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Ion-pair chromatography on a porous graphitic carbon stationary
phase for the analysis of twenty underivatized protein amino acids
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Abstract

The analysis of twenty underivatized protein amino acids has been achieved on porous graphitic carbon packing material
(Hypercarb). Five perfluoroalkyl carboxylic acids (trifluoroacetic, heptafluorobutyric, nonafluoropentanoic, tridecafluoro-
heptanoic and pentadecafluorooctanoic acid) have been studied as ion-pairing reagent. Several parameters (equilibration
time, quantities adsorbed onto the chromatographic support, concentration and nature of the ion-pairing reagent, as well as
temperature effect) have been studied leading to the complete separation of these compounds in gradient elution mode.
Evaporative light scattering detector has allowed the detection of these non UV–visible absorbent molecules. The
chromatographic methodology developed can also be easily coupled with pneumatically assisted electrospray mass
spectrometry.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction characterisation involves pre- or post column deriva-
tion to allow UV, visible or fluorometric detection.

Amino acids belong to one of the most important Only a few publications concern the analysis of
classes of natural compounds as they take part in underivatized amino acids. Various separation tech-
many important well known physiological processes. niques as well as the associated detection mode were
One of them is peptide and protein building and employed.
concerns mainly twenty a-amino acids [1]. Among the detection modes, indirect photometric

Numerous papers have been published already on or fluorometric detection [2–5], electrochemical [6–
the subject of their chromatographic determination. 8], light scattering [9–13] and even mass spec-
With the exception of tryptophan, tyrosine and trometry [14,15] have been proposed.
phenylalanine which possess an aromatic group, the Concerning separation techniques, liquid chroma-
other seventeen protein amino acids are lacking in tography (LC) is widely used but separation using
chromophore groups. Therefore, the majority of the capillary electrophoresis [15] and even supercritical
chromatographic methods proposed for their mixture fluid chromatography [9] have also been reported. In

the field of LC, several methodologies have also
been tested. For example, Schuster [16] has proposed*Corresponding author. Tel.: 133-384-17-074; fax: 133-384-17-
normal-phase chromatography. Due to the ionic281.
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0021-9673/00/$ – see front matter  2000 Elsevier Science B.V. All rights reserved.
PI I : S0021-9673( 99 )00863-8



246 P. Chaimbault et al. / J. Chromatogr. A 870 (2000) 245 –254

allowed their separation [6–8,17]. However, due to potential to conventional reversed-phase packing
the weak hydrophobic character of amino acids, material for IP-RPLC analysis of underivatized
RPLC is not efficient enough to separate the most amino acids.
polar ones. In contrast, ion-pairing chromatography
is more appropriate [3,12,13,18–20]. Whatever the
methodology, analysis of the most polar underiva- 2. Experimental
tized amino acids remains a great challenge. We
reported in two recent papers [12,13] the analysis of 2.1. Reagents
the most polar amino acids as well as the possible
determination in gradient elution of 17 of the 20 The twenty protein amino acids were purchased
protein amino acids using ion-pair reversed-phase from Sigma (St Louis, MO, USA). Standards (250

21liquid chromatography (IP-RPLC) on octadecyl sil- mg l ) and aqueous solutions were prepared with
ica columns with long chain perfluorocarboxylic deionized water obtained from an Elgastat UHQ II
acids as the volatile ion-pairing reagent and an system (Elga, Antony, France). Trifluoroacetic acid
evaporative light scattering detector (ELSD). The (TFA), tridecafluoroheptanoic acid (TDFHA) were
complete determination by LC–ELSD was prevented obtained from Interchim (Montluçon, France); hepta-
by coelutions or by induced peaks occuring during fluorobutyric acid (HFBA), nonafluoropentanoic acid
the gradient elution phase that mask the elution of (NFPA) and pentadecafluorooctanoic acid (PDFOA)
some amino acids. The use of LC–MS was neces- from Aldrich (St Quentin-Fallavier, France). TFA is
sary in order to identify all the protein amino acids. the only HPLC-grade perfluorinated carboxylic acid;
From these studies, it appears that the most efficient the others contain from 1 to 3% of impurities.
stationary phase for the separation was the most HPLC-grade acetonitrile (ACN), methanol (MeOH)
hydrophobic octadecyl silica support. Thus, the aim and tetrahydrofuran (THF) were purchased from J.T.
of this work is to evaluate the potential of a porous Baker (Noisy-le-sec, France).
graphitic carbon (PGC) packing material and per-
fluorocarboxylic acids for the analysis of underiva- 2.2. Apparatus
tized amino acids by LC–ELSD. Indeed, it has been
shown that this stationary phase exclusively com- The LC–ELSD system consists in a Varian 9010
posed of rigid, two dimensional, planar carbon sheets (Palo Alto, CA, USA) ternary pump, a Rheodyne
without residual silanols is far more hydrophobic (Cotati, CA, USA) model 7125 injection valve fitted
than the classical reversed-phase materials [21,22]. with a 3 ml loop, a Shimadzu (Kyoto, Japan) C-R5A
In addition to its strong reversed-phase behavior, integrator and a Sedere (Vitry s /Seine, France)
delocalized p-electrons from the graphite can partici- Model Sedex 55 evaporative light scattering detector
pate in the retention mechanism and even dominate it set as follows: drift tube temperature, 558C; nebul-
[23,24]. As a result PGC often exhibits unexpected izer gas pressure, 2.2 bar; photomultiplier, 10.
properties and greater selectivities than reversed- Temperature was regulated by cooling a Croco-cil
phase toward aromatic or other conjugate systems (Cluzeau, France) oven then heating to the desired
[22,25] and polar compounds [26]. Thus, it is even temperature (except for temperature effects, all ex-
possible to have retention and separation for ionic periments were done at room temperature, checked
(cationic or anionic) compounds [27–30]. On PGC, between 20 and 228C).
the separation of two underivatized aromatic amino Column equilibration was monitored using a
acids (Tyr and Phe) has already been obtained [31] Vydac conductivity meter (Wescan Instrument, Santa
and some chiral separations have been successfully Clara, USA) model 6000 CD.
achieved [32] but the separation of the 20 underiva- LC–MS was carried out using a Perkin Elmer
tized protein amino acids has never been investi- (Toronto, Canada) model LC-200 binary pump, a
gated. Perkin Elmer Sciex (Forster City, CA, USA) API

Therefore, PGC should be a possible additional 300 mass spectrometer with IonSprayE as ion
column material providing an alternative separation source. Ionspray voltage was 5 kV. The orifice and
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focusing ring were respectively at 20 V and 200 V. volume. This is in good agreement with the unique
Dwell time was 200 ms. Injection were made by a strong affinity of PGC well established for com-
Perkin Elmer (Toronto, Canada) series 200 auto- pounds with a planar structure containing aromatic
sampler fitted with a 3 ml loop. ring electrons [22,25].

21Flow-rate was 200 ml min . For LC–MS, a split In order to increase the retention of amino acids
of 1 /10 was used to avoid too high a flow-rate in the on PGC support and to improve their separation, the
ion source. addition of different ion-pairing reagents in the

The porous graphitic carbon column was Hy- aqueous mobile phase was investigated. The choice
percarb S (10032.1 mm I.D. particle size 5 mm) of these reagents must be compatible with ELSD
from Hypersil (Runcorn, UK). Before each new volatility requirements.
equilibration, 12 ml of a Water /THF (50/50) mix-
ture containing 0.5% TFA, then 12 ml pure THF, 3.1. Choice of perfluorinated carboxylic acid as
then 60 ml pure water were percolated through the ion-pairing reagent

1column in order to regenerate its surface. As Na is
not retained on PGC [30] with water or aqueous Perfluorinated carboxylic acids (TFA, HFBA,
solution of TFA as mobile phase, the column hold- NFPA, TDFHA and PDFOA) have already been
up time (t ) was estimated by injecting a NaOH proved to be volatile ion pairing reagents suitable for0

21solution (100 mg l in Na) after regeneration. LC–ELSD analysis of underivatized amino acids on
octyl as well octadecyl silica support [10–13].
Hence, it was interesting to test these perfluorinated

3. Results and discussion surfactants as ion-pairing reagents with PGC support
and to compare the results to those obtained on

Deionized water allows the elution of 15 out of 20 classical RP packing materials.
underivatized amino acids. Some peaks are badly
tailed and hence the separation is not efficient on a 3.1.1. Adsorbed quantities of surfactant and LC
PGC support. Asp and Glu due to their negative equilibration time
charge at pH 7 are totally retained on the PGC The adsorption of the different perfluorocarboxylic
surface with deionized water. This result confirms acids on the stationary phase was determined by
the presence of unique and strong interactions be- measuring the breakthrough with a conductivity
tween the negatively charged centers in the analyte meter. Table 1 shows that the adsorbed quantities of
and the delocalized electrons on the PGC surface as ion pairing reagent on PGC support increases with
previously established for common inorganic anions surfactant concentration in the mobile phase as well
[30]. In other respects, the three neutral aromatic as with the increase of the surfactant alkylchain
amino acids (Phe, Tyr, Trp) are not eluted with length. Aqueous TFA mobile phases lead to an
aqueous eluent and an addition of 50% ACN in the equilibration time (t ) that corresponds to the hold upe

mobile phase is required to elute them near the void time (t ). This means that TFA is not adsorbed on0

Table 1
Influence of perfluorocarboxylic acid concentration and chain length (C ) on the adsorbed quantities (mmol) on Hypercarb (10032.1mmn

I.D.)

Surfactant concentration Adsorbed quantities (mmol) of perfluoroalkyl carboxylic acid
in mobile phase

PDFOA TDFHA NFPA HFBA TFA
(mM)

(C ) (C ) (C ) (C ) (C )7 6 4 3 1

0.5 6.5 2.3 ,0.1 ,0.1 ¯0
1 13 4.8 0.2 ,0.1 ¯0

a5 nd 26 1.0 0.4 ¯0
a a15 nd nd 3.0 1.0 ¯0

a nd: not determined because of incomplete solubilisation of the perfluorinated surfactant.
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the PGC surface. Fig. 1a depicts a typical equilibra- graphitic carbon surface. The system then resembles
tion profile obtained with HFBA or NFPA. Systems a dynamic ion-exchange system.
containing HFBA or NFPA (surfactants with respec-
tively a C or C side chain) have rather short 3.1.2. Retention and selectivities3 4

equilibration times (t ) whatever the surfactant con- As on octadecyl silica bonded phases [11,12], ite

centration range (0.5 to 15 mM) used: 90% of the appears on PGC that TFA, even at high concen-
mobile phase conductivity is recovered just after tration, is ineffective in promoting selectivities for
hold-up time. As a whole, 9 min for HFBA and 15 polar amino acids (Asp, Asn, Ala, Cys, Gln, Glu,

21min for NFPA on average, at 200 ml min flow-rate, Gly, Pro, Ser, Thr). In fact on PGC, TFA is a better
are necessary to recover the eluent conductivity. The electronic competitor toward organic or inorganic
adsorbed quantities of HFBA and NFPA are thus anions [29,30] than an ion pairing reagent toward
negligible. It can be concluded that HFBA and NFPA cationic compounds. Therefore perfluorocarboxylic
have weak interactions with the PGC surface. Sys- acids with longer side chains have been tested.
tems containing TDFHA or PDFOA (surfactants In our previous study [12] the surfactant with the
with respectively a C or C side chain) required longest side chain (0.5 mM PDFOA in water) has6 7

respectively 35 minutes to 105 minutes (flow-rate been proved to be the most suitable ion pairing
21200 ml min ) to be equilibrated whatever the reagent on a classical RP silica packing material.

surfactant concentration. Fig. 1b depicts a typical This fact is not observed on PGC support. Table 2
equilibration profile obtained with TDFHA and indicates the retention factors of the first eluted
PDFOA. It appears that an important quantity of amino acids depending on the PDFOA concentration
TDHFA or PDFOA can be adsorbed on the porous in mobile phase. On PGC support, several pairs

Fig. 1. Typical equilibration profiles obtained with: (a) heptafluorobutyric acid (HFBA) or nonafluoropentanoic acid (NFPA), (b)
tridecafluoroheptanoic acid (TDFHA) or pentadecafluorooctanoic acid (PDFOA). t , hold up time; t , equilibration time corresponding to the0 e

21eluent conductivity recovery, its value is discussed in Section 3.1.1. The eluent conductivity value varying from about 0.35 mS cm for 1
21mM in surfactant to 5 mS cm for 15 mM in surfactant.



P. Chaimbault et al. / J. Chromatogr. A 870 (2000) 245 –254 249

Table 2 HFBA or NFPA concentration in mobile phase.
Retention factor of the first ten eluted underivatized amino acids Higher concentrations of HFBA and NFPA lead to
on PGC with PDFOA in aqueous water

more acidic mobile phases (pH ,2) but, due to the
Amino Acids PDFOA concentration in the specific properties of PGC which allow its use in a

mobile phase large pH range (1 to 13) without damage, it was
0.5 mM 1 mM possible to work under such acidic conditions where-

as it was not possible on classical RP packingGly 1.0 2.7
Ser 1.0 2.7 materials. Fig. 2 shows the influence on amino acid
Asp 2.0 5.0 retention factor of the NFPA concentration in aque-
Ala 2.2 5.8 ous mobile phase. As expected in IP-RPLC, the
Cys 2.4 5.1

analysis time is significantly increased when theAsn 2.4 6.2
concentration of the ion pairing reagent is increasedThr 2.4 6.3

Pro 3.1 10.5 in mobile phase. Fig. 2 suggests better selectivities at
Gln 5.2 .15 high surfactant concentration. The best selectivities
Glu 9.7 .15 were obtained with 20 mM to 25 mM of NFPA. For

higher concentrations (.25 mM) the retentions tend
(Gly-Ser, Asp-Ala, Cys-Asn-Thr) cannot be sepa- to decrease and an efficiency loss is observed,
rated by using PDFOA 0.5 mM in aqueous mobile probably due to solubility problems. Moreover what-
phase. No improvement in selectivities was observed ever the concentration range (1 to 40 mM) used,
by increasing the PDFOA concentration. The Gly- HFBA is not efficient enough to separate Cys, Asn
Ser pair and the Asn-Thr pair remain without and Asp.
separation when PDFOA is used at 1 mM, whereas
Gln and Glu cannot be eluted under these chromato- 3.1.3. Temperature effect
graphic conditions. Moreover for the Asp-Cys pair, The temperature effect on the amino acid sepa-
selectivity is better with 0.5 mM than with 1 mM ration was investigated from the best chromatograph-
PDFOA. It appears that PDFOA is not suitable to ic conditions obtained at room temperature. A few
separate the 10 amino acids selected. The same publications have studied the influence of tempera-
conclusion is obtained with TDFHA in a 0.5 to 10 ture on retention behavior on the PGC surface.
mM concentration range. As expected in IP-RPLC, Okamoto et al. [33] have reported that the optimum
Table 3 shows that the shorter the ion-pairing reagent temperature for the separation of some inorganic
side chain is, the weaker the amino acid retention is anions is 408C while Karlson and Charron [34] have
for a given concentration of ion-pairing reagent in reported some better enantiomer resolutions at low
mobile phase. In section 3.1.1, the behavior of temperature (below 08C). In the case of polyethoxy-
HFBA and NFPA toward the PGC stationary phase lated alcohols [35], no effect of the temperature on
has been proved to be different from that of TDFHA the retention behavior was noted. Therefore, it is not
and PDFOA. Thus, it can be interesting to investi- easy to predict what the temperature effect will be.
gate the effect on amino acid retention, of increasing Fig. 3 shows that retention time is increased by

Table 3
Influence of the chain length (C ) of the perfluorinated carboxylic acid on the retention factor (k) of six polar underivatized amino acids.n

Surfactant concentration is 1 mM

Perfluorinated carboxylic acid Retention factor

Gly Ser Ala Thr Asn Asp

HFBA (C ) 0.3 0.3 0.3 0.4 0.6 0.93

NFPA (C ) 0.4 0.4 0.5 0.6 0.8 0.94

TDFHA (C ) 1.4 1.6 2.9 3.8 3.6 4.06

PDFOA (C ) 2.7 2.7 5.8 6.3 6.2 5.07
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Fig. 2. Influence of the nonafluoropentanoic acid (NFPA) concentration in an aqueous mobile phase on the retention factor, k, of seven
underivatized amino acids. Gly (y), Ser (j), Ala (D), Thr (h), Asn (m), Cys (d), Asp (s).

decreasing temperature but the amino acids do not all octadecylsilica bonded material [12]. Moreover, the
exhibit the same behavior toward temperature. The use of surfactant with a shorter side chain in mobile
elution order of Asn, Asp and Cys is strongly phase on PGC support than on C -bonded silica18

dependent on the temperature: Cys is eluted before, column involves that the optimized chromatographic
between or after Asn and Asp respectively at 108C, system on PGC support has a faster equilibration
208C or 308C. The polar amino acids are partially time (about 15 min) than the previous system pro-
separated at 218C. The resolution observed at this posed on octadecyl silica bonded material (about 200
temperature is 1.02 for the Asn-Cys pair and 0.8 for min).
the Cys-Asp pair. In contrast, Fig. 4 shows the Using a combination of these two isocratic chro-
excellent separation with satisfactory baseline res- matographic systems which have similar analysis
olution obtained at 108C with 20 mM NFPA in time (about 30 min), will allow to identify the polar
aqueous mobile phase. Under these conditions all amino acids present in complex matrices without a
pairs are separated with a resolution better than 1.32. derivation step.
For amino acid analysis on PGC support, decreasing
temperature plays an important role in improving 3.2. Separation of the 20 protein amino acids
separation. The elution order is as follows: first Gly using gradient elution
is eluted then Ser, Ala, Thr, Cys, Asn, Asp, Pro, Gln
and finally Glu. It was interesting to note that for the At 108C the elution strength of the aqueous mobile
same amino acids, the elution order was different on phase containing 20 mM NFPA is too weak to elute
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Fig. 3. Influence of the temperature on the retention factor as well as the selectivity of the first eight eluted underivatized amino acids.
21Eluent: Aqueous mobile phase containing 20 mM of nonafluroropentanoic acid (NFPA). Flow rate: 200 ml min . Detection: Evaporative

Light Scattering Detector (ELSD) set as in section 2.2. Gly (y), Ser (j), Ala (D), Thr (h), Asn (m), Cys (d), Asp (s), Pro (♦).

the other ten protein amino acids (Val, Ile, Leu, Met, composition was maintained for a further 30 min.
Lys, His, Arg, Phe,Tyr, Trp). Thus it was necessary The peaks observed are tailing and retention times
to investigate gradient elution conditions to analyse increase slightly. For example, Lys is eluted in 24.5
simultaneously the 20 protein amino acids. Two min and Ile in 31.6 min.
approaches to gradient separation were evaluated. The second approach involved decreasing the

The first approach was to use a concentration concentration of ion pairing reagent and increasing
gradient in which the concentration of the ion pairing the amount of the organic modifier simultaneously,
reagent in aqueous mobile phase was decreased over thereby decreasing the retention time of the most
the run. This method proved to be of limited utility. hydrophobic and aromatic amino acids. Satisfactory
The mobile phase gradient was obtained as follows: gradients were obtained by this method.
NFPA 20 mM in aqueous solution to pure water in Acetonitrile and methanol were tested as organic
10 min, this composition was then maintained for a modifiers. Under isocratic conditions, the elution
further 30 min. It was then possible to elute at a strength of mobile phase containing 40% (v/v)

21flow-rate of 200 ml min in less than 25 min Val MeOH is similar to that of mobile phase containing
(t 518 min), Lys (t 521 min), Met and Leu which 15% (v/v) ACN. When MeOH is used rather thanr r

are coeluted (t 522.5 min), then Ile (t 523.2 min) ACN no differences in selectivities were observedr r

but aromatic amino acids cannot be eluted under thus, ACN is selected for further investigation. The
these conditions. In order to keep a constant pH elution of aromatic amino acids requires at the very
value during the run, the following gradient elution least 20% (v/v) ACN in mobile phase for Phe and
conditions were also tested: NFPA 20 mM in aque- Tyr and 30% (v/v) ACN for the most retained amino
ous solution to TFA 20 mM in 10 min then this acid, Trp. Fig. 5 depicts the analysis of 20 un-
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Fig. 4. LC analysis of a standard solution of 10 underivatized amino acids under isocratic conditions on PGC support. Column temperature,
21108C; eluent, NFPA 20 mM in water; flow-rate, 200 ml min ; evaporative light scattering detection (for settings, see section 2.2).

derivatized amino acids achieved in 40 min with an Asp is eluted then Asn, Ser, Gly, Gln, Cys, Glu, Thr,
ACN gradient. The cycle time was 60 min including Ala, Pro, Val, Met, Tyr, Ile, Leu, Phe, Trp, His, Lys
the reequilibration time. The mobile phase gradient and finally Arg.
was obtained from eluent A (20 mM NFPA in The main advantage of the chromatographic sys-
aqueous mobile phase) and eluent B (Acetonitrile) as tem optimized on PGC for the separation of 20
follows: from 0 to 15% (v/v) ACN in 10 min, then amino acids, in comparison with the analysis on
26% (v/v) ACN in 10 min, then 50% (v/v) ACN in Purospher RP 18e support [13], is the absence of a
10 min and finally 50% (v/v) ACN maintained until system peak occuring during the gradient elution.
the end of the analysis. The elution order is different This is probably due to the better volatility of NFPA
on PGC and on RP packing material. On PGC first with respect to PDFOA and also perhaps because of
Gly is eluted then Ser, Ala, Thr, Cys, Asn, Asp, Pro, the very low quantities of this surfactant adsorbed on
Gln, Glu, Val, Lys, Leu, Met, Ile, His, Arg, Phe, Tyr the PGC surface in contrast with that of PDFOA.
and finally Trp whereas on classical RP column first Under these LC–ELSD chromatographic condi-
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Fig. 5. LC–ELSD analysis of the 20 underivatized amino acids in gradient elution on Hypercarb (10032.1 mm I.D.). Eluent A:
nonafluoropentanoic acid (NFPA) 20 mM in an aqueous mobile phase. Eluent B: Acetonitrile. Gradient profile is: from 0 to 15% ACN in 10
min, then 26% ACN in 10 min and finally 50% ACN in a further 10 min. 50% ACN is maintained until the end. Column temperature is

21108C. Flow rate: 200 ml min . Detection: Evaporative Light Scattering Detector (ELSD) set as in section 2.2. Imp: Impurity.

tions the determination of the 20 protein underiva- ly, it is really easy to obtain a detection limit about
tized amino acids is achieved with detection limits 50 pmol of amino acid by LC–MS.

21varying from about 1.25 mg l (injected amount
around 30 pmol) for most of the amino acids to

21about 2.5 mg l (injected amount around 60 pmol) 4. Conclusion
for Asp and Cys.

This separating methodology can also be coupled PGC column has a great potential for the analysis
with MS detection via a pneumatically assisted of amino acids. n-Alkyl chain perfluorinated car-
electrospray ion source, as NPFA is very volatile and boxylic acids have proved to be excellent ion-pairing
no system peaks have been observed. The LC–MS reagents for the amino acid separation and compat-
chromatographic profile looks quite similar to the ible with an evaporative light scattering detection.
one obtained with LC–ELSD [36]. The detection The optimized chromatographic system has a
limit for LC–MS methodology without further op- faster equilibration time than the previous system

21timization is varying from 3 mg l (e.g. Asp and proposed on octadecylsilica bonded material. The
21Ala) to 0.2 mg l (e.g. Leu, Ile, Phe) but for Asn the elution order of the amino acids on PGC support is

21detection limit is only 7 mg l (because the eluent quite different from that on ODS packings. These
is particularly noisy at the mass corresponding to two LC–ELSD systems therefore provide com-
Asn, probably due to a surfactant impurity). Current- plementary informations and can be used favorably
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