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Abstract

Capillary electrophoresis (CE) has been used to characterize humic acid (HA) aggregation. It was found that when pumping HA solution
through the capillary at a constant flow rate with no electric field, the number of spikes could be reduced by filtration of the solution. Applying
high voltage (30kV), the amount of spikes increased again. This is associated with the formation of new aggregates caused by electric
field. Aggregation is influenced by the concentration of HA, applied voltage and presence of imidazole in the solution. It is supposed that
this phenomenon is characteristic of all solutions that can form colloidal particlgs:cytlodextrin solution, similar spikes appear in a
high-voltage electric field.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (“spikes”) appear (see, e.g. electropherograms in papers
[6,8,11,13-15)] Usually, in CE, spikes can be associated
Humic substances (HSs) are found in soil, lake and seawith air bubbles in the buffer and as artefacts they are of
sediments, peat, natural waters and other natural materialsho interest. It has also been suggested that the spikes cor-
as a product of degradation of organic mafter3]. HSs  respond to the defined compounds present in all HA which
are believed to be complex heterogeneous and polydisperseyre liberated from the supramolecular structure of the HA
mixtures of nonstoichiometric compositiga]. Due to the  py the action of different buffer constituents (e.g. boric acid
enormous number of different precursor materials and the [6,9,10] phosphatg6], cyclodextrins (CD)[13]). Also, it
complexity of the degradation processes, an exact structurahas been proposed that the peaks obtained with boric acid
formula of HSs cannot be drawn. Humic acid (HA) is defined puffer represent individual monomeric fragments of FoA
as a fraction of the HSs that is not soluble in water below gr presence of aggregates in the unfiltered buffer solutions
pH 2, but becomes soluble at higher [f]. [4]. In most cases, the observed spikes are considered arte-
HAs behave as supramolecules that are able to polymer-facts and are usually neglected. So, the nature of spikes in
ize (oligomerize), aggregate, form micelles and might form HA electropherograms is never well explained.
supramolecular ensembles with other compouj6¢]. In- Likely, many different mechanisms may result in the ap-
terpretation of the obtained signals of HA with any analyti- pearance of spikes. Recent studies of CE of bacteria asso-
cal approach may appear difficult because of the high poly- ciate spikes, on bacterial electropherograms, unanimously

dispersity in the structure of these materigs8]. with the formation of aggregates in the CE buffer under ap-
Capillary electrophoresis (CE) is one of the recent plied voltage. It was demonstrated by visual observation of
methods for the characterization of H&,8-11] In gen-  the process of clustering of the scattered individual fluores-

eral, on the electropherograms of HA, two (or sometimes cencing bacteria into a large aggregate using illumination
multiple) “humps” are observef#,12,13] Frequently, on  of the whole separation space in capillary by |ade,17]
these “humps”, multiple randomly scattered sharp peaks However, bacterial aggregates provide good insight to under-
standing aggregation phenomenon in electric field. First, the
* Corresponding author. Fax:372 620 2020. appearance of spikes on electropherograms indicates (as one
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some components (like imidazole) into HA solution changes  Since the velocity of the electroosmotic flow (EOF)
presumably surface chemistry (like polyethylene oxide in increases linearly with the applied voltage, the apparent
the case of bacterial solutiofi$6,17]). These studies have frequency of spikes increases even if the concentration of
demonstrated that CE could be a powerful method to investi- possible absorbing species remains unchanged when volt-
gate aggregate formation in solutions under an electric field. age increases. To obtain a quantitative measure of absorbing
CE measurements have confirmed the micellar propertiesspecies concentration as a function of applied voltage and
of HSs. Schmitt et al[18] determined the concentration at correct results for the EOF influence, the number of spikes,
which the HSs associates behaved like ionic micelles. Thosen, the height of which exceeded the preset threshold, was
micellar associates are probably responsible for aggregationcounted after a fixed time intervait. The threshold value
phenomenon between the HA molecules. was three times the baseline noise standard deviation. This
Lee and Lin[19] have found that the best for separation number was averaged against the overall measurement
of metal cations was achieved with UV-absorbed compo- time. Then, the aggregates concentration can be estimated

nent (imidazole) and complexing agent (different carboxylic

acids). We suggested that HSs (in the structure are many

carboxylic groups) could also act as complexing agents to-
gether with imidazole in separating metal cations. However,
the interpretation of the recorded electropherograms failed
because of many randomly distributed spikes appeared. Fre
quency of the appearance of spikes depended on the applie
voltage and on the concentration of the HA in the buffer.

Also, a clear dependence on the sample preparation condi
tions and buffer composition was evident. For this reason,
the properties of imidazole—HA buffer were investigated.

In this study, an attempt was made to investigate the phe-
nomenon of spike formation in a more systematic manner.

2. Experimental
2.1. Equipment and capillary treatment

All CE experiments were performed with an ISCO
CV* Capillary Electropherograph model 3850, which was
cooled with forced air by fan. The bare fused-silica cap-
illary (Polymicro Technologies, Phoenix, AZ, USA) had
a total length of 80cm (48 cm to the detector). The capil-
lary (75pm i.d.) was rinsed for 5min with 0.1 mM NaOH,
Milli-Q water (Millipore) and working solution at the be-
ginning of experiments each day and between the runs.
Detection wavelength was at 226 nm. Experiments were
performed at room temperature.

as follows:

n
(FEOF + Fpump At

(1)

Caggr=

whereFgor andFpymp are EOF and pump flow velocities.
uffer bulk velocity under the applied vacuum (without
applied voltage), net EOF velocity amtg, total velocity

(EOF and bulk) were estimated by using of nitromethane as

marker compound. Electrophoretic mobility was calculated
according to Schmitt-Kopplin et glL0]. From the results of
EOF flow rate measurements, the calculated EOF mobility
was equal to (1.44 0.02)10 3cm?V-1s1,

2.2. Materials

Imidazole (99%, ACS grade) an@-CD (analytical-
reagent grade) were purchased from Sigma; NaOH from
BDH (UK) and HCI, analytical grade, from Riedel-de Haén
(Germany).

The HA was extracted from the sediment of the Baltic
Sea (Haapsalu Bay, Estonig@0]. Natural sediment (water
content, 60—70%) was extracted with 0.2 M NaOH (one part
of dry mass of sediment to six parts of 0.2M NaOH) at
room temperature for 5h under nitrogen gas. The suspen-
sion was centrifuged at 6000 g for 30 min. The alkaline
extract obtained from the sediment was acidified to pH 2,
by addition of 6 M HCI. This solution was allowed to settle
about 20 h and then centrifuged at 609@ for 15 min, the

Measurement procedure consisted of flushing the work- supernatant discarded. The sediment was repeatedly washed
ing solution through the capillary first by applying vacuum with distilled water and centrifuged, discarding the super-
(~0.5MPa) at the outlet of the capillary. The working so- natant until CI™ free (control with AgQNQ@). Solid residue
lution was pumped through the capillary at a constant rate, was treated with 96% ethanol to remove hymatomelanic
using two linear flow rates 0.64 or 3.2 cmis correspond- acid and centrifuged. This treatment was repeated until the
ingly. The UV absorbance signal of the solution was si- ethanol solution became colourless. Solid residue (gel, con-
multaneously recorded. After a certain time interval (about tains only HA) was collected and stored &tGlL In present
10-11 min), high voltage was switched on and a change in study, the non-lyophilised HA was used to avoid changes
UV signal pattern was recorded. The UV detector signal was in their molecular structure. Stock solution of HA was pre-
digitized by “Mini-16” analogue to digital converter (Keith-  pared by weighing a given amount of HA gel and diluting
ley, Mertabyte, Taunton, MA, USA) and stored on Pentium it to a fixed volume using Milli-Q water. The value of pH
PC hard disc for later processing by the procedures writ- was adjusted with 0.2 M NaOH solution to pH 7. Colloidal

ten in-house in Matlab (MathWorks, Natick, MA). During
all the experiments, the current values were in the range of
3-23pA.

stock solution was stored for more than 10 days a4
The HA fraction have 33.0% of ash in dry mass and 50.3%
C, 7.5% H, 7.2% N, 35.0% O in organic mat{@0].
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Table 1
Working solutions composition

Solution  HA concentration Imidazole concentration  Filtration E
(mgmi™) (b Y

0.05 0 No

A >
B 0.05 10 No < D
c 0.05 10 Yes 8 : -
D 0.05 0 Yes g ¢
E 0.2 10 No 5 .
F 0.2 10 Yes 2
B
saslh P S e uLLlL Al o, ) Lh.l
2.3. Preparation of working solutions A
All working solutions were prepared by diluting the HA . . . , . s J . . J
stock solution with Milli-Q water and adding imidazole to 6o 1+ 2 3 4 5 6 7 8 9
obtain 10mM concentration, pH was 8-9. From six pre- Time, min

pared working solutions, three were filtered through (.45 Fig. 1. UV absorbance signals using pump at constant rate (fused-silica
biocompatible, sterile filter (Sarstedt, Germany). Solutions capillary, 80cmx 75um, 0.17 mimir?). No high voltage applied. A,

composition and fiItering conditions are listed Table 1 B, C, D, E and F correspond to the different solutions. UV at 226 nm.
Additionally, the working solutions containing imidazole

(10 mM) andg-CD (0.2mM, 15 mM) were prepared. voltage not applied) and from 15 to 25 min (pump and volt-

age, both applied) with 1 min increment (10 determinations
over the intervalAt = 1 min) results impymp= 15.3+ 2.2
and neort-pump = 25.2 + 6.8, wherenyymp and Neort-pump
are the mean numbers of spikes with voltage off (from O

The typical wavelength for the determination of HSs in (4 10 min) and voltage on (from 10 to 25 min), respectively.
CE is 254 nm. However, in many occasions, different other g4\ rates were calculated as:

wavelengths are usg8,18,21-23]

3. Results and discussion

We have been traditionally interested in determination of Fpymp= %vpumpﬂdz (2)
metal cations and metal/HS complexes. For that reason, we
used 226 nm in CE experiments. The same wavelength wasFq = %(upump+ veop)d? 3)

used in the described experiments to get comparable re-
sults. Lower wavelengths (226 nm) may generate somewhatThe flow rates for+30 kV wereFpymp = 2.8310 "mis?t
stronger intensities than those at 254 [#4]. andFiotal = 5.0310 "mls 1.

When an unfiltered HA solution A was pumped through
the capillary at a constant flow rate without applying volt-
age, the UV detector signal from some of the working solu- ©
tions revealed several spikgsidg. 1). It follows from Fig. 1
that filtration (solutions C, D and F) reduced the number
and intensity of the spikes. The dependence of results on
HA concentration indicate trivially that the appearance of
spikes from unfiltered solutions can be associated with the
presence of possible aggregate particles in the HA solution
which either absorb or scatter UV light from the detector.
Further, basic imidazole possibly increases considerably the
solubility of HA in water and reduces aggregate size, which
is confirmed by a significant reduction of the amount of
spikes on the filtered solution B signal.

Next, when the high voltage-30 kV was applied to the
solution A bulk flow in capillary, the frequency of the spikes
increased to some extent, starting from the moment when
voltage was applied (seEig. 2, solution A, between 10
and 25 min). However, this increase can be fully associated E;g-_lér;Jngsza;‘ge ;iggaf? U:qilnﬂiﬁggnsvi?éocuiﬂzﬁgtvﬁhe z(af;sl‘?‘:cf”ica

i ) . _ pi g X wm, O.

\tllv(l)t: ;Zee ?;f?ﬁte OEf (t)r::e I';‘g;ee?js:enq]effs\ﬁr:féoﬁg r?fe;hnensuori:'lbervoltage (30kV). (A) Solution D, voltage applied at 9 min; (B) solution

- - . B, voltage applied at 9 min; (C) solution A, voltage applied at 11 min,
of spikes over a time span from 0 to 10 min (pump only on, switched off at 24 min. UV at 226 nm.
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By use of Eq. (1) aggregate concentration ump
=9.010°mI~! without applied voltage anttpumps+eoF
= 8.410° mI~! with applied voltage.

Considering relative standard deviations of flow rate and
time measurements negligible compared to the relative stan-
dard deviation of a spike number, the standard deviation
for aggregate concentration during the flow without applied

voltage,st """, estimated byEq. (1)was:

- (B)

sgump

Absorbance, AU

Scpump

= Cpump (4)

-(A)

Npump
wheresh"™ is a standard deviation of spikes number. The
standard deviation frorfq. (4)was 1.310° mI—L. ]

A similar calculation givessP"™P EOF — 23105 mI-1. 0o 2 4 6 8 10 12 12 16 18
Calculating the Student'st-value for the difference Time, min
Cpump+EOF — Cpump results int = 0.71, which is much less
than the corresponding critical value, i.e. for two-sided
terit (18, 0.95)= 2.08. Thus the difference of 7% between
Coump+EOF and Coump IS statistically insignificant. Filtration
of the solution A (resulting in solution D) removed almost By pumping of solution E through the capillary at a con-
all spikes in electropherogramBig. 2, solution D). stant rate and applying voltages frowb to +30KkV, the

In case of solution B (HA in the presence of imidazole), frequency of spikes increased considerably. The obtained
when applying electric field, a profound effect of aggre- result is presented iRig. 5. From this result, the concentra-
gation was observed. The increase of the frequency of thetion of aggregates as a function of the applied voltage was
spikes Fig. 2 solution B, beginning from 10 min) is evi- calculated byEq. (1) The results are presentedFiy. 6. It
dent and can be associated with an increase in aggregatéollows from Fig. 6 that an increase in voltage clearly sup-
concentration without any statistical scrutiny. A similar phe- ports aggregation. It is still not clear what type of mecha-
nomenon was observed for colloidal particles in the electric nism is responsible for this behaviour. There may either be
field where even clear hysteresis cycle was obtained whena distribution of size to the charge ratio of the aggregates
high voltage at different values was appliggb]. The fig- or the applied electric field may change the double layer on
ures reveal that the aggregation is enhanced by the presencthe aggregate surface, thus reducing electrical repulsion of
of imidazole. This result may be connected with the forma- aggregates. Also, as speculated by Zheng and Y§Lirlg
tion of imidazolium complexes with HA molecules. Blank particles may have different shapes and orientation in rela-
imidazole solution (10 mM imidazole) did not exhibit any tion to the electric field in the capillary. All of those facts
spikes on electropherogram being just a baseline without could result in different mobility of different aggregate par-
any features.

The rest of the HA measurements were performed only
with working solutions containing imidazole. The used
buffer is similar with those that used Lee and I[it®] for
determination of metal cations. As expected, the frequency - ®
of spikes in a more concentrated solution was higlféy. (

3). A similar result was observed for filtrated solutions as
well (Fig. 4), however, spike frequency was lower. It follows
again fromFigs. 3 and 4that the appearance of spikes is
strongly influenced by the applied voltage. This fact might
well explain the nature of spikes encountered in many pub-
lished electropherograms of HA capillary electrophoresis
(see, e.g[13]). At high HA concentrations (>0.2 mg m}
used, e.g. irn6]), spikes on “hump” might have appeared
because of the aggregation of the sample subjected to high
voltage during the CE run. The filtration did not remove
particles that might aggregate at high voltage. ' '

Although, the aggregation is influenced by the concentra- Time, min

tion of HA, the value of applied voltage has a profound ef- Fig. 4. Uv absorbance signals using pump at constant rate with applied
fect on aggregate formation, as it was stated already abovevoltage 30kV at 9 min. (A) Solution C and (B) solution F. UV at 226 nm.

Fig. 3. UV absorbance signals using pump at constant rate with applied
voltage 30kV at 9 min. (A) Solution B and (B) solution E. UV at 226 nm.
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Fig. 5. UV absorbance signals of solution E using pump at constant rate, Fig. 7. UV absorbance signals @-CD solution using: (A) 0.2mM
different voltages applied at 9min. UV at 226 nm. solution; (B) 15 mM solution and (C) 15 mM solution in 10 mM imidazole,
30kV applied at 9min. UV at 226 nm.

ticles and this, in turn, could result in their colliding and . . . .
g HAs. The aggregation of associated organic molecules in

clustering to the larger aggregates. . -
Obtained results are in good accordance with the Sugges_the high-voltage electric field was observed recently for

tion made earlier by different authors: the aggregates areCOIIOidaI particle[25]. We suggested that the aggregation

formed during a CE run and each aggregate can randomly?f C]?"%qal solutions in |CEh capillary at hlgh—v?lltag:e ((jalecl—
be retarded in the capillafi26,27} ric field is more general phenomenon and not limited only

with the HA solutions in order to prove that we looked for
more definite colloidal solutions. Oligosaccharides are typi-
cal molecules that form colloidal systems in higher concen-
tration. We were interested in more general characteristics
of the phenomenon and if the spike formation is also ob-
served in a solution of regular chemical molecules like CD
(i.e. without HA in separation solution). For that purpose,
we pumpe@-CD solution (0.2 and 15 mM) through the cap-
illary at 30kV voltage. At lower concentration, no spikes
were observedHig. 7). However, at higher concentration,
like in case of HA, similar spikes appeared when high volt-
age was applied. Indeed, in the CD solution it is unlikely

Our HA solution have colloidal properties at higher pH
(pH < 9). At the same conditions, other HS fractions (hy-
matomelanic and fulvic acid) having no colloidal properties
did not give the spikes (electropherograms reveal only base-
line, and therefore, are not added to the article).

Pokorna et al[13] suggested that the spikes correspond
to the different compounds present in all HAs that are lib-
erated from the supramolecular structure of the HAs by
the action of CDs forming inclusion complexes. However,
the aggregation phenomenon is not connected only with

160 _ that imidazole causes the appearance of charged particles
(e.g. salt formation).

140 4 Thus, these results show that the appearance of spikes is

120 | due to the aggregation of different organic molecules, which

j_E is not necessarily associated with the properties of HS.

100 |

¢ ¢

< 80 /| .

8 4. Conclusions

£ 60

g a0 L The results of this work indicate that formation of spikes

3 ® ® in HA colloidal solution electropherograms depends on the
20 | applied voltage as well as on the concentration and filtration

procedures applied to the HA solutions. The last observa-
' ‘ ' ' tions trivially indicate the presence of the particle aggregates
in the solution, which either scatter or absorb UV radia-
Voltage, kV tion before detector, leading to the appearance of spikes on

Fig. 6. Dependence of aggregates concentration of applied voltage in HA eleCtrqphemgramS' The electric field strongly p_ror_nOteS th_e
solution E. formation of new aggregates. The presence of imidazole in
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the buffer solution profoundly supports aggregation. A sim- [8] R. Dunkel, H.-H. Ruttinger, K. Peisker, J. Chromatogr. A 777 (1997)
ilar observation was made in a bacterial aggregation when a ol 355;:- tsch. J. Havel, 3. Chromatogr. A 802 (1998) 189

. . . . . . Fetsch, J. Havel, J. romatogr. .
buffersolu_uon contained polyethylene omdg as anmgre(_jlent [10] P. Schmitt-Kopplin, AW. Garrison, E.M. Perdue, D. Freitag, A.
[16,28] It is too early to suggest any possible mechanisms Kettrup, J. Chromatogr. A 807 (1998) 101.

of the aggregation. However, the method can be used as gi1] L. Pokorna, D. GajdoSova, S. Mikeska, J. Havel, in: E.A. Ghab-

new possibility to characterize the different HS fractions, bour, G. Davies (Eds.), Humic Susbstances: Versatile Components
other non-regular natural substances and colloidal solutions. ggg{'}am&z sg" and Water, Royal Society of Chemistry, Cambridge,
. p. )

[12] V. Lepane, J. Chromatogr. A 845 (1999) 329.
[13] L. Pokorna, M.L. Pacheco, J. Havel, J. Chromatogr. A 895 (2000)
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