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a  b  s  t  r  a  c  t

A  new  gas  chromatography–mass  spectrometry  (GC–MS)  method  for the  localization  of  double  bond
in  monounsaturated  3-hydroxyalkenoic  acids  monomers  has  been  developed.  A three  steps  deriva-
tion  assay  was  used  including  a  methanolysis,  then  acetylation  and  dimethyldisulfide  (DMDS)  addition
to  alkene  groups.  Electron  impact  GC–MS  analysis  of  such derivatives  offers  characteristic  fragments
eywords:
oly-beta-hydroxyalkanoate
nsaturation
MDS derivatives

allowing  the  unambiguous  determination  of double  bond  position  in  side  chain.  This  novel  method  is
well-suited  for  the  routine  analysis  of  poly-beta-hydroxyalkanoates  (PHAs),  and  was  used  to  character-
ize  monounsaturated  monomers  in  both  3-hydroxyalkenoic  acids  standards  as well  as  in mcl-PHAs  and
poly(3-hydroxyoctanoate-co-3-hydroxyundecenoate)  (PHOU)  produced  by  bacterial  strain  Pseudomonas

r a m
cetylation
C–MS

guezennei  from  glucose  o

. Introduction

Poly-beta-hydroxyalkanoates (PHAs) are biopolymers stored
n intracellular inclusion bodies by a wide variety of bacteria as
n energy reserve, in response to excess carbon under nutrient-
imited conditions [1,2]. The monomeric composition of PHAs can
e related to the nature of the carbon source supplied to the bac-
eria. PHAs exhibit a great variety of properties and thus may  have
ifferent applications. Regarding the length of their carbon chains,
HAs can be divided in three groups: short chain length PHAs (3–5
arbon atoms, scl-PHAs), medium chain length (6–15 carbon atoms,
cl-PHAs) and long chain length (more than 15 carbon atoms,

cl-PHAs). Due to structural differences, the physical properties
f mcl-PHAs are generally quite different from scl-PHAs such as
oly(3-hydroxybutyrate) (PHB) that is highly crystalline and stiff
aterial whereas mcl-PHAs have elastomeric properties. Owing

o their inherent biocompatibility and biodegradability, PHAs have
ttracted industrial interest and have been extensively studied in
he last two decades [3–6]. They are regarded as promising sub-
titutes for petrochemicals plastics, and thus for use in tackling
he problem of plastic waste in the future. Moreover, PHAs can
e produced from natural renewable carbon sources and repre-

ent a new way of utilizing waste from low cost carbon stocks
7–11]. In particular, mcl-PHAs show great promise as thermoelas-
omers for biomedical applications [12], such as drug delivery [13]

∗ Corresponding author. Tel.: +33 02 98 22 45 28; fax: +33 02 98 22 47 57.
E-mail address: christelle.simon.colin@ifremer.fr (C. Simon-Colin).
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ixture  of  sodium  octanoate  plus  10-undecenoic  acid,  respectively.
© 2012 Published by Elsevier B.V.

and tissue engineering [14,15]. Actually PHAs containing long chain
saturated and unsaturated monomers have unique properties, and
double bonds hold the possibility for further chemical modifi-
cations. New functional groups such as epoxide [16], carboxylic
acid [17,18],  chlorine [19], hydroxyl groups [20–22] and alkyne
groups ([23] can be used to further conjugate oligomers, bioac-
tive compounds or targeting molecules. Moreover, while many
different PHAs have been reported, relatively few have been pro-
duced in useful quantities and fewer still meet properties necessary
to replace synthetic polymers. Therefore, modification of natural
PHAs is often necessary to impart properties at least equivalent
to their synthetic counterparts and make PHAs viable replacement
candidates.

One prerequisite for successful functionalization is a good
knowledge of the chemical composition of PHAs in particular car-
bon chain length of the different monomers, number of olefinic
groups, and location of double bonds. There are several analyti-
cal and spectrometric methods that can be used for the analysis
of PHAs. Nuclear magnetic resonance (NMR) spectrometry is a
very useful technique for the characterization of PHAs, especially
for scl-PHAs whose signals are easily attributed to the different
atoms of the side chains on one-dimensional proton and carbon
spectra. However the structural elucidation of PHAs containing sat-
urated and unsaturated monomers possessing long chain length
requires two-dimensional homonuclear and heteronuclear tech-

niques that are time-consuming measurements, and not always
obvious [24–27].

The need for faster analytical methods for the determination of
PHAs forced the development of chromatographic methods such

dx.doi.org/10.1016/j.jchromb.2012.05.032
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:christelle.simon.colin@ifremer.fr
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s the powerful separation technique of gas chromatography (GC).
his requires a quantitative depolymerization of the polymer, usu-
lly combined with a derivation. The first derivation methods for
C were developed for PHB. The method developed by Braunegg
t al. [28] consisting in acidic extraction, hydrolysis and methyla-
ion using 3% H2SO4, was a major advance for the analysis of PHAs
ecause, in contrast to the alkaline hydrolysis used by Wallen and
ohwedder [29] which inevitably led to a mixture of 3-hydroxy acid
ethyl esters and 2-alkenoic acid methyl esters, the mild acidic

ydrolysis resulted only in the formation of 3-hydroxy acid methyl
sters. Langeveen et al. [30] expanded the method described by
raunegg et al. [28] to mcl-PHAs by using 15% H2SO4 as the trans-
ethylation reagent in methanol. Huijberts et al. [31] found that

he hydrolysis time for mcl-PHAs should be increased to 4 h, and
emonstrated that no degradation of methyl esters occurred 24 h
fter hydrolysis. Findlay and White [32], Riis and Mai  [33], and Bear
t al. [16] preferred to use HCl to hydrolyze PHAs, due to further
ecomposition of the 3-hydroxy esters in presence of sulfuric acid
y acid catalyzed elimination. More recently, Furrer et al. [27] rec-
mmended the use of boron trifluoride in methanol to prevent the
ormation of side-products during the transesterification of olefinic

cl-PHAs.
The electron impact gas chromatography mass spectrome-

ry (GC–MS) analysis of 3-hydroxyalkanoic acids methyl esters
ives a characteristic fragment at m/z  103 resulting from the
leavage � to the hydroxyl functional group and the fragment
/z 74 due to the McLafferty rearrangement. However, this

nalysis without any further chemical derivatization provides
ittle structural information on the chain length. Some appropri-
te chemical derivatizations of 3-hydroxyalkanoic acids methyl
sters as trimethylsilylation (TMSi) are useful for the structural
haracterization of PHAs monomers [34]; TMSi derivatives of
-hydroxyalkanoic acids methyl esters provide very distinct molec-
lar ion-related fragments and clearly reflects their chain length,
s well as the unsaturation degree. However, even though Lee and
hoi [34] observed some changes in fragmentation pattern of TMSi
erivatives of 3-hydroxylalkanoic methyl ester of saturated and
nsaturated monomers in relation with the double bond position,
here is still no chromatographic method that enables unambigu-
usly the localization of double bond whatever its position and
onomer side chain length.
In this study, we developed a novel and efficient method by

as chromatography mass spectrometry GC–MS for the localization
f double bond in monounsaturated 3-hydroxyacids monomers
nits of mcl-PHAs. The method was based on a two steps pro-
ess. First, TMSi methyl esters derivatives were prepared to access
o monomers side chain length as well as the number of double
onds. In a second step, preparation of thiomethylated acety-

ated methyl esters derivatives using three successive derivations
ncluding methanolic hydrolysis, acetylation and thiomethylation
y iodine-catalyzed dimethylsulfide (DMDS) addition to double
ond, was performed for the localization of olefin groups. The
lectron ionization GC–MS analysis of such derivatives leads to
haracteristic mass spectra fragments that enable the unambiguous
etermination of the double bond position.

. Experimental

.1. Standards of 3-hydroxyalkenoic acids

Standards of 3-hydroxyoct-5-enoate (3HO:1�5), 3-hydroxynon

6-enoate (3HN:1�6), 3-hydroxydec-7-enoate (3HD:1�7), 3-
ydroxyundec-8-enoate (3HUD:1�8), 3-hydroxydodec-6-enoate
3HDD:1�6), 3-hydroxydodec-9-enoate (3HDD:1�9), were pur-
hased from Epsilon Chimie (Brest, France).
togr. B 900 (2012) 64– 70 65

2.2. Preparation of derivatives for GC–MS

Both the length and number of double bonds of the 3-
hydroxyalkanoic monomers were determined by GC–MS analysis
of the TMSi derivatives of methyl esters. A 7 mg  PHAs sample
or 2 mg  for 3-hydroxyalkenoic acids standards was  dissolved in
1.5 mL  chloroform and subjected to methanolysis in the presence
of MeOH–HCl 37% (17:2, v/v) at 100 ◦C for 4 h (for polymer) or
1 h (for standards), in Pyrex test tubes (volume 10 mL) with screw
Teflon-lined caps. After phase separation and two  washes with 1 mL
distilled water, the organic phase was  dried with MgSO4 and evap-
orated under nitrogen. TMSi derivation of 3-hydroxyalkanoates
methyl esters was  accomplished by adding 100 �L pyridine and
100 �L sylon (BSTFA–TMCS, 99:1) to methanolized sample. The
reaction mixture was  heated at 70 ◦C for 45 min.

The localization of olefin groups on monounsaturated chains
was  performed using a three derivations process: methanolysis,
acetylation onto the 3-hydroxyl group, and thiomethylation by
grafting a thiomethyl group on each side of the double bond.
Samples of polymer and 3-hydroxyalkenoic acids standards were
subjected to methanolysis in the same conditions as above. The
methyl esters were then acetylated in the presence of 100 �L
acetyl chloride at 65 ◦C for 5 min  to mask the reactive hydroxyl
group, as described by Johnson and Trinh [35]. The mixture was
evaporated to dryness with nitrogen. Hexane (500 �L), dimethyld-
isulfide DMDS (100 �L) and iodine I2 (20 �L) were added, the
mixture heated at 50 ◦C for 48 h as described elsewhere [36,37].
Samples were diluted with 200 �L of hexane, and the iodine in
excess was reduced by addition of Na2SO3. After centrifugation,
thiomethyl acetylated methyl esters derivatives were recovered
from the supernatant, dried under nitrogen and dissolved in 500 �L
dichloromethane prior to analysis by GC–MS.

2.3. GC–MS conditions

The TMSi methyl esters derivatives and thiomethyl acetylated
methyl esters derivatives were analyzed by GC–MS using an Agilent
6890N chromatograph coupled to a quadrupole Agilent 5975 inert
XL mass selective spectrometer, equipped with a HP-5-MS fused
silica capillary column (30 m × 0.25 mm,  25 �m film thickness). A
1 �L sample was injected (spit ratio 100:1) with helium as carrier
gas and the temperature was  programmed for the separation of
peaks (60 ◦C for one min, ramp of 4 ◦C/min to 140 ◦C, 15 ◦C/min to
280 ◦C and 5 min  at 280 ◦C). The ionizing energy for MS  operation
was  70 eV.

2.4. NMR analyses

NMR  spectroscopy was  performed at 25 ◦C on samples of PHAs
dissolved in CDCL3 on a BRUKER 400 DRX spectrometer equipped
with a 5 mm triple resonances 1H/{BB}/31P (Bruker, Germany)
operating at 400 MHz  for 1H and 100 MHz  for 13C. Chemical shifts
are reported in ppm relative to signal of 3,3,3,4-tetramethyl silane.

2.5. Biosynthesis of mcl-PHAs

Pseudomonas guezennei (strain CNCM-I-3358 in the Collection
Nationale de Cultures de Microorganismes, Institut Pasteur, Paris,
France) was cultivated in a two-steps batch cultivation process.
In the first step, the cells were inoculated at 10% (v/v) with a
suspension of cells in exponential phase and grown in 5 L fer-
menter (Infors, Massy, France) containing 3 L of rich marine broth

medium (10 g peptone, 5 g yeast, 15 g sea salts per liter distilled
water). The temperature was  maintained at 35 ◦C and the pH was
adjusted at 7.0 by automatic addition of 2 M NaOH. The air flow
was  fixed at 30 L/h and the agitation rate from 200 to 800 rpm to
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Fig. 1. Mass spectra of the TMSi derivatives of 3-hydroxydecanoic acid (3HD) (a) and 3-hydroxydodecenoic acid (3HDDe) (b) methyl esters. The characteristic peaks and
molecular ion-related fragments are assigned as described in the text.

Fig. 2. Mass fragmentation scheme of thiomethyl acetylated methyl esters derivatives of 3-hydroxyalkenoic acids.
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ig. 3. Mass spectra of thiomethyl acetylated methyl esters derivatives of 3-hy
3HO:1�5)  ([M] = 308) standards.

aintain the level of dissolved O2 at its maximum. After the cul-
ivation for 8 h, cells were harvested by centrifugation (5000 × g,
0 min), and transferred into 5 L fermenter containing 3 L nitrogen-
ree medium (15 g/L sea salts) enriched with 20 g/L of glucose or,

 mixture of 3 g/L sodium octanoate and 10-undecenoic acid with
oncentration varying from 0.2 to 1 g/L. Culture was  incubated at
5 ◦C, 200–400 rpm, and dissolved O2 maintained around 25%. Fol-

owing cultivation for 60 h, cells were harvested by centrifugation
10,000 × g for 15 min), washed-up three times with diluted sea-
ater, and the pellets lyophilized prior to PHAs extraction.
Pellets of freeze-dried cells were ground with a mortar and pes-
le, the resulting powder was extracted with chloroform for 4 h
t 50 ◦C. The PHAs-containing chloroform phase was  washed once
ith water to remove residual solid particles, and concentrated.

ig. 4. Mass spectra of thiomethyl acetylated methyl esters derivative of 3-hydroxydod
roduced by P. guezennei cultivated on glucose.
dodec-6-enoic acid (3HDD:1�6) ([M] = 364) (a) and 3-hydroxyoct-5-enoic acid

The organic phase was  evaporated to dryness, and purified PHAs
were obtained by repeated precipitations in 10 volumes of cold
methanol.

3. Results and discussion

3.1. Determination of PHAs monomers chain length and
unsaturation degree

GC–MS analyses of TMSi methyl esters derivatives of PHAs

allowed us to determine the monomeric composition of PHAs
obtained from P. guezennei.  The mass spectra of TMSi deriva-
tives of 3-hydroxyalkanoic acids exhibited characteristic fragments
[(CH3)3SiO+ CHCH2CO2CH3] at m/z 175 and [RCH O+Si(CH3)3]

ec-5-enoic acid (3HDD:1�5) ([M] = 364) as a constituting monomer of mcl-PHAs
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Fig. 5. Mass spectra of thiomethyl acetylated methyl esters derivatives of 3-hydroxynon-8-enoic acid (3HN:1�8) ([M] = 322) (a) and 3-hydroxyundec-10-enoic acid
(3HUD:1�10)  ([M] = 350) (b) as constituting monomers of PHOU produced by P. guezennei from sodium octanoate plus 10-undecenoic acid.

Table 1
Monomeric composition of mcl-PHAs produced by P. guezennei from glucose and a mixture of sodium octanoate (Oct) plus 10-undecenoic acid (Und).

PHAs monomeric composition mol%

Carbon source 3HHx 3HHp 3HHp:1 3HO 3HN:1 3HD 3HUD:1 3HDD 3HDD:1

Glucose 20 g/L 1 24 66 7 2
72 

78 

84 

a
h
p
m

T
G
b

Oct  3 g/L + Und 1 g/L 1.8 1 

Oct  3 g/L + Und 0.5 g/L 1 0.9 

Oct  3 g/L + Und 0.21 g/L 2.1 0.8 
t m/z [M•+−73] resulting from �-cleavage of the derivatized
ydroxyl group (Fig. 1). The TMSi ethers do not usually show a
arent molecular ion but the molecular ion related fragment at
/z [M•+−15] is quite prominent and can be used to determine

able 2
C–MS fragmentation pattern of thiomethyl acetylated methyl esters derivatives of mono
y  P. guezennei.  Putative values of m/z for fragment [B+] are indicated between parenthes

[M•+] [A+] 

3HHp:1�6 294 61 

3HO:1�5  308 89 

3HN:1�6  322 89 

3HN:1�8  322 61 

3HD:1�7  336 89 

3HUD:1�8  350 89 

3HUD:1�10 350  61 

3HDD:1�5  364 145 

3HDD:1�6 364  131 

3HDD:1�9  364 89 
18 1.4 5.8
13 2 4.6

6 4.7 2.3
the chain length of monomers. The existence of a double bond
can be deduced from the molecular weight of the fragment at m/z
[M•+−15] which is two amu  less than that of the corresponding
saturated monomer, and from the shift of the base peak as already

unsaturated 3-hydroxyalkenoic acids issued from standards or mcl-PHAs produced
es when it is not detected.

[B+] [B+ HOAc]

(233) 173
(219) 159
(233) 173

261 201
247 187
261 201
289 229

(219) 159
233 173
275 215
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escribed by Lee and Choi [34]. The authors also observed changes
n the intensity ratio of the related ion peak (at m/z [M•+−15]) to
he base peak depending on the position of the double bond (�5 or

7).
Others fragments of lower mass were also common for the

-hydroxyl functional group and readily assignable: m/z 73
(CH3)3Si+], m/z  89 [(CH3)3SiO+], m/z  131 (C5H11SiO2)+, m/z 159
C6H11SiO3)+ and m/z 133 (C5H13SiO2)+.

The composition of PHAs synthesized by P. guezennei from
lucose was found to mainly consist of 3-hydroxydecanoate
3HD) and 3-hydroxyoctanoate (3HO), and low fractions of
-hydroxydodecanoate (3HDD), 3-hydroxydodecenoate (3HDDe)
nd 3-hydroxyhexanoate (3HHx), as identified by GC–MS (Table 1).
he presence of olefinic groups along the alkyl side chain, usually
haracterized by additional signals around 5.3, 2 and 2.3 ppm in the
H NMR  spectrum and signals between 120 ppm and 135 ppm in
he 13C NMR  spectrum (data not shown), was not detected by NMR
ecause of the low amount (2%) of the unsaturated monomers.

Conversely, the use of sodium octanoate in mixture with
0-undecenoic acid as carbon sources for the production of PHAs
y P. guezennei lead to the formation of a mcl-PHAs with more
nsaturated monomers. Six different TMSi methyl esters peaks
ere found: 3-hydroxhexanoate (3HHx), 3-hydroxyheptenoate

3HHp:1), 3-hydroxyoctanoate (3HO), 3-hydroxynonenoate

3HN:1), 3-hydroxydecanoate (3HD) and 3-hydroxyundecenoate
3HUD:1), present in different proportions depending on the
omposition of the culture medium. mcl-PHAs produced by P.
uezennei from sodium octanoate plus 10-undecenoic acid are

ig. 6. 1H NMR  spectrum in CDCL3 of PHOU containing 26% unsaturated units, produce
ercentage of olefin groups was calculated from the ratio of peak at 5.7 ppm (g) to peak a
togr. B 900 (2012) 64– 70 69

mainly composed by 3HO together with 3HN:1 and 3HUD:1,
that characterized PHOU (poly(3-hydroxyoctanoate-co-3-
hydroxyundecenoate). The alkene groups ratio was directly
controlled by the 10-undecenoic acid concentration in the culture
medium with values ranging from 9.1% unsaturated pendant
groups with 0.2 g/L 10-undecenoic acid, to 18.5% and 24.8%
with 0.5 and 1 g/L 10-undecenoic acid, respectively. Highly
unsaturated PHOU with 43% unsaturated units was obtained
when P. guezennei was grown on 3 g/L sodium octanoate and
3 g/L 10-undecenoic acid, and with 75% olefinic groups when 3 g/L
10-undecenoic acid was  used as the sole carbon source. The high
degree of side-chain unsaturation resulted in an amorphous poly-
mer with a consistency of a viscous, sticky, unhandle gum at room
temperature. Moreover, these PHOU samples became insoluble
in chloroform after a few weeks, probably because of cross-
linking reactions caused by the high concentration of unsaturated
groups.

TMSi derivatives of 3-hydroxyalkanoic acids methyl esters pro-
vide very distinct mocelular ion-related fragments, and clearly
reflects their chain length. However, this derivation is not accu-
rate to determine the position of unsaturation along the side
chain.

3.2. Determination of double bond position in monounsaturated

3-hydroxyalkenoic acids

GC–MS analysis of thiomethyl acetylated methyl esters was
carried out to determine the position of double bond in

d by P. guezennei from 3 g/L sodium octanoate and 1 g/L 10-undecenoic acid. The
t 5.2 ppm (b, b′).
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onomers constituting mcl-PHAs as well as in monounsaturated
-hydroxyalkenoic acids standards. The mass spectra of thiomethyl
cetylated methyl esters of 3-hydroxyalkenoic acids showed rec-
gnizable molecular ions at m/z [M•+] and key fragments that allow
s to clearly identify the position of the double bond. Key fragments
A+] and [B+] derived from the cleavage of the carbon–carbon bond
etween the two methyl sulfide groups CH3S as shown in Fig. 2.
ragment [B+] is often detected in low intensity because it further
ecomposes and gives [B+ HOAc] via loss of the O-acetyl group.
dditional ions in a lower mass range were detected for [B+ HOAc]
fter successive loss of the HSCH3 group and/or acetyl group, thus
onfirming the olefin group position (Fig. 3).

Reliability of the method was checked using 3-hydroxyalkenoic
cids standards with olefinic groups in different positions. The
C–MS patterns of thiomethyl acetylated methyl esters derivatives
btained during this study are summarized in Table 2.

The mass spectra of thiomethyl acetylated methyl esters deriva-
ives of mcl-PHAs produced by P. guezennei cultivated on glucose,
nd on sodium octanoate plus 10-undecenoic acid allowed a
omplete characterization of the monomeric composition and
ocation of unsaturation. So, the 3HDD:1 unit (as identified by
C–MS analysis of TMSi methyl esters) within mcl-PHAs pro-
uced by P. guezeneni from glucose was identified as 3HDD:1�5, as
educed from its fragmentation pattern showing parent ion [M•+]
t m/z 364, fragment [A+] at m/z  145 and [B+ HOAc] at m/z 159
Fig. 4).

Concerning PHOU, the same method allowed the determination
f the double bond in terminal position as shown by the mass spec-
ra of 3HHp:1�6, 3HN:1�8  and 3HUD:1�10 with a high intensity
f fragment [A+] at m/z  61 (CH2

+SCH3) together with detection
f [B+ HOAc] at m/z  173, 201 and 229 for 3HHp:1�6, 3HN:1�8
nd 3HUD:1�10, respectively, characterizing the SH CH3 group
n terminal position (Fig. 5, Table 2).

The terminal position of double bond within PHOU was  con-
rmed by NMR  analysis, that exhibits signals at 4.9 and 5.7 ppm
n the 1H NMR  spectra, corresponding to the ethylenic protons of
erminal vinylic group (CH CH2), whereas signal at 0.9 ppm was
ttributed to methyne proton (CH3) in terminal position of satu-
ated side chain (Fig. 6). Moreover no other CH signal was  detected
n the proton spectra, thus confirming the absence of unsatura-
ion in other location. The percentage of unsaturated units in PHOU
as determinated from the ratio of the integration peak at 5.7 ppm

g) to peak at 5.2 ppm (b, b′). It was found 8.8%, 20%, and 26% for
oncentrations of 10-undecenoic acid of 0.2, 0.5 and 1 g/L, respec-
ively. Those results are consistent with data obtained from GC–MS
nalysis.

. Conclusion

We described a novel GC–MS method for the characterization
f mcl  PHAs with special feature for the determination of olefin
roup position. The method developed in the present study is suit-
ble for the routine analysis of PHAs since it requires few polymer
nd short-time analysis while appropriate treatment of the poly-
er  offer characteristic fragments. The method implied a three

erivations steps process including a methanolysis, then acetyla-

ion onto 3-hydroxy group and thiomethylation on each side of the
ouble bond. The GC–MS analysis of resulting derivatives offered
haracteristic fragments allowing unambiguously the localization
f double bond in monounsaturated 3-hydroxyalkenoic acids.

[
[
[
[
[

togr. B 900 (2012) 64– 70

This technique was validated both on 3-hydroxyalkenoic acids
standards as well as on mcl-PHAs produced by P. guezennei from
different carbons sources. In particular, we  described the synthe-
sis of PHOU as a mcl-PHAs containing vinyl-terminated side chain,
whose monomeric composition and degree of unsaturated units
can be adjusted by changing the concentration of 10-undecenoic
acid supplied. mcl-PHAs containing vinyl-terminated side chain
with controlled unsaturation degree share interesting properties
and can be easily modified due to the terminal position of double
bond more accessible for further chemical modifications. Chemical
modifications can greatly impart bacterial polyesters properties,
and will expand their use in the medical and environmental areas.
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