined using an Agilent 1260 infinity
multidetector GPC/SEC system with Wyatt Optilab light scattering. Columns consisted of 2
Agilent PLGEL 5 um Mixed D (7.5 mm X 300 mm) columns and a PLGEL 5 pum guard column
(7.5 mm X 50 mm) in THF at 1 mL/min using differential index of refraction values (dn/dc) of
0.042 mL/g for PLA[52] and 0.067 mL/g for PEG.[53] For the block copolymers dn/dc was

calculated using the weight percent as determined from NMR.[54]

NMR

'H NMR spectra were obtained by dissolving the samples in deuterated chloroform and
analysing them using a Bruker DPX 300 MHz spectrometer. The NMR spectra were used to
calculate conversion and molecular mass of the polymers and the dn/dc values of the block

copolymers for GPC. The dn/dc value of a block copolymer can be calculated from the known




dn/dc values of the individual blocks where x is the weight fraction of PEG and y is the weight

fraction of PLA from the NMR as shown in equation S1.[54]
dn _ (dn) N (dn)
dc ¥ dc/peg Y dc/pLa

CO; soaking

(S1)

High pressure viscosity is measured over a period of 18 hours to ensure all samples

experience the same soaking regime. Time to saturation varies depending on blend

composition and polymer. The absolute value for viscosity at 140 bar after 18 hours, 7at is

obtained using equation 2, along with the time taken to reach saturation, tst. In order to

determine the average saturation viscosity, the datasets with soak times greater than the

transition time, tsat (Where the viscosity is no longer decreasing with soak time) were averaged

(Figure S1).
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Figure S1 Viscosity of 10 kDa PLA at various time intervals during soaking with CO2 at 140 bar, 80 °C. Data from
one sample as an example of the trend. In this example, tsat = 4.98 h, and therefore the average saturation

viscosity is calculated by taking the average of the results for 5 hours onwards.



Viscosity vs Time during CO; soaking
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Figure S2 Selected measured viscosity versus time plots (symbols) for PEG-PLA blends and empirical
functions fitted to the data (dashed lines). The functions are an appropriate fit to the datasets, and are
employed to determine the saturation viscosities (nsat) and saturation times (tsat), given in Tables S3 and S4.
Both can be seen to decrease with increasing PEG content.



Zero shear viscosity values

Table S3 Zero shear viscosity (Pa.s) obtained using Carreau model fitting embedded in Rheoplus software (T= 80°C).

Pamb 140 bar 1h 140 bar 18h After venting
%
% % %
Sample drop drop recovery decrease
Av SD Av SD Av SD Av SD from
fom fom compared
PLA100
pamb pamb to pamb

PLA10100 6758.19 4346.29 | 1368.76 898.13 79.75 | 1.21 0.15 99.98 | 9864.12 2940.90 145.96
PEGs5:PLA1095 | 2409.27 1174.02 | 419.04 126.31 82.61 | 0.85 0.31 99.96 | 1446.90 970.09 60.06 64.35
PEG510:PLA1090 | 417.61 195.35 | 136.30 33.80 67.36 | 0.84 0.13 99.80 | 551.05 316.03 131.95 93.82
PEGs33:PLA1067 | 27.16 11.87 11.93 9.23 56.09 | 0.46 0.05 98.30 | 26.22 4.77 96.53 99.60
PEG550:PLA1050 | 3.66 0.69 1.07 0.06 70.77 | 0.22 0.08 94.02 3.07 1.49 83.82 99.95

PEG5100 0.40 0.04 0.11 0.01 72.26 | 0.04 0.01 89.57 0.39 0.03 97.27

PEG10100 3.46 0.21 1.62 0.11 53.37 | 0.63 0.05 81.82 2.93 0.24 84.65
PEG1050 17.04 0.59 7.56 0.55 55.64 | 0.85 0.04 95.00| 14.48 0.46 85.01 99.75
PEGs-b-PLAs 5.62 0.71 1.88 0.26 66.48 | 0.38 0.03 93.26 6.00 0.67 106.82 99.92
PEGs-b-PLA1o 44.06 5.33 14.36 1.76 67.40 | 0.95 0.16 97.84 | 41.38 2.61 93.92 99.35

PLAs100 1150.34 127.83 | 518.79 30.35 54.90 | 0.35 0.17 99.97 | 1068.33  95.28 92.87
PLAs10 7481.30 1092.63 | 1474.59 581.57 80.29 | 0.95 0.04 99.99 | 5338.41 1222.05 71.36 -10.70




Table S4 Time to saturation as determined from equation 2.

Time to saturation
(hours)

Sample Average Starjda?rd

Deviation
PLA10100 5.26 0.62
PEGs5:PLA1095 2.56 0.67
PEG510:PLA1090 2.65 0.32
PEGs33:PLA1067 2.34 0.28
PEGs50:PLA1050 1.28 0.41

PEG5100

PEG10100 1.25 0.01
PEG1050 2.34 0.04
PEGs-b-PLAs 1.61 0.07
PEGs-b-PLA1g 2.49 0.18
PLA5100 4.43 0.36
PLAs10 5.13 0.47
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