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ABSTRACT: A series of copolymers are reported, synthesized via the random copolymerization of acetic
acid 5-acetoxy-6-oxotetrahydropyran-2-yl methyl ester (1), and S,S-lactide. The copolymers are character-
ized by 1H NMR spectroscopy, size exclusion chromatography (SEC), differential scanning calorimetry
(DSC), thermal gravimetric analysis (TGA), and static water contact angle measurements. Four different
copolymer compositions are obtained with 1 (RP1), 6 (RP2), 11 (RP3), and 25 wt % (RP4) of ring-opened
monomer 1 incorporated with ring-opened S,S-lactide, and these are compared with a sample of poly-
(S,S-lactide) (P-S,S-LA) of related number-averaged molecular weight. As the loading of ring-opened
monomer 1 increases, the glass transition temperatures of the copolymers decrease, in line with the values
calculated using the Fox equation. The glass transition temperatures can, therefore, be controlled within the
range 55 �C (RP1)-46 �C (RP4). The copolymers are spin-coated onto glass or electrospun into fibers and the
static water contact angles determined. The static water contact angles, measured for either the fibers or the
films, depend on the loading of ring-opened monomer 1 in the copolymers. The contact angle for RP4 is∼7�
lower than that of P-S,S-LA. The degradation of the copolymers is studied using size exclusion chromato-
graphy (SEC) conducted using samples in phosphate buffered chloroform solutions, enabling determination
of the degradation rate constant. The degradation experiments show that as the loading of ring-opened
monomer 1 in the copolymers increases, the degradation rate constants increase; thus, RP4 degrades∼4 times
faster thanP-S,S-LAorRP1. Electrospun fibers of the copolymers are used to assess cell viability and growth.
The viability of human osteogenic sarcoma Saos-2 cells on RP4 electrospun fibers is significantly higher than
that on RP1, RP2, and P-S,S-LA fibers (p < 0.05).

Introduction

Aliphatic polyesters, such as polylactide, polyglycolide, poly-
(ε-caprolactone), and their copolymers, have beenwidely used for
biomedical applications, including degradable sutures, bone pins,
coronary artery stents, controlled drug delivery vectors, and as
scaffold materials for regenerative medicine.1-4 These medical
applications rely on the degradability of the polyesters; indeed,
they are hydrolyzed in vivo to carboxylic acids which are sub-
sequently metabolized via the citrate cycle. Poly(S,S-lactide)
(P-S,S-LA) is of particular interest and importance because it is
commercially produced from renewable resources (S-lactic acid is
produced by fermentation of D-glucose).5,6 Thanks to its rela-
tively high mechanical strength, polylactide has been used in
orthopedic surgery as a fixation device.7 In tissue engineering,
polylactide is rarely usedon its ownas the scaffoldmaterial due to
its poor cell attachment.8 This can be overcome, to some extent,
by fabricating submicrometer-sized fibrous scaffolds, which
promote cell adhesion because of the high surface area.9 How-
ever, the biomedical applications of polylactide are frequently
restricted by its high crystallinity, hydrophobicity, limited degra-
dation control, and poor cell attachment profile.1-3

For tissue engineering applications the high hydrophobicity of
polylactide, and related aliphatic polyesters, makes them poorly
compatible with biological environments and in some cases leads
to undesirable inflammation and foreign body responses.10,11

Various strategies have been used to increase the hydrophilicity of

the polyester, including modifying the chain end-groups,12-18

copolymerization with hydrophilic monomers,18-35 control
of the macromolecular architecture,36-44 and surface modifica-
tion reactions.45,46 Copolymers of lactide and ethylene glycol
have received a great deal of attention as materials for drug
delivery and as hydrogels for regenerative medicine.11,31,47-51

While impressive results have been achieved, the lack of degrad-
ability of ethylene glycol and its structural heterogeneity can
cause problems. Furthermore, it is desirable to prepare polyesters
with functional substituents to improve cell/matrix/scaffold in-
teractions.

Degradable, aliphatic polyesters are best prepared by lactone
ring-opening polymerization (ROP). This is attractive because
it can be a controlled polymerization enabling the synthesis of
block copolymers and producing materials of predictable and
controllable composition, molecular weight, polydispersity index,
and stereochemistry. One method to introduce functional sub-
stituents to tailor the materials properties (e.g., hydrophilicity)
and medical applications is via the ROP of functionalized
lactones.18,20-28,52-63 We are particularly interested in the pre-
paration of functionalized lactones from renewable resources,
such as carbohydrates, due to the sustainability of the raw
materials and the ability to take advantage of naturally high
degrees of chemical functionality, stereochemistry, hydrophili-
city, and degradability to metabolites. Recently, there have been
some interesting examples of the ring-opening polymerization of
functionalized lactones derived from renewable resources.25,54-71

Guan and colleagues reported the ring-opening polymerization*Corresponding author. E-mail: c.k.williams@imperial.ac.uk.
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of a permethoxylated ε-caprolactone derived from D-dulcitol and
its copolymerization with ε-caprolactone.62 The new materials
showed excellent protein resistance.

Previously, we reported a novel carbohydrate lactone 1, which
was prepared in two high yielding steps from commercially
available D-gluconolactone.63The homopolymer from 1 is hydro-
philic, with a static water contact angle of∼30�. Here we report,
the synthesis of a series of random copolymers prepared from 1
andS,S-lactide (bothderived fromabundant, naturally occurring
carbohydrates) and the properties of the copolymers, including
preliminary results in cell viability studies.

Results and Discussion

Synthesis and Characterization. The random copolymers
of monomer 1 and S,S-lactide were prepared by ring-open-
ing polymerizations (Scheme 1). The ring-opening polymeri-
zation was initiated using a zinc alkoxide complex (for an
illustration of chemical structure of the initiator, see Figure S1)
which had previously shown excellent activity and control
in lactide polymerization.72 The polymerizations were con-
ducted in THF due to the good solubility of all reagents
and products in this solvent. A series of polymerizations
were run at increasing ratios of zinc initiator:monomer

1:S,S-lactide, from 1:10:290 to 1:100:200 (see Table S1). The
total concentration of the polymerization solutions was
always kept at 1 M, which is the most commonly used con-
centration for lactide ring-opening polymerization experi-
ments.5 A control experiment was conducted at a loading
of zinc initiator:S,S-lactide of 1:300 to produce poly(S,S-
lactide). The polymerizations were quenched, after 15min of
reaction by the addition of diethyl ether (unpurified), which
resulted in chain termination (by reaction between the zinc
alkoxide and water in the solvent) and in the precipitation of
the copolymers.

The crude products were analyzed (after solvent removal)
by 1H NMR spectroscopy which showed the copolymers
were composed of ring-opened 1 and S,S-LA repeat units.
The crude 1HNMR spectra all showed a significant quantity
of 1 remained unreacted, despite all the S,S-lactide hav-
ing been consumed. It has already been established that
the zinc initiator polymerizes S,S-lactide in minutes under
these conditions (i.e., at 1:100, LZnOEt:S,S-LA, [S,S-LA]=
1 M in THF),72 whereas it takes more than 1 h to poly-
merize 1 under equivalent conditions.63 It is, therefore, likely
that there is some degree of compositional drift in the
copolymers.

The copolymers were purified, and the residual monomer
1 was removed by repeated dissolution and precipitation
from CHCl3 and diethyl ether. A representative 1H NMR
spectrum of one of the purified copolymers is shown in
Figure 1; the peaks are assigned, and a numbering scheme
for ring-opened 1 is included. There was no evidence for the
epimerization of the S,S-LA units (as evidenced by the
quartet at 5.18 ppm). Monomer 1 is a racemic mixture of
the two syn-enantiomers, and these were incorporated in an
atactic manner. The relative loadings of ring-opened 1 and
S,S-lactide in the copolymers were determined by analyz-
ing the peak integrals for a peak solely associated with

Figure 1. 1H NMR spectrum of RP4 in CDCl3. Polymerization conditions: 25 �C, THF, LZnOEt:1:S,S-LA, 1:100:200.

Scheme 1. Copolymerization of Monomer 1 and S,S-Lactidea

aCopolymerization conditions: (a) 25 �C, THF, LZnOEt (structure
illustrated in Figure S1), isolated yields = 56%-88%. RP1, m = 10,
n=290; RP2,m=25, n=275; RP3,m=50, n=250; RP4,m=100,
n = 200. The random copolymers have x:y = 1:99 (RP1), 4:96 (RP2),
7:93 (RP3), and 17:83 (RP4).
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ring-opened 1 (δ: 4.00-4.50 ppm, due to the two H-6 pro-
tons) and for a peak which is a composite of resonances due
to ring-opened 1 and S,S-lactide (δ: 4.90-5.50 ppm, due to
the two CH protons on the S,S-lactide and due to H-2 and
H-5 on ring-opened 1). Table 1 shows the copolymer com-
positions, as determined by integration of the 1H NMR
spectra; copolymers composing between 1 and 25 wt % of
ring-opened 1 can be prepared. It shows a lower loading
(∼50%) of repeat units of ring-opened 1 than expected on the
basis of the reaction stoichiometry (the conversion of mono-
mer 1 is listed in Table S1; some oligomers were formed and
removed during the precipitation process), consistent with
the relative rates of polymerization of the monomers and the
crude 1H NMR spectra. We are confident that copolymers
were obtained (and not mixtures of two homopolymers) as it
was not possible to change the composition of the copoly-
mers by further solvent extraction/precipitation methods,
and the size exclusion chromatography (SEC) data show
only a single peak for each of the copolymer samples. Size
exclusion chromatography (SEC), in chloroform solution
and using narrow Mn polystyrene standards, was used to
analyze the copolymer molecular weights. The copolymers
had number-average molecular weights between 44 000 and
88 000 g/mol, albeit with relatively broad polydispersity
indices. There was a trend toward higher Mn as the propor-
tion of S,S-lactide incorporation increased. There are seve-
ral possible causes for the increase in Mn. First, when the
loading ofS,S-lactide in the feedstock is higher than there are
a greater number of repeat units (equivalents of monomer
reacted) overall in the copolymer. This is because S,S-lactide
is completely converted, whereas 1 is only partially con-
verted in the polymerization time. Second, polystyrene stan-
dards were used to calibrate the SEC instrument, and the
copolymers are expected to show different correction factors
vs the polystyrene standards as the compositions change.
This latter effect is likely to be dominant but cannot yet
be precisely determined because the Mark-Houwink-
Sakurada parameters for 1 are unknown. It is therefore
expected that the hydrodynamic volumes of the copolymers
change with their composition. In fact, it has already been
reported that poly(S,S-lactide) requires a correction factor
of ∼0.58 when polystyrene calibrants are used in THF
solutions.73 Finally, we cannot rule out some transesterifica-
tion reactions between the acetyl substituents and the poly-
mer chains, leading to chains with variable substituent chain
length and/or some degree of chain branching leading to
differing polymer macrostructures. These uncertainties
mean that the Mn values should be treated only as approxi-
mate estimates.

Thermal Properties. Differential scanning calorimetry
(DSC) and thermal gravimetric analysis (TGA) have been
used to characterize the random copolymers. This is

particularly important as any processing scenario must take
into consideration the thermal stability of the materials.
TGA shows the degradation of the homopolymer from 1
begins at 250 �C.63 P-S,S-LA is thermally stable up to
∼290 �C.74 Theweight loss onset temperatures of the copoly-
mers are between 250 and 290 �C; the degradation tempera-
ture decreases as the loading of 1 in the copolymer increases
(the plots are illustrated in Figure S2).

Also, the crystallinity of the material will have important
implications for the degradation rates and subsequent ap-
plications of the materials. In order to study the random
copolymers’ thermal properties, the glass transition tem-
perature of homopolymer P1 had to be established (see
Supporting Information): it was 29.6 �C. The glass transition
temperatures of the copolymers are expected to obey the Fox
equation (1), whereTg,a is the glass transition temperature of
P1 (29.6 �C/302.8 K); Tg,b is the glass transition temperature
of P-S,S-LA (57.8 �C/331.1K), determined bymeasuring the
P-S,S-LA homopolymer (monomer:initiator, 300:1) under
the same conditions as for the copolymers, the value agrees
well with literature values for P-S,S-LATg;

75wa is the weight
fraction of ring-opened 1; and wb is the weight fraction of
ring-opened S,S-LA.

1

Tg
¼ wa

Tg, a
þ wb

Tg, b
ð1Þ

Table 2 compares the glass transition temperatures pre-
dicted from the Fox equation for the various copolymer
compositions. TheDSC results show that the glass transition
temperatures of the copolymers increase as the S,S-lactide

Table 1. Characterization and Degradation Data for the Random Copolymers
a

copolymer
loadingb

LZnOEt:1:S,S-LA
MRO 1%/%

(m/m)c
WRO 1%/%

(w/w)d Mn(SEC)
e/g mol-1 PDI kx

f/10-4/D-1 R2

RP1 1:10:290 1 1 88 000 1.36 1.3 0.99
RP2 1:25:275 4 6 68 000 1.71 2.1 0.99
RP3 1:50:250 7 11 61 000 1.59 2.9 0.99
RP4 1:100:200 17 25 44 000 1.51 4.2 0.99
P-S,S-LA 1:0:300 0 0 108 000 1.40 0.9 0.99
P-S,S-LA2 1:0:150 0 0 41 000 1.52 0.9 0.99

aCopolymerization of 1 and S,S-lactide, initiated by LZnOEt (Figure S1) in THF at 25 �C, [S,S-lactide]þ [1] = 1M. bThe loadings of reagents and
initiator. cMRO 1%: themolar ratio of ring-opened 1 in the copolymer; determined from the 1NMRspectrumbydividing the integration the peaks from
4.0 to 4.5 ppm (ring-opened 1, H-6 andH-60) by the integration of the peaks from 4.9 to 5.5 ppm (twomethyne protons on lactide, H-2 andH-5 of ring-
opened 1). dWRO 1%: the weight ratio of the ring-opened 1 in the copolymer, calculated from the molar ratio. eMn determined by SEC (CHCl3) using
polystyrene standards. fThe degradation experiment conditions are described in the Experimental Section; the degradation rate constants, kx, were
determined from the gradients of the lines in Figure 3.

Table 2. Comparison of the Glass Transition Temperatures for the
Copolymers Determined Experimentally

a
and Theoretically, and the

Onset Degradation Temperatures

copolymer
WRO 1%/%

(w/w)b
calc

Tg/�Cc
Tg(DSC)/

�C
Tm(DSC)/

�C
Td(TGA)/

�Cd

RP1 1 57.0 55.1 167.2 290.4
RP2 6 54.7 53.7 160.5 281.6

(151.4)
RP3 11 52.2 52.2 155.7 279.1

(145.0)
RP4 25 46.8 46.0 N 255.0
aDSC experiments were used to determine the thermal properties for

each copolymer sample. Each measurement was carried out over three
heatingandcooling cycles,with the samplesbeingheated to200at 10 �C/min
and cooled to-40 at 10 �C/min. In all cases, the second and third cycles
gave reproducible analyses. The data used were from the second heating
cycle; a representative analysis is illustrated in Figure S3. bWRO 1%: the
weight ratio of the ring-opened 1 in the copolymer, calculated from the
molar ratio. cThe Tg is calculated from the Fox equation. dDegradation
temperature. Thermogravimetric analysis was carried out on Pyris 1
TGA (PerkinElmer, UK), under air flow (20.0 mL/min) at a heating
rate of 10 �C/min from 50 to 500 �C. The reported data are the onset
degradation temperatures of the samples.
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proportion increases (Table 2). There is an excellent agree-
ment between the experimentally determined glass transition
temperatures and those predicted from the Fox equation.
ForRP4, nomelting temperatures were observed; for sample
RP1, one melting peak was observed, the melting tempera-
ture was slightly lower than P-S,S-LA; but for samples RP2
and RP3, there are two melting peaks, consistent with these
species being semicrystalline copolymers.76 It suggests there
is some microphase separation of the S,S-LA and 1 portions
in these copolymers. Compared with the melting tempera-
ture of P-S,S-LA (174.4 �C), the melting temperatures of the
crystalline domains in the copolymers are lower consistent
with a reduction in the degree of crystallinity by ring-opened
monomer 1 (e.g., Figure S3). This suggests that when the
S,S-lactide incorporation is sufficiently high (>80%, w/w),
microphase separation occurs in the copolymers. On the
other hand, when the proportion of ring-opened 1 exceeds
20%, w/w, there is no microphase separation, and thus no
melting temperature is observed.

Static Water Contact Angle Measurements. Films of the
copolymers were prepared by spin-coating chloroform solu-
tions of the copolymers (30 mg/mL in CHCl3, 200 μL) onto
glass slides (Φ= 32 mm), at a rate of 1500 rpm for 2.5 min.
The films were dried, under vacuum at 25 �C for 20 h
before the static water contact angles were determined. The
static water contact angles of the films depended on the
proportion of ring-opened 1 in the copolymer, with the angle
decreasing with increasing content of 1 (Figure 2a). The
static contact angles vary from∼79.1� for P-S,S-LA to 71.4�
for RP4. This trend is to be expected as monomer 1 contains
functional substituents which are expected to increase the
hydrophilicity of the materials. The copolymers were also
electrospun, from hexafluoroisopropanol (HFIP) solutions,
to yield fibers of <1 μm diameter. The static water contact
angles of all the copolymer fiber samples exceed 120�, and
again, increasing the proportion of ring-opened 1 in the
copolymer increases the surface hydrophilicity. The higher
water contact angles observed for the fibers are caused by the
high surface roughness of the fibrous meshes.77 This phe-
nomenon is commonly known as the Cassie-Baxter state.78

For materials with a water contact angle lower than 90� on a
smooth surface, the Cassie-Wenzel transition is expected to
occur when water penetrates the porous matrix, leading to
a significant reduction in the water contact angle.79 In this
study, the transition was not observed before the complete
evaporation of the water droplet, indicating the Cassie-
Baxter state is metastable.80

Degradation of theCopolymers. It iswell-known thatmany
aliphatic polyesters, including P-S,S-LA, are relatively
slow to degrade, and this can be problematic for certain
applications.1-3 Furthermore, solid samples of P-S,S-LA
(e.g., for packaging applications) need to be above the glass
transition temperature (56 �C) in order for the degradation
to proceed at all. This creates some significant problems for
PLA application and marketing as degradation will only
actually occur in industrial composting conditions and not
using domestic composting. For biological applications
there are also applications such as drug delivery or tissue
scaffolding for which faster PLA degradation could be
beneficial.3,4 P-S,S-LA was reported to have a half-life of
110 weeks,81 which is not optimum for many drug delivery
and tissue engineering uses. The degradation reaction is an
ester hydrolysis and so depends on the rate of water uptake
into the material; it is strongly affected by the polymer’s
hydrophilicity and crystallinity.

The incorporation of 1 into copolymers with S,S-lactide
is expected to increase the degradation rate compared to

poly(S,S-lactide) as it will increase the hydrophilicity of the
material. Furthermore, we have already shown that the
copolymers have decreased Tg and Tm vs P-S,S-LA, which
is expected to further facilitate water uptake and increase
the degradation rate. As a preliminary investigation of the
degradation characteristics of the random copolymers, the
degradation was carried out in solution (in CHCl3, with
phosphate buffered saline solution) and monitored using
SEC. The buffer was added to prevent any buildup of acidic
byproduct and to prevent an autocatalytic degradation
mechanism. The degradation assay is biphasic, and the par-
tition coefficient between the aqueous and chlorinated
phases is expected to contribute to the absolute degradation
rate. Nevertheless, it was a useful degradation assay as it
enabled quantification of the degradation rates and com-
parisons between the random copolymer structures in a
manageable time scale. It should be noted that the absolute
rate constants obtained from this experiment may not
directly correlate with how long it takes a sample to degrade
in soil/in vivo as the degradation rate will depend on the
material’s size, processing history, use, and the degradation
medium, among other factors. However, the method is
useful because it accurately illustrates the trends in rate
constant and in particular the effect of incorporating greater
quantities of 1 on the degradation rate of the material.

Figure 2. (a) Static water contact angles of the copolymer films (the
data are expressed as mean ( SD, n = 16). (b) Static water contact
angles of the copolymer fibers (the data are expressed as mean ( SD,
n = 8).
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The degradation occurs by a random chain scission me-
chanism under these conditions, a mechanism which is
common to other aliphatic polyester degradations.82 Liu et al.
showed that for P-S,S-LA the number-average degree of
polymerization at time t (Xt) can be related to the initial
degree of polymerization (X0), the time, and the degradation
rate constant (kx) according to eq 2.82

ln
Xt - 1

Xt
¼ ln

X0 - 1

X0
- kxt ð2Þ

Using eq 2, plots of ln{(Xt - 1)/Xt} vs time were constructed
for the various copolymer samples (Figure 3); the gradients
of the linear fits to the data correspond to -kx. Each
copolymer degradation experimentwas repeated three times,
and the errors in each data point are included in Figure 3. It
is observed that as the quantity of ring-opened 1 in the
copolymer increases (going from copolymer RP1 to RP4),
so the degradation rate increases and that the homopolymer
of S,S-lactide (P-S,S-LA) has the slowest degradation rate
(Figure 4). However, the random copolymer samples’ mole-
cular weights also differ, as discussed previously. In order
to quantify the influence, if any, of the polymer molecular
weight on the degradation reaction, two samples of P-S,S-
LA were prepared with number-average molecular weights
at either end of the range observed for the copolymers,
i.e., withMn = 41 000 and 108 000 g/mol, respectively. Both
samples have the same degradation rate constants, implying
that over this range, and under these degradation conditions,
the influence of molecular weight on the degradation rate is
minimal. Therefore, the enhanced degradation rates of the
copolymers containing ring-opened 1 are tentatively attribut-
ed to its greater hydrophilicity compared to P(S,S-LA) which
is, in turn, expected to increase the rate of ester hydrolysis.
There is a linear correlation between the quantity of ring-
opened 1 in the copolymer samples and the degradation rate
constants (Figure 4). The ability to accurately control and
predict the degradation rates of a material by changing its
chemical composition is potentially significant for biomedical
applications. For example, the controlled release of an active
compound from a polymeric vector could be controlled
by changing the degradation rate of the polymer backbone.

For tissue engineering, an ideal scaffoldmaterial should have
a degradation rate matching the corresponding tissue regen-
eration, and therefore materials with tunable degradation
rates are of considerable interest.

Cell Attachment and Viability. Electrospinning is a widely
used technique to fabricate tissue engineering fibrous
scaffolds.83 The fiber size produced by electrospinning
ranges from 100 nm to a few micrometers, resembling the
structure of native extracellular matrix (ECM).84 In this
study, the copolymers were electrospun into a fibrous
scaffold to investigate their potential in tissue engineering.
Saos-2 cells, from a human osteosarcoma cell line commonly
used in bone tissue engineering studies,85 were cultured on
the scaffolds to investigate the cytotoxicity/biocompatibility.
Representative LIVE/DEAD staining images of Saos-2 cells
cultured on the two different electrospun scaffolds for 5 days
are shown in Figure 5 (all samples illustrated in Figure S5).
More than 90% of the Saos-2 cells were viable on each type
of scaffold. However, SEM images (Figure 5) indicated that
the Saos-2 cells tend to spread more on RP4 fibers as
compared to cells on the P-S,S-LA fibers, which exhibited
rounded cell shapes.RP4,with a higher ratio of ring-opened1,
is more hydrophilic due to the increased incorporation of
hydrophilic functional groups. We postulate that this could
facilitate cell attachment and spreading.

TheMTSassay supported theLIVE/DEADdata (Figure 6).
The cell viabilities were higher on RP3 and RP4 fibers
compared to those onRP1, RP2, and P-S,S-LA fibers. From
day 5 onward, the metabolic activities of Saos-2 cells on the
RP4 electrospun fibers were significantly higher than those
on the RP1, RP2, and P-S,S-LA fibers (p < 0.05). There is
also a trend toward increased cell viabilities with increased
proportion of ring-opened 1 in the copolymer. Again, it is
proposed that scaffolds with a higher content of ring-opened
1 are more hydrophilic and therefore result in higher cell
viability. Although the static water contact angles deter-
mined for the fibrous scaffolds are high (Figure 2b), the
scaffolds supported cell adhesion and proliferation well. It is
possible that the cells are too small to sense the apparent
hydrophobicity of the scaffolds on the macroscale. There-
fore, the cell adhesion might not be affected by the apparent
high hydrophobicity of the fibrous scaffolds, but it could be
more sensitive to the intrinsic hydrophilicity or chemistry of
the copolymers.

Figure 3. Plots of ln((Xt - 1)/Xt) vs time for the copolymers (Table 1).
The degradation experimental conditions are described in the Experi-
mental Section. Each degradation experiment was conducted three
times, and the errors for each measurement are included.

Figure 4. Plot of the degradation rate constant, kx, vs the weight
percentage of ring-opened 1 in the copolymer samples.
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As mentioned, the slow degradation and high hydropho-
bicity of degradable polyesters, such as P-S,S-LA, limits
applications in medicine. Copolymerization is a common
approach to modulate the polyester properties, with copoly-
(ester-ethylene glycol) materials being very widely stud-
ied.11,31,47-51 The ethylene glycol portions have been used
to significantly increase the aqueous wettability of electro-
spun copolymer scaffolds, resulting in enhanced cellular
attachment and proliferation. In this study, an alternative
degradable and renewable monomer (1) was copolymerized
with S,S-LA to produce copolymers with related properties.
An advantage of using the carbohydrate-derived lactone, 1,
is that it has two functional substituents per repeat unit. An
important challenge for the future development of scaffold

materials for regenerative medicine lies in developing meth-
ods to incorporate bioactive species, e.g., enzymes/proteins,
into the degradable matrix. The new copolymers presented
here may offer the potential for the attachment of such
groups to the copolymer backbone.

Conclusions

The preparations of a series of random copolymers of a
carbohydrate lactone (compound 1) and S,S-lactide have been
reported. The lactones both derive from annually renewable
resources, which are inexpensive, abundant, and of low toxicity.
The random copolymers incorporated up to 25 wt % of ring-
opened 1 with ring-opened S,S-LA. The loading of 1 was
estimated by integration of the 1H NMR spectrum. The copoly-
mers were also analyzed by SEC which showed increasing Mn

with increasingLA incorporation into the structures. The copoly-
mers showedglass transition temperatures in the range 40-60 �C,
depending on the loading of ring-opened 1, and showed an
excellent correlation with the values predicted from the Fox
equation. At low loadings of ring-opened 1 in the copolymers,
microphase separation occurred, leading to formation of semi-
crystalline domains of P-S,S-LA and melting temperatures being
observed by DSC. When the loading of ring-opened 1 exceeded
20%, an amorphous copolymer was formed. The incorporation
of the carbohydrate lactone increased the hydrophilicity of the
copolymer, as indicated by the decrease in the water contact
angle. The incorporation of ring-opened 1 also modified the
degradation rate of the copolymers; as the loading of ring-opened
1 increased, so the degradation rate increased. This phenomenon
was attributed to the increased hydrophilicity of copolymers
containing higher proportions of ring-opened 1. The cell culture
experiments, on electrospun fibers of the copolymers, showed
that RP4 permitted good cell attachment and cell metabolic
activity, highlighting the potential for these new materials in
regenerative medicine.

Experimental Section

Materials.Compound 1 and the initiator LZnOEt (see Figure
S1 for the structure) were prepared and purified according to the

Figure 5. (a) LIVE/DEAD staining of Saos-2 cells onRP4 andP-S,S-LA electrospun fibers after 5 days of culture (scale bar: 200 μm). (b) SEM images
of Saos-2 cells on RP4 and P-S,S-LA electrospun fibers after 5 days of culture (scale bar: 20 μm).

Figure 6. MTS assays on Saos-2 cells cultured for 1, 5, 9, and 14 days.
The y-axis is the difference between optical density at 490 nm and
optical density at 620 nm. * indicates significant difference (p < 0.05).
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literaturemethods.63,72S,S-Lactidewas donated by Purac Plc, it
was purified by recrystallization from hot toluene followed by
repeated sublimation in vacuo (three times). All the compounds
were stored in an M-Braun glovebox. THF was distilled from
sodium and stored under nitrogen. Chloroform-d3 was dried by
distilling it from calciumhydride, performing three freeze-thaw
cycles under vacuum, and it was stored under nitrogen. Hexa-
fluoroisopropanol (HFIP) was purchased from Sigma and used
as received.

Characterization.NMR spectra were carried out on a Bruker
AV500 instrument; 1H NMR spectra were collected at 500
MHz. CDCl3 was used as the NMR solvent and reference
compound. The SEC measurements were performed on a Poly-
mer Laboratories SEC 50 instrument with two Polymer Labo-
ratories mixed D columns and CHCl3, at a flow rate of 1 mL
min-1, as the eluent. Narrow molecular weight polystyrene
standards (Polymer laboratories, mixed A and B) were used to
calibrate the instrument. The thermal properties were measured
using differential scanning calorimetry (DiamondDSC, Perkin-
Elmer, UK). Scans were performed from -70 to 170 �C at a
controlled heating rate of 10 �C/min. A sealed empty crucible
was used as a reference, and the DSC was calibrated using
indium. The thermal gravimetric analysis (Pyris 1 TGA, Perkin-
Elmer, UK) was carried out in flowing air at a heating rate of
10 �C/min. Static water contact angles were measured using
a drop shape analysis system (EasyDrop, Kr€uss, Germany). A
2 μL drop of ultrapure water (Milli-Q water, Millipore, MA)
was placed on the polymer surfaces, and the static water contact
angle was measured. The measurements were performed on
several different areas of each sample, repeated on two samples
for each kind of polymer film, and the values averaged. The cell
morphology and adhesion were investigated using SEM (LEO
1525, Zeiss, UK). The colorimetric change was measured by
a spectrophotometric plate reader (Anthos 2020 Microplate
Readers, Biochrom Ltd., UK) and a Glassman high-voltage
generator (PS/EL30R1.5, Glassman).

Copolymer Syntheses (Representative Example: The Synthesis
of RP4). Stock solutions of S,S-lactide (1 M) and the initiator
LZnOEt (0.025M) were made separately in THF. Compound 1

(0.575 g, 2.500 mmol) was added to an oven-dried vial with a
stirrer. Then the stock solution of S,S-lactide (5 mL) was added,
followed by the addition of sufficient THF (1.5 mL) to ensure
that theoverall concentrationwas 1M(i.e., [1]þ [S,S-LA]=1M).
The mixture was stirred until everything dissolved. Then, the
stock solution of LZnOEt (1 mL) was added into the mono-
mer solution. The reaction was stopped after 15 min, the vial
was exposed to air, and the addition of wet diethyl ether (i.e.,
straight from the Winchester) caused precipitation of the copo-
lymer. The polymer was purified by repeated dissolution and
precipitation (CHCl3 and diethyl ether, 3�) and dried under
vacuum to yield a white solid (0.72 g, 56%). 1H NMR (400
MHz) δ: 4.9-5.6 (m, OCH(CH3)CO, H-2, H-5); 4.0-4.4
(m, H-6, H-60); 2.12-2.22 (s, COCH3); 2.04-2.12 (m, COCH3);
1.60-2.05 (m, H-3, H-30, H-4, H-40); 1.45-1.60 (d, CHCH3)
ppm. SEC(CHCl3, 1mL/min),Mn=44 000 g/mol, PDI=1.51.

The same general procedure was used for the preparation of
RP1-3. The quantities of monomers, initiators, and isolated
polymer yields are listed in Table S1.

Thermal Analyses. The thermal properties were measured
using differential scanning calorimetry (DiamondDSC, Perkin-
Elmer, UK). Scans were performed from -70 to 170 �C, at a
controlled heating and cooling rate of 10 �C/min. A sealed
empty crucible was used as a reference, and the DSC was cali-
brated using indium. Each sample was run for three heating-
cooling cycles. After the first cycle, the DSC traces of the second
and third cycles were identical. The glass transtion temperatures
reported are taken from the second cycle. Thermogravimetric
analyses were carried out using a Pyris 1 TGA instrument
(PerkinElmer, UK), under air flow (20.0 mL/min), at a heating
rate of 10 �C/min from 50 to 500 �C.

Degradation Experiments. The copolymer (2 mg) was dis-
solved in CHCl3 (1 mL), and phosphate buffered saline solution
(PBS, 24 mM Na2HPO4 and 16 mM KH2PO4 in 0.9% NaCl,
pH = 7.4, 0.1 mL) was added to the samples. The samples were
kept in a 25 �C water bath and were shaken every few hours. SEC
wasused todetermine theMn of the degrading copolymer samples.

Spin-Coating. RP1, RP2, RP3, RP4, and P-S,S-LA powder
(30 mg) were dissolved in CHCl3 (1 mL). A round glass slide
(Φ = 32 mm) was placed on the center of the spin-coater
(Laurell, WS-650SZ-6NPP/LITE), and the polymer solution
(200 μL) was spread on it. The machine span to the plate was
spun at a rate of 1500 rpm for 2.5 min. The coated films were
dried under vacuumat 25 �C for 20 h before the determination of
the contact angles.

Electrospinning. RP1, RP2, RP3, RP4, and P-S,S-LA solu-
tions were prepared by dissolving the polymers in HFIP at a
concentration of 18%, 17%, 17%, 25%, and 15% (w/v), respec-
tively. The solutions were placed in a plastic syringe fitted with a
27G1/2 needle (BectonDickinson). A high dc voltage (7 kV)was
applied between the needle and the collecting plate (distance =
12 cm) with a high-voltage power supply (Glassman High
Voltage). The solution was delivered at a constant feed rate of
0.5 mL/h. 15 cm round cover glasses (VWR) were placed on top
of the aluminum collecting plate. The resultant electrospun
fibers were collected on the cover glass. The cover glasses with
fibers were used for cell culture in 24-well plates. The fiber
diameters were 947( 95, 796( 113, 762( 147, 808( 233, and
770 ( 95 nm, respectively, as measured by SEM (n = 100).

Cell Culture.Cells of the humanosteosarcoma cell line (Saos-2)
were cultured in an RPMI medium containing 10% (v/v) fetal
bovine serum (FBS) and L-glutamine (2 mM). The medium
was replaced every 2 days, and the cultures were maintained in
a humidified incubator at 37 �C with 5% CO2. When the cells
reached 80-90% confluence (5 � 104 cells/cm2), the cultures
were trypsinized and subcultured at 1:3 ratios. For cell culture
experiments, the electrospun fiber samples were placed in
24-well plates and sterilized with a 70% ethanol solution for
30 min, followed by three washes with 1X PBS. The cells were
seeded onto the electrospun fibers at a seeding density of 1.2�
104 cells/cm2 and cultured for desired periods to evaluate cell
metabolism.

LIVE/DEAD Staining and MTS Assay. Electrospun fiber
samples seeded with Saos-2 cells were kept at 37 �C in the 5%
CO2 atmosphere for incubation periods of 1, 5, 9, and 14 days.
At each time point, the samples were collected for LIVE/DEAD
staining and MTS assay.

For LIVE/DEAD staining, the samples were washed with
PBS. Then 300 μL of LIVE/DEAD assay solution (Invitrogen),
which contained 1 μM ethidium homodimer-1 (Ethd-1) and
1 μMCalcein AM in PBS, was added to each well. After 30 min
in 25 �C, the samples were viewed under a fluorescence micro-
scope. The live cells were stained with calcein, which is excited at
the wavelength of 485 nm and emits at 530 nm. The dead cells
were stained by EthD-1, which is excited at 530 nm and emits at
645 nm.

For the cell metabolic activity assessment, at different inter-
vals, unattached cells were removed by washing and the meta-
bolic activity was quantified by the colorimetric MTS assay
(CellTiter 96 AQueous One Solution Cell Proliferation Assay,
Promega). Briefly, the cell-fiber samples were incubated with
20% (v/v)MTS reagent in complete medium for 3 h. Thereafter,
aliquots (in triplicates) were transferred to a 96-well plate, and
the reduction of the tetrazolium salt as indicated by colorimetric
change was determined by measuring the absorbance at 490 nm
with a spectrophotometric plate reader, with subtraction of the
background absorbance at 620 nm.

Scanning Electron Microscopy (SEM). SEM was used to
examine the morphologies of fibers and cells cultured on the
electrospun scaffolds. The cell-fiber samples were washed with
PBS to remove nonadherent cells. The adherent cells were fixed
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with 2.5% (v/v) glutaraldehyde for 45 min at 4 �C. Thereafter,
the samples were sequentially dehydrated in 50, 70, 80, 90, 95,
and 100% ethanol solutions for 5 min each and vacuum-dried.
The samples were sputter-coated with chromium (K575X,
Emitech, UK) and observed under a field-emission scanning
electron microscope (Leo 1525) at an accelerating voltage
of 5 kV.
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