
into the simulation (representing possible impurities from a cata-
lyst) instead of carbon adatoms gives a considerable deviation from
the experimental profiles, which supports again the notion that the
defect structure involves only carbon adatoms and vacancies. The
more frequent defect structure of an adatom–vacancy pair is shown
schematically in Fig. 4e.

Defects in a graphene layer, such as topological defects, vacancies
and adatoms, have been experimentally proved to be numerous and
stable under electron irradiation. We can envisage more diversified
applications in nanocarbon materials by taking advantage of these
defects, which can be induced locally during electron irradiation.
Combining the present experiments with the scanning probe
microscopy technique and its associated electron transport
measurements27,28 is of particular interest and might allow us to
obtain more comprehensive information on the physical and
chemical properties of defective carbon nanostructures. A

Methods
Electron microscopy
A Schottky-type field emission gun (JEOL, JEM-2010F) was used for HR-TEM. We
employed optimized parameters for imaging, well fitted to a high-efficiency charge-
coupled device (CCD)-based camera (Gatan model 794) with a fibre-optic coupling to the
YAG scintillators. To enhance phase contrast and decrease thermally induced drift in the
specimen as much as possible, a multi-exposure procedure was employed so that we could
decrease the exposure time to 1 s and sum a few images with specimen-drift corrections to
limit electron irradiation damage and the consequent thermally induced structural
changes, high-speed blanking was used to prevent exposure of the specimen to the electron
beam during each readout by the CCD detector. A typical electron dose was ,60,000
electrons nm22 for a HR-TEM image. To realize both sufficient sensitivity and sufficient
resolution to visualize the single graphene layer, we used a lower accelerating voltage
(120 keV) for the incident electron beam close to the displacement threshold, for the
following three reasons: first, to double the scattering cross-section of carbon atoms being
observed; second, so that carbon adatoms were not blasted away from the graphene layers
and could therefore be observed (note that the threshold for electron irradiation on carbon
materials is taken to be 80–140 keV; and last, to optimize the efficiency of the CCD detector
for image acquisition. As indicated by the red graph in Supplementary Fig. S1 (bottom
inset), we carefully chose the experimental conditions as a compromise with the moderate
accelerating voltage of the incident electron beam so that the CTF could have a local
maximum at 0.21–0.23 nm, which corresponds exactly to the repeat distance of the zig-zag
chain of a graphene layer (Supplementary Fig. S1, top inset). The confidence level for the
detection of a single carbon atom exceeds 80%. All the experiments shown here were
performed at room temperature because raising the temperature might have led to an
instantaneous relaxation of these atomic defects.

Chiral index determination
The apparent chiral angle (a) can be measured to an accuracy of ,38; measurement of the
diameter (d) in the HR-TEM image might involve about 10% error, as previously quoted
in refs 15 and 29. We made a systematic study with a series of image simulations for the
nanotubes of various diameters (Supplementary Fig. S3). Taking all of the microscope
parameters into account, the true diameter can be therefore deduced from the apparent
tube diameter to within the 3% error. The inclination of the specimen to the incident
electron beam cannot be neglected in this experiment. We selected the tubes to examine
which were as parallel as possible to the observed plane within a few degrees of inclination.
Optical diffraction is strongly influenced by the inclination of the sample, whereas
conventional electron diffraction is weakly dependent on it. The distortion and
disappearance of symmetrical hexagons in optical diffraction is able to assist in the
estimation of inclination angles. Our simulation tells us that the chiral angle can be
measured to an accuracy of ,38 when the inclination angle is within 108.

Received 13 February; accepted 6 July 2004; doi:10.1038/nature02817.

1. Hansson, A., Paulsson, M. & Stafström, S. Effect of bending and vacancies on the conductance of

carbon nanotubes. Phys. Rev. B 62, 7639–7644 (2000).

2. Ewels, C. P., Heggie, M. I. & Briddon, P. R. Adatoms and nanoengineering of carbon. Chem. Phys. Lett.

351, 178–182 (2002).

3. Nordlund, K., Keinonen, J. & Mattila, T. Formation of ion irradiation induced small-scale defects on

graphite surfaces. Phys. Rev. Lett. 77, 699–702 (1996).
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Cell surfaces are endowed with biological functionality designed
to mediate extracellular communication. The cell-surface reper-
toire can be expanded to include abiotic functionality through
the biosynthetic introduction of unnatural sugars into cellular
glycans, a process termed metabolic oligosaccharide engineer-
ing1,2. This technique has been exploited in fundamental studies
of glycan-dependent cell–cell and virus–cell interactions3–5 and
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also provides an avenue for the chemical remodelling of living
cells6–8. Unique chemical functional groups can be delivered to
cell-surface glycans by metabolism of the corresponding un-
natural precursor sugars. These functional groups can then
undergo covalent reaction with exogenous agents bearing com-
plementary functionality. The exquisite chemical selectivity
required of this process is supplied by the Staudinger ligation
of azides and phosphines, a reaction that has been performed on
cultured cells without detriment to their physiology7,9. Here we
demonstrate that the Staudinger ligation can be executed in
living animals, enabling the chemical modification of cells
within their native environment. The ability to tag cell-surface
glycans in vivo may enable therapeutic targeting and non-
invasive imaging of changes in glycosylation during disease
progression.

Central to the process of chemical cell-surface remodelling is the
concept of bio-orthogonality. The pair of functional groups chosen
for the cell-surface transformation must be mutually reactive under
physiological conditions and, at the same time, remain inert to the
biological environment. We previously developed a reaction that
meets these criteria—the Staudinger ligation between azides and a
specific class of phosphines (Fig. 1a)7. The azide is essentially
unreactive with biological nucleophiles yet readily condenses with
exogenously delivered phosphine reagents. If the phosphine is
functionalized as shown in Fig. 1a, its reaction with azides forms
a stable amide bond with concomitant release of nitrogen and
methanol and conversion to the phosphine oxide.

Azides can be metabolically introduced into cell-surface glycans
by virtue of the unnatural substrate tolerance of certain carbo-
hydrate biosynthetic pathways. For example, the unnatural sugar
N-a-azidoacetylmannosamine (ManNAz) is metabolized by cul-
tured cells to N-a-azidoacetyl sialic acid (SiaNAz) and incorporated
into membrane glycoconjugates (Fig. 1b)7,9. Azido analogues of
N-acetylgalactosamine and N-acetylglucosamine can be similarly
incorporated into cellular glycoproteins10,11. Once displayed on the
cell surface, the azides are poised for Staudinger ligation with
phosphine compounds to generate unique cell-surface epitopes.
In addition, chemical tagging of azide-labelled glycans permits
the identification of specific glycoprotein subtypes from the
proteome10,11. Beyond its utility in elaborating glycan structures,

the Staudinger ligation has been used in numerous biological
applications12,13.

So far, the unique features of the Staudinger ligation have only
been exploited in biochemical or cell-based systems. There are
obvious advantages, however, to applying this reaction in the
physiologically authentic environment of a living organism—
especially in the context of metabolic oligosaccharide engineering.
Cellular glycosylation patterns could be probed within organs, and
cells could be remodelled to change their immunogenic properties
in a temporally controlled fashion. Moreover, the ability to chemi-
cally alter cell surfaces in a targeted manner is applicable to the
diagnosis and treatment of human diseases associated with aberrant
glycosylation14–16. To realize this vision would require that azido-
sugar metabolism and the Staudinger ligation both proceed in living
animals.

Here we report that cells can be chemically modified in laboratory
mice by metabolism of peracetylated ManNAz (Ac4ManNAz) and
subsequent Staudinger ligation. We chose the sialic acid biosyn-
thetic pathway as a vehicle for the display of cell-surface azides based
on the efficient conversion of Ac4ManNAz to SiaNAz observed in
previous cell culture studies7. Furthermore, it has been reported
that analogues of the natural substrate N-acetylmannosamine
(ManNAc) with extended N-acyl chains are converted to the
corresponding sialic acids in rats, suggesting that these precursors
can access organs in vivo8. In cell culture, Ac4ManNAz is a more
efficient substrate for SiaNAz biosynthesis than free ManNAz owing
to its facile entry into cells by passive diffusion17. The acetyl groups
are then removed by carboxyesterases within the cell. Similar
esterases exist at high levels in rodent serum18,19, the activity
of which might reduce the concentration of biologically
available Ac4ManNAz. Thus, we first investigated the conversion
of Ac4ManNAz to SiaNAz in the plasma esterase-deficient mouse
strain Es1e/Es1e (refs 18, 20).

Es1e/Es1e mice were administered daily doses of Ac4ManNAz
(0–300 mg kg21) intraperitoneally for 7 days. On the eighth day, the
mice were euthanized and their splenocytes (cells rich in sialosides)
were isolated. The presence of cell-surface azides was quantified by
Staudinger ligation ex vivo with a phosphine probe comprising a
Flag peptide (Phos–Flag) (shown schematically in Fig. 1c)21. Treat-
ment with a fluorescein isothiocyanate-labelled anti-Flag antibody

Figure 1 The Staudinger ligation and metabolic oligosaccharide engineering. a, The

Staudinger ligation of an azide and functionalized phosphine results in the formation of an

amide bond. b, Azides can be delivered to cell-surface glycoconjugates by metabolism of

ManNAz to SiaNAz. c, Experimental overview for investigating the metabolic conversion of

Ac4ManNAz in vivo. Splenocytes from mice treated with the azido sugar were collected

and probed for the presence of cell-surface azides using Phos–Flag. Labelled cells were

treated with FITC–anti-Flag and analysed by flow cytometry.
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(FITC–anti-Flag) and subsequent flow cytometry analysis produced
the data depicted in Fig. 2a, b. Splenocytes from mice treated with
Ac4ManNAz exhibited a dose-dependent increase in fluorescence,
which was significantly higher than the signal observed with
splenocytes from vehicle-treated mice. These data suggest that
Ac4ManNAz is metabolized to SiaNAz in murine splenocytes.
Notably, treatment with the highest dose of Ac4ManNAz produced
no apparent adverse physiological effects over 7 days, as determined
by monitoring feeding habits, weight and overall activity.

To assess the importance of peracetylation for the biological
availability of ManNAz, we treated mice with Ac4ManNAz or an
equimolar amount of the free sugar. No azides were observed on
splenocytes from mice treated with free ManNAz as assessed by
flow cytometry, whereas Ac4ManNAz produced a robust azide-
dependent signal (Fig. 2c). Acetyl protection therefore considerably
increases the efficiency of azido-sugar metabolism in vivo. Surpris-
ingly, the extent of metabolic labelling in murine splenocytes was
found to be identical in the plasma esterase-deficient Es1e/Es1e and
wild-type B6D2F1 mice treated with Ac4ManNAz (Fig. 2d). This
finding suggests that a broad variety of experimental mouse models
are amenable to chemical cell-surface remodelling.

We probed further for the presence of azido sugars in glyco-
proteins from a panel of murine organs. Selected organs were
collected from mice that had been administered daily doses of
Ac4ManNAz (300 mg kg21) or vehicle for 7 days. These organs
were homogenized, and the soluble fractions were reacted with
Phos–Flag and analysed by western blot. As shown in Fig. 3a,
labelled glycoproteins were only observed in organ lysates from
mice exposed to Ac4ManNAz. Discrete bands were observed from
heart, kidney and liver lysates, but not from brain or thymus
homogenates. The liver is known to secrete numerous sialylated
glycoproteins and is a target of first-pass metabolism, factors
that may explain the robust labelling observed in that organ.
Notably, the kidney and heart lack significant levels of UDP-GlcNAc
2-epimerase22, the enzyme that produces endogenous ManNAc.
Low levels of endogenous ManNAc might provide ManNAz with a

competitive advantage for metabolic labelling in these organs.
Glycoprotein expression levels and tissue access might also contrib-
ute to the observed distribution of azides.

To confirm that SiaNAz is indeed the host of glycoprotein-
associated azides, we incubated splenocytes from Ac4ManNAz-
treated and untreated mice with sialidase and evaluated the effects
on cell-surface azide levels by Staudinger ligation with Phos–Flag.
As shown in Fig. 3b, sialidase treatment significantly reduced the
cell-surface fluorescence. Similarly, sialidase treatment of serum
glycoproteins from mice administered Ac4ManNAz reduced Phos–
Flag labelling in a dose-dependent manner (Fig. 3c). Finally, direct
characterization of SiaNAz was accomplished by sialic acid analysis
of heart tissue lysates from Ac4ManNAz-treated mice with com-

Figure 2 Ac4ManNAz is metabolized in vivo. a, Flow cytometry analysis of splenocytes

from Ac4ManNAz-treated mice. b, Mean fluorescence intensity (MFI) of the cells from a as

a function of azido-sugar dose (circles). Assay controls included unlabelled splenocytes

from Ac4ManNAz-treated mice (squares), splenocytes from Ac4ManNAz-treated mice

incubated with Phos–Flag followed by a class-matched control monoclonal antibody

(diamonds), and splenocytes from Ac4ManNAz-treated mice incubated with FITC–anti-

Flag only (triangles). c, MFI of splenocytes from Ac4ManNAz- and ManNAz-treated

Es1e/Es1e mice. d, MFI of splenocytes from Es1e/Es1e mice (triangles) or wild-type

B6D2F1 mice (circles, males; squares, females) treated with Ac4ManNAz. Error bars

represent the standard deviation of the mean for three replicate Staudinger ligation

reactions. For a–d similar results were obtained in two replicate experiments.

Figure 3 Analysis of SiaNAz on cells and in tissues. a, Western blot analysis of tissue

lysates from Es1e/Es1e mice administered Ac4ManNAz (þ) or vehicle alone (2). The

same patterns of labelling were apparent in several experiments. b, Splenocytes from

B6D2F1 mice treated with Ac4ManNAz or vehicle were treated with A. ureafaciens

sialidase (black bars) or left untreated (grey bars). The cells were analysed by flow

cytometry; error bars represent the standard deviation of the mean for three replicate

Staudinger ligation reactions. c, Western blot analysis of sialidase-treated (þ) or

untreated (2) serum samples from mice administered Ac4ManNAz or vehicle. The

samples were incubated with active or heat-killed (HK) sialidase. Total protein loading was

confirmed by Coomassie-stained protein gel (not shown).
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parison to an authentic sample of SiaNAz23. Quantification of the
total sialic acid population revealed that SiaNAz had replaced
approximately 3% of natural sialic acids in this tissue (data not
shown). This value is sufficient for detection but unlikely to grossly
perturb sialic-acid-dependent interactions. Importantly, no major
differences were observed in the sialoglycoprotein profiles of organs
from Ac4ManNAz-treated and untreated mice (Supplementary
Fig. 1).

Cells coated with SiaNAz in vivo are primed for further chemical
remodelling within their native physiological environment. To
achieve this in practice would require that the Staudinger ligation
function on cells within living animals, an unprecedented event for
a synthetic reaction. The demands on any reaction in this context
are considerable. Aside from displaying extraordinary chemical
selectivity, the reactants must possess exquisite biological compat-
ibility; that is, they must not produce harmful side effects nor be
prone to rapid metabolic breakdown on the timescale of the
reaction. The Staudinger ligation is uniquely poised to fulfil these
criteria because its two components, the azide and the phosphine,
have been used previously in vivo. For example, the azide is a
component of the well-known drug AZT (azidothymidine), and
phosphine–metal conjugates are established therapeutic and diag-
nostic agents24,25.

To test the Staudinger ligation in living animals, we administered
Ac4ManNAz (300 mg kg21) intraperitoneally to C57BL/6 mice once
daily for 7 days. On the eighth day, mice were injected intraperi-
toneally with 16 mmol (,1 molar equivalent on the basis of a single
dose of 300 mg kg21 Ac4ManNAz) of Phos–Flag. After 90 min, the
mice were euthanized, splenocytes were isolated, and cell-surface
Flag epitopes were probed by flow cytometry. Only splenocytes
from mice treated with both Ac4ManNAz and Phos–Flag displayed a
significant increase in fluorescence relative to splenocytes from
untreated mice, indicating that the Staudinger ligation had pro-
ceeded in vivo (Fig. 4, grey bars). We performed similar experiments
in which mice were exposed to Phos–Flag for longer time periods
before splenocyte analysis. The labelling intensity was significantly
reduced after 12 h and no significant labelling was detected after
24 h (data not shown). This time-dependent reduction in labelling
might be attributed to degradation of the Flag peptide or to
turnover of membrane-associated glycans. No adverse physiological
effects were observed even after 24 h of exposure to Phos–Flag, as
judged by feeding behaviour and overall activity.

To determine the extent of the in vivo Staudinger ligation after
90 min, we subjected harvested splenocytes to further reaction with
Phos–Flag ex vivo and analysed them by flow cytometry. As shown
in Fig. 4 (black bars), cells from mice treated with Ac4ManNAz

alone displayed an increase in fluorescence commensurate with the
presence of unligated azides. Cells that had been treated with both
Ac4ManNAz and Phos–Flag showed a less pronounced increase in
fluorescence upon ex vivo ligation, suggesting that a significant
proportion of the available azides had been ligated in vivo. The
products of the Staudinger ligation were also observed on serum
glycoproteins from mice treated with Ac4ManNAz and Phos–Flag
by western blot analysis (Supplementary Fig. 2).

The ability to chemically modify cell-surface glycans in living
animals provides a means to monitor these biopolymers in a
physiologically relevant system. For example, the Staudinger liga-
tion might be used to target probes for non-invasive imaging to cells
as a function of their glycosylation pattern. Changes in glycosylation
associated with stages of organ development or disease progression
could be visualized in this fashion. Notably, elevated levels of
sialylated glycans have been observed on numerous cancers15,26,27

and at sites of inflammation16. More broadly, the azide can serve as
an in vivo reporter of secondary metabolite expression. Lipids,
steroids and cofactors could potentially be probed if their metabolic
enzymes are tolerant of azido precursors.

The range of opportunities provided by the Staudinger ligation
underscores the potential impact of bio-orthogonal reactions that
can be carried out in whole organisms. An ongoing challenge in the
chemistry community is to identify new transformations with the
requisite qualities of selectivity and biocompatibility. Indeed, the
azide has an alternative mode of reactivity, the 1,3-dipolar cyclo-
addition with alkynes, which has been used for bioconjugation
reactions and could potentially be modified for use in vivo28. The
Staudinger ligation may therefore be the first in a future arsenal of
chemical reactions used to probe biology in living animals. A

Methods
Compound administration
Ac4ManNAz, ManNAz and Phos–Flag were synthesized according to previously published
procedures7,21. For metabolic labelling experiments, mice (Es1e/Es1e, B6D2F1 or C57BL/6)
were administered daily doses of Ac4ManNAz (0–300 mg kg21 in ,200ml of 70% aqueous
DMSO, from a stock solution of 50 mg ml21) or ManNAz (0–182 mg kg21 in H2O)
intraperitoneally for 7 days. Organs were collected 24 h after the final azido-sugar
injection. To test the Staudinger ligation in living animals, C57BL/6 mice were
administered Ac4ManNAz (300 mg kg21) or vehicle (70% DMSO) intraperitoneally once
daily for 7 days. Twenty-four hours after the final Ac4ManNAz bolus, mice were injected
intraperitoneally with Phos–Flag (16mmol in ,200 ml PBS) or vehicle (PBS). Organs were
collected 90 min after the Phos–Flag injection.

Labelling of splenocyte cell-surface azides ex vivo
After mice were administered Ac4ManNAz or vehicle alone, their splenocytes were isolated
using a standard protocol and probed for the presence of cell-surface azides using a
Staudinger ligation assay9. Briefly, splenocytes were incubated with 250 mM Phos–Flag for
1 h at room temperature, then treated with FITC–anti-Flag or FITC-conjugated mouse
IgG1 isotype control for 30 min on ice and analysed by flow cytometry.

Lysis of murine organs and western blot analysis
Isolated murine organs were rinsed with PBS (pH 7.4) and homogenized in 2 ml of lysis
buffer29. To probe for the presence of azides, aliquots of the tissue lysates were diluted 1:1
with 500 mM Phos–Flag and incubated at room temperature for 6–12 h. The samples were
analysed by western blot probing with horseradish peroxidase (HRP)–anti-Flag11.

Sialidase treatment of splenocytes and organ lysates
Splenocytes from Ac4ManNAz-treated (300 mg kg21 intraperitoneally once daily for 7
days) or untreated B6D2F1 mice were incubated with Arthrobacter ureafaciens sialidase
(Roche, 20 mU, 100ml final volume) in sialidase buffer30. After 1 h at room temperature,
the cells were treated with Phos–Flag followed by FITC–anti-Flag as described above. After
a 30 min incubation on ice, the cells were washed and analysed by flow cytometry.

For western blot analysis, murine serum samples were combined with buffer (154 mM
NaCl, 50 mM sodium acetate, 9 mM CaCl2, pH 5.5) and Vibrio cholerae sialidase
(Calbiochem, 0–37 mU, dissolved in the same buffer system) to a total volume of 20 ml.
The samples were incubated at 37 8C overnight, then diluted 1:1 with 500mM Phos–Flag
(final Phos–Flag concentration ¼ 250mM) and incubated at room temperature for 8 h.
The samples were further analysed by western blot as described above.

Splenocyte analysis after in vivo Staudinger ligation
Splenocytes from C57BL/6 mice treated with Ac4ManNAz or vehicle (70% DMSO) and
Phos–Flag or vehicle (PBS) were isolated and probed for the presence of cell-surface Flag
epitopes. Briefly, splenocytes were incubated directly with FITC–anti-Flag (1:900 dilution)

Figure 4 The Staudinger ligation proceeds in vivo. Mice were administered Ac4ManNAz or

vehicle once daily for 7 days. On the eighth day, the mice were administered Phos–Flag

(16mmol in ,200ml PBS) or an equal volume of vehicle. After 1.5 h, splenocytes

were treated with FITC–anti-Flag and analysed by flow cytometry (grey bars). A portion of

the isolated splenocytes was further reacted with Phos–Flag and analysed as in Fig. 2

(black bars). Error bars represent the standard deviation of the mean for three replicate

FITC–anti-Flag labelling reactions or Staudinger ligation reactions.
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for 30 min on ice. Alternatively, the splenocytes were treated with Phos–Flag ex vivo and
then FITC–anti-Flag as described above. All cells were analysed by flow cytometry.

Received 12 May; accepted 25 June 2004; doi:10.1038/nature02791.
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Seawater dissolved organic matter (DOM) is the largest reservoir
of exchangeable organic carbon in the ocean, comparable in
quantity to atmospheric carbon dioxide1,2. The composition,
turnover times and fate of all but a few planktonic constituents
of this material are, however, largely unknown3,4. Models of ocean
carbon cycling are thus limited by the need for information on
temporal scales of carbon storage in DOM subcomponents,
produced via the ‘biological pump’, relative to their recycling
by bacteria3,4. Here we show that carbohydrate- and protein-like
substances in the open Atlantic and Pacific oceans, though often
significantly aged, comprise younger fractions of the DOM,
whereas dissolved lipophilic material exhibits up to ,90 per
cent fossil character. In contrast to the millennial mean ages of
DOM observed throughout the water column, weighted mean
turnover times of DOM in the surface ocean are only decadal in
magnitude. An observed size–age continuum further demon-
strates that small dissolved molecules are the most highly aged
forms of organic matter, cycling much more slowly than larger,
younger dissolved and particulate precursors, and directly links
oceanic organic matter age and size with reactivity3,5.

Seawater DOM consists of analytically identifiable biochemicals
such as carbohydrates, proteins and lipids, as well as operationally
defined and long-lived geomacromolecules (for example, humic
and fulvic substances5,6). In order to resolve some of the key details
of DOM sources and cycling in the oceans, major organic com-
ponents were extracted from high-molecular-weight ultrafiltered
DOM5 (DOMHMW, .1,000 daltons) collected from 1,000–3,000 l of
sea water, and analysed for both D14C and d13C isotopic signatures.
Samples were collected from surface mixed-layer (3–20 m), meso-
pelagic oxygen-minimum (850–900 m), and abyssal (1,500–
1,800 m) depths in the central North Pacific (June 1999) and the
Sargasso Sea region of the North Atlantic (June 2000) oligotrophic
ocean gyres. The contributions of solvent-extractable lipids, pro-
tein-like and carbohydrate-like organic matter (OM), as well as
different molecular-weight fractions, to the overall age structure of
seawater DOM, were thus established.

By far the most highly aged DOM component was the lipid
extract (6.4–17.1 kyr before present, BP; Table 1), with 14C ages in
the deep Pacific representing the greatest yet observed for any
component of seawater OM. The lipid extract was considerably
older by ,5–13 kyr than the total DOMHMW and unfractionated,
bulk DOM (SDOM) pools (Tables 1 and 2; Fig. 1a). Furthermore, at
all mesopelagic and abyssal depths, the lipid extract and DOMHMW

were older in the Pacific than in the Atlantic, similar to the ocean–
ocean offsets observed for SDOM6,7 (Table 1) and presumably due
to cumulative ageing during deep water-mass transit8. Conversely,
mixed-layer lipid extract, DOMHMW and SDOM were all older in
the Atlantic than in the Pacific (Tables 1 and 2), suggesting possible
aged North American continental or atmospheric inputs there9. The
highly d13C-depleted signatures of lipid extracts (Table 1, Fig. 1b)
are consistent with isotopic fractionations during cellular lipid
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