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Abstract—Aliphatic, non-hydrolyzable biopolymers were subjected to RuO,-oxidation in order to examine the
potential of this method in revealing details on their structures. The method was tested on model compounds
first and found to cleave alkyl chains of aromatic moieties, double bonds and ether bonds. Oxidation of the
biopolymer cutan derived from cuticles of Agave americana and the algaenans isolated from the cell walls of
the freshwater algae, Botryococcus braunii (race A and L) and Tetraedron minimum, resulted in the formation
of specific oxidation products. In the case of B. braunii, the results confirmed previously suggested structures.
Results obtained for cutan and 7. minimum algaenan enabled, for the first time, the reconstruction of the
building blocks of these biopolymers. These blocks consist of unsaturated long-chain hydroxy fatty acids,
which are cross-linked via ether-bonds or ester-bonds. © 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

The major part of sedimentary organic material con-
sists of insoluble, highly complex macromolecules,
operationally defined as kerogen. It has become pro-
gressively clear that kerogens may, for a substantial
part, be derived from the selective preservation of
resistant, non-hydrolyzable biopolymers, which occur
in the cell walls of marine and freshwater microalgae,
and the cuticles of leaves (for a review see [1]). These
biopolymers are usually present in low amounts (1—
2% of dry biomass) in extant organisms but, since
they are very resistant against microbial and chemical
degradation, they are enriched upon sedimentation
and burial. Analysis on a molecular level is only poss-
ible if the resistant biopolymer undergoes some treat-
ment which depolymerizes the macromolecular
network. The small molecules obtained in this way
may be analyzed by techniques like gas chro-
matography—-mass spectrometry (GC-MS). Ana-
lytical pyrolysis (Py) GC-MS techniques have
revealed a great deal of information and showed that
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most of these polymers are aliphatic in nature, as was
also clear from *C NMR analyses (e.g. [2, 3]).

Studies of the aliphatic, non-hydrolyzable biopo-
lymers have, until now, mostly been performed by
using techniques like flash pyrolysis and only rarely
using chemical degradation. Ruthenium tetroxide
(RuQ,) is a very common oxidation reagent, and
Stock and co-workers used this reagent on coals and
macerals [4, 5], whilst Trifilieff [6] used it to charac-
terize asphaltene and resin fractions of mineral oils.
More recently, Boucher et al. [7, 8] and Standen et al.
[9, 10] used RuO, degradation to study kerogens. In
the present work, this reagent is used to characterize
insoluble, non-hydrolyzable biopolymers isolated
from the cell walls of the freshwater algae, Botry-
ococcus braunii and Tetraedon minimum (so-called
algaenans; [1]) and the terrestrial plant, Agave amer-
icana (cutan; [11]).

RESULTS AND DISCUSSION

To test the effect of the RuO, reagent on the differ-
ent types of linkages potentially present in biopo-
lymers, several model compounds (Figure 1) were sub-
jected to oxidation. Alkyl aromatic and unsaturated
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Fig. 1. RuO,-oxidation products of model compounds. Numbers in brackets indicate % yields.

compounds were oxidized, whereby aromatic rings are
completely oxidized (presumably to CO,) resulting in
an acid possessing one carbon atom more than the
aliphatic side-chain of the starting aromatic substrate,
consistent with previous observations (e.g., [6, 10]). In
the case of a double bond, cleavage takes place
between the two carbon atoms, where the double bond
is positioned and two aliphatic acids are formed or,
in the case of a terminal double bond, an aliphatic

acid and CO,. Alcohols yield different products upon
RuO,-oxidation depending on the carbon atom to
which the hydroxyl group is attached. Primary alco-
hols yield acids, secondary alcohols yield ketones and
tertiary alcohols do not react at all. Importantly, ether
lipids are also cleaved to yield acids. Blanks were
performed to detect possible contaminations which
were found to consist mostly of the C,; and C,¢ fatty
acids in a typical, ca 2:1 ratio.
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The biopolymers isolated from the resistant outer
cell-walls of the green microalgae B. braunii, so-called
PRB-algaenans, have been well studied by NMR and
pyrolysis (e.g., [3, 13]). In our study, we treated the
algaenans isolated from Botryococcus braunii race A
(PRB A) and race L (PRB L). This classification in
races is based on the presence of specific lipids; race
A biosynthesizes high amounts of botryals, whilst race
L biosynthesizes high amounts of lycopadienes [3,
13]). RuO,-oxidation of PRB A resulted in the for-
mation of C4—C,, diacids with the C,, a,w-dicarboxylic
acid dominating (Table 1) and the Cg; and C, o,w-
dicarboxylic acids also present in relatively high
amounts. These products can be correlated to the
structure of PRB A, as proposed by Gelin et al. [3],
with the botryal structure as the monomeric unit (Fig-
ure 2). Through biochemical oxidation of the double
bonds, the linear polymer may form epoxides, yielding
ether bonds which can, thus, cross-link the macro-
molecule. RuO,-oxidation of the carbon—carbon
bonds at the proposed sites of the functionalities (dou-
ble bonds and vicinal ether bonds) of the polymer will
exactly yield the most abundant products encountered
in the chemical degradation mixture. The yields of the
respective products are, however, low Tab. 1, despite
the fact that they seem to be representative of the
biopolymer. In total, the compounds represent ca
11%. Reasons for this are unclear although it may be
suggested that either the reagent is not effective on the
whole macromolecule or that high amounts of non-

o _-CHO
Lipid: — cn,—cu=c

Table 1. Amounts of compounds released (mgg~") by
RuO,-oxidation of biopolymers.

Compounds Agave americana B. braunii
Fatty acids

(O 1.3 —
Cy 1.0 —
Cy, 1.8 —
Cy 2.7 —
Cyo 3.8 —
Csy, 32 —
o,w-Dicarboxylic acids

(0N — 5
Cy 2.7 13
Ch — 1
Cpn — 3
(O — 11
Cu — 73
Cy, 1.0 —
Cyx 1.3 —
Cy 2.0 —
Cy 2.0 —
Cy 2.9 —
Cy, 2.4 —

detectable lower-M*- acids or CO, are formed.
Despite this low recovery, the experiment still provides
both additional evidence for the proposed structure
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Fig. 2. Rationale for formation of RuO,-oxidation products formed from PRB A. The presumed building block of the
biopolymer is indicated at the top.
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Fig. 3. Rationale for formation of RuO,-oxidation products formed from PRB L. The presumed building block of the
biopolymer is indicated at the top. Numbers in brackets indicate relative amounts of formed products.

of the PRB A and demonstrates the potential of the
RuO,-oxidation method in revealing the building
blocks of the biopolymer.

RuO,-oxidation of the algaenan of Botryococcus
braunii race L (PRB L) resulted in the formation of
only a few products. The major product was identified
as a Cq isoprenoid ketone. Furthermore, three C,s—
C,; isoprenoid monoacids are present and a series of
C; to C,, a,0-dicarboxylic acids with a straight-chain
carbon skeleton. Gelin et al. [3] proposed the structure
shown in Fig. 3 for the algaenan PRB L, based on
pyrolysis data and with lycopadiene as the building
block. Our results are in complete accordance with
this proposed structure. Oxidation resulting in car-
bon—carbon bond cleavage at the functionalities pro-
posed will result in the products found in the reaction
mixture Fig. 3. It is interesting to note that small
amounts of the same straight-chain Cg to C,, fatty
acids are found, as with the RuO,-oxidation of PRB
A. This may indicate the presence of small amounts
of PRB A in our PRB L sample. Again, the results
provide additional evidence for the proposed structure

of PRB L and demonstrates the selectivity of the
RuO,-method.

Oxidation of the algaenan isolated from 7. mini-
mum resulted in the formation of several specific o,w-
dicarboxylic acids [Fig. 4(a)]. The low M, dicar-
boxylic acids are dominated by C,C,;, o,w-dicar-
boxylic acids, whilst the higher M ™ o,w-dicarboxylic
acids are mainly the C,,, C,; and C,s homologues. The
structure of the algaenan is until now unknown but
studies of the ester-bound lipid fraction have revealed
relatively high amounts of C,,, C;, and Cyy A’ o-
hydroxyacids [14]. Similarly to the algaenans of B.
braunii, the algaenan of T. minimum may have these
particular «,w-dicarboxylic acids as building blocks,
whereby either ester or ether bonds link the afore-
mentioned hydroxyacids to each other. Furthermore,
the double bonds may be biochemically oxidized to
form ether bonds which, in turn, will cross-link the
polymer. The proposed structure of the algaenan of
T. minimum will yield, upon RuO, oxidation, those
products which are predominantly encountered in the
reaction mixture (Figure 5). It thus seems likely that
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Fig. 4. Gas chromatogram of RuO,-oxidation products (after derivatisation with diazomethane) of (a) algaenan isolated
from Tetraedron minimum and (b) cutan isolated from cuticles of Agave americana.

Cs, C;, and Cs, unsaturated w-hydroxyacids are the
building blocks for the algaenan of 7. minimum. It
should be noted that products like C,; and C,; mono-
acids, present in relatively high amounts in the reac-
tion mixture, cannot be derived from the proposed
monomeric unit of the polymer. Since these com-
pounds are monoacids, they may have been linked by
an ether-bond or by an ester-bond which somehow,
possibly due to steric protection, has survived the
alkaline hydrolysis. They probably represent terminal
units of the polymer. The structure proposed is in
agreement with the pyrolysis and *C NMR results of
the algaenan [15]; the pyrolysis products were mainly
n-alkenes and n-alkanes, and signals in the *C NMR
spectra were dominated by those from CH, carbon
atoms, thus confirming the aliphatic character of the
biopolymer.

Cuticular membranes and outer barks of terrestrial
plants can also contain insoluble, non-hydrolyzable
biopolymers. RuO, oxidation of such a biopolymer
present in cuticles of A. americana, so-called cutan
[11], yielded a number of mono- and «,w-dicarboxylic
acids [Fig. 4(b)]. The main a,w-dicarboxylic acid was
C,, with smaller amounts of C,—C;, a,-dicarboxylic
acids. Furthermore, relatively high amounts of Cy—
C,, fatty acids with a high, even-over-odd carbon-
number-predominance were present. Unfortunately,
yields (Tab. 1) were, again, not very high and the

major compounds detected account for only up to ca
3wt%. This may be predominantly due to the release
of short-chain acids and CO,, which escape our ana-
lytical window. Standen [10] also performed RuO,
oxidation on cutan and obtained a somewhat different
product distribution. The «,w-dicarboxylic acids were
also dominated by C,, but no high amounts of C,—
C,, di- or fatty acids were detected. Instead, a series
of fatty acids with a keto-group at an undetermined
position and with relatively long chain-lengths were
detected. These differences may be due to different
reaction conditions used for RuO,-oxidation, which
can have significant effects on the final product dis-
tribution [10].

Recently, McKinney et al. [16] proposed a partial
structure for cutan based upon *C NMR spec-
troscopy and pyrolysis in the presence of tetra-
methylammonium hydroxide (TMAH). It was sug-
gested that an important structural moiety of cutan is
comprised of long-chain fatty acids that are ester
bound to tetrasubstituted benzene rings. These moi-
eties were themselves attached, probably via C-C
bonds, to an, as yet, undetermined cross-linked poly-
mer. Using our RuO,-degradation results, it is poss-
ible to propose a more detailed structure for a part of
the cutan polymer (Fig. 6), though this model must
be considered tentative, considering the low yields of
oxidation products obtained (Tab. 1). The Cy o,w-



992

S. SCHOUTEN et al.

Lipid: HOCH ,— (CH,) —CH =CH —(CH,) — COOH
P 2 2’4 249,21,23
-— /
fo) (o]
g O 1 CH,— (CH.) / (CH ) "
(CH,) — C—OTCH,— —CH—CH—(CH,) — C —O—CH,;—
2797 2 2y F1921,23 _] 2
o
o |
(CH.,) g OftCH,— (CH.) CH —H(CH ) 2OCH
CH,)— C — O[CH,— —CHTCHT —c— -
2797 2 2’y / 2'19,21,23 2
. D n='
/
RUO4

C, diFA
C,,FA <a—18C, diFA

o C JFA Qg |

C30diFA
— C32diFA -

> C, diFA <o
C,,diFA
C, diFA

C34d|FA

Fig. 5. Rationale for formation of RuO,-oxidation products of proposed structure of the algaenan isolated from Tetraedron
minimum. The presumed building block of the biopolymer is indicated at the top.

dicarboxylic acid may be generated from a C, alkyl
moiety which is covalently bonded at both ends by
benzyl moieties. The C,.—Cs, a,w-dicarboxylic acid
may be generated from either C,,—Cs, alkyl moieties
covalently bonded to the benzene rings or via ester-
bonds. Finally, the C,—C;, fatty acids may be gen-
erated from terminal fatty acids ester-bound to ben-
zene rings. It thus seems likely that cutan is partly
built from Cy— and C,—C;, alkyl moieties with Cy—
Cs, alkyl moieties at terminal positions. This may
explain the highly aliphatic nature of the biopolymer
as observed by *C NMR, since this polymer is built
from units with relatively long alkyl chains. Fur-
thermore, the pyrolysis products of cutan are domi-
nated by a series of long-chain n-alkenes and n-alkanes
[16, 17] which may be explained by the breakdown of
the terminally attached C,C,4 alkyl moieties, whilst
the high abundance of o,w-alkadienes in the pyr-
olysate may be explained by C,,—Cs, alkyl chains
which cross-link the aromatic moieties. It is interesting
to note, in this respect, that pyrolysis only yields n-
alkanes and n-alkenes up to C,4, consistent with the
maximum chain-length of the terminal alkyl moieties.
Pyrolysis in the presence of TMAH will probably
result in the release of trihydroxybenzene moieties,

C,—C;, fatty acids and C,C,, dicarboxylic acids.
The latter products were not observed by McKinney
et al. [16], which is probably due to their highly polar
nature and long retention times on the GC-columns
used. Indeed, the authors noted that the amount of
long-chain fatty acids released by their degradation
method, was severely underestimated due to the poor
chromatographic conditions.

EXPERIMENTAL

Samples

Cutan was isolated from the leaf cuticles 4. amer-
icana as described previously [12]. Cutin was removed
from the cuticles by saponification and poly-
saccharides by conc. H,SO,. The freshwater algae,
B. braunii race A and L, were cultured as described
previously [3]. T. minimum was cultured at room temp.
in batches containing basal medium (13.6 g NaHCO;,
4.0 g Na,CO; and 0.5g K,HPO, in 0.51 bidist. H,O)
with peptone. Algaenans were isolated as described
elsewhere [3]. Briefly, freeze-dried biomass was exten-
sively extracted ultrasonically and ester-bound
material was removed by alkaline hydrolysis. Proteins
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of proposed structure of the cutan isolated from Agave amer-

icana. The presumed bulding block of the biopolymer is
indicated at the top.

and polysaccharides were removed using conc. H,SO,,
yielding a final residue containing predominantly non-
hydrolyzable polymeric material.

Ruthenium tetroxide oxidation

Typically, to ca 10 mg of biopolymer with a known
amount of heptadecane (int. standard) was added
500mg NalO,, 10mg RuCl;.xH,O, 8ml CHCl;—
MeCN (1:1) and 1 ml of H,O. The reaction mixt. was
stirred in an ultrasonic bath for 1hr. After stirring
for 8 hr. the reaction mixt. was extracted twice with
CH,Cl,. The CH,Cl,-layer was dried (MgSO,) and the
solvent removed by rotary evap. Reaction products
were methylated using CH,CN, prior to analyses by
GC.

GCand GCMS

FID GC was performed using an on-column injec-
tor and a fused silica capillary column
(25m x 0.32 mm) coated with CP Sil-5 (film thickness
0.12 um), using He as carrier gas. Samples (dissolved
in EtOAc) were injected at 70° and subsequently the
oven was programmed to 320° at 10° min~', at which

it was held for 10 min. GC-MS was carried out under
similar conditions at 70 eV with a mass range m/z 40—
800 and a cycle time of 1.8 s (resolution 1000).

Acknowledgements—This study was partially sup-
ported by a PIONIER-grant to JSSD from the
Netherlands Organization of Scientific Research
(NWO). This is NIOZ contribution 3227.

REFERENCES

1. de Leeuw, J. W. and Largeau, C. (1994) in Organic
Geochemistry (Engel, M. H. and Macko, S. A.,
eds.), p. 23. Plenum Publishing Corp., New York.

2. Derenne, S., Le Berre, F., Largeau, C., Hatcher,
P., Connan, J. and Raynaud, J. F., Organic Geo-
chemistry, 1992, 19, 345.

3. Gelin, F., de Leeuw, J. W., Sinninghe Damst¢, J.
S., Derenne, S., Largeau, C. and Metzger, P.,
Journal of Analytical and Applied Pyrolysis, 1994,
28, 183.

4. Stock, L. M. and Tse, K. T., Fuel, 1983, 62, 974.

5. Stock, L. M. and Wang, S. H., Fuel, 1986, 65,
1552.

6. Trifilieff, S. (1986) Ph.D. Thesis, University of
Strasbourg.

7. Boucher, R. J., Standen, G., Patience, R. L. and
Eglinton, G., Organic Geochemistry, 1990, 16,
951.

8. Boucher, R. J., Standen, G. and Eglinton, G.,
Fuel, 1991, 70, 695.

9. Standen, G., Boucher, R. J., Rafalska-Bloch, J.
and Eglinton, G., Chemical Geology, 1991, 91,
297.

10. Standen, G. (1992) Ph.D. Thesis, University of
Bristol.

11. Nip, M., Tegelaar, E. W., de Leeuw, J. W.,
Schenck, P. A. and Holloway, P. J., Nat-
urwissenschaften, 1986, 73, 579.

12. Tegelaar, E. W., de Leeuw, J. W., Largeau, C.,
Derenne, S., Schulten, H.-R., Muller, R., Boon,
J.J., Nip, M. and Sprenkels, J. C. M., Journal of
Analytical and Applied Pyrolysis, 1989, 15, 29.

13. Metzger, P. and Casadevall, E., Phytochemistry,
1992, 31, 2341.

14. Largeau, C. and de Leeuw, J. W., Advances in
Microbial Ecology, 1995, 14, 77.

15. Goth, K., de Leeuw, J. W., Puttmann, W. and
Tegelaar, E. W., Nature, 1988, 336, 759.

16. McKinney, D. E., Bortiatynski, J. M., Carson, D.
M., Clifford, D. J., de Leeuw, J. W. and Hatcher,
P. G., Organic Geochemistry, 1996, 24, 641.

17. Tegelaar, E. W., de Leeuw, J. W., Derenne, S. and
Largeau, C., Geochimica et Cosmochimica Acta,
1989, 53, 3103.



