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1 INTRODUCTION 

Modern Isoelectric focusing (IEF) 1s still based on the rigorous theoretical 
treatment of Svensson-Rilbel,* who more than 20 years ago, derived the fundamental 
equations governing the system at the steady state and defined the minimum require- 
ments for correct functionmg of the technique. Central to his theory is the concept 
of “carrier ampholytes”. the buffers used in IEF have to be amphoteric, so that they 
also would seek a stationary position in the system; moreover, they have to be “car- 
riers”. This is a more subtle concept, but Just as fundamental: they have to be “car- 
riers” of buffermg power, so that they would prevent local pH changes, and of con- 
ductivity, so as to ensure an unhindered flow of current through the focusing cell. 
Over about 25 years, the technique has proved very suitable for this job3. 

Is it possible, or 1s there a need, to break away from such a well constructed 
and much explored methodology? A need definitely arose, as conventional IEF had 
begun to show signs of age, such as (a) cathodic drift; (b) lack of even conductivity 
and buffering capacity; (c) extremely low and unknown ionic strength (I) and (d) 
limited load capacity, mostly due to isoelectric precipitation caused by the low I 
environment. As for the possibility, this is a complex story: over the years, several 
groups have tried to break away from Svensson’s theory, by resorting to different 
approaches of what has been generally termed “non-amphoteric buffer isoelectric 
focusmg” (NAB-IEF) (let us recall here that. around 1955, this concept had been 
amply described by Kolin4 with his “artificial” pH gradients). 

0378-4355/85/$04.20 c 1985 Elsewer Science Publishers B V 
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2. THEORY AND RESULTS 

2.1. Chrambach’s theory 

According to this theory, IEF can be viewed as a particular form of isotach- 
ophoresis (ITP), where a separation within a mobile pH gradient, as in ITP, is re- 
placed by a separation within a stationary pH gradient, typical of IEF (for a review, 
see, ref. 5; this concept had been proposed long ago by RouM). While this can be 
easily accepted for conventional IEF in amphoteric buffers, it is not immediately 
apparent for NAB-IEF. how can non-amphoteric buffers form a stationary (and also 
a “natural”) pH gradient? They have to be arrested, and this blocked “stack” or 
“train” of buffers is obtained by a neutralization process, I.e., a protonation with 
acidic species and a deprotonation mechanism with basic compounds. There is a 
simple way of achieving tlus: free acids and free bases are deprived of counter ions 
(Le., of titrants) and are allowed to migrate into a pH region where they will have 
only the hydrolytic products of water as counter ions. As an example, we report in 
Table 1 and Fig. 1 the data of Chrambach and Hjelmeland5 on the generation of a 
“stationary” and “natural” pH gradient between pH 10.29 and 12.18 solely with the 
use of six free bases, with pK values ranging from 4.88 to 10.35. While we agree that 
such a system can generate a pH gradient, as long ago demonstrated by Schumacher’ 
and subsequently by Pettersson* and Stenman and Grasbeckg for free acids, we hesi- 
tate to call it “stationary”, a fundamental prerequisite of true IEF. We could give a 
number of reasons, but there is some obvious macroscopic, negative evidence: how 

TABLE 1 

PREDICTED PROPERTIES OF AN ISOELECTRIC FOCUSING SYSTEM COMPOSED OF SIX 
NON-AMPHOTERIC BASES 

From Chrambach and HJelmeland* I = Iomc moblhty relative to Na+, cp = flux (mol cm-’ set-‘), 
; = relative net mob&y; K = speck conductance (10e6 Q-’ cm-‘), v = boundary displacement rate 
(cm3 C’), u = boundary velocity (cm per day) 

Parameter Ethanolamme Morph&w N-Ethyl- N- Lutzdine Brs- Tns 

morpholine i2-Hydroxy- 

ethj$)- 

morpholrne 

r* 0 86 0 73 0 62 
pK* 10 35 8 85 8 03 

Concentration 1 00 0 87 0 76 

(W 
PH 12 1% 1140 10 96 
cp 150 lo-* 285 10m3 1 19 
; 129 IO-’ 208 lO-3 7 37 
K 191 1om3 308 10m4 1 09 
” 185 10-3 185 lo-3 1 85 
vf* 685 1Om6 685 lo6 6 85 
w 933 lo-3 429 lO-3 

(cm) 

0.61 0.60 0 38 
7.19 7.00 6 88 
0.75 0.74 0 49 

1053 10.43 10 29 
10-3 455 lo-4 3.68. lO-4 393 IO-4 
1o-4 278 lO-4 2.21 . 1om4 145 1om4 
10m4 4.11 . 10-S 3.27. lO-5 221 lo-’ 
10-a 1.85. lO-3 1.85. 1O-3 185 1O-3 
10-C 6.85. 10m6 685. IO-& 6 85 IO-6 

1.67 10m3 408 1O-3 L 74 lo-3 

l Values at 0°C 
** 1 mA per 0 27 cm* of gel 
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Fig 1 Explemental pH gradlent formed by the movmg boundary system of six non-amphoteric bases 
havmg pKs and molarltles as defined m Table 1 A, measured after 24 h of electrophoresq B, after (a) 
70 and (0) 93 h, C, after 117 h (From Chrambach and HJeImeland$) 

can a buffer possibly have any buffering capacity (and also contribute to the con- 
ductivity) when it is confined to a pH region more than 3 pH units removed from its 
pK (and on its deprotonated side also)? We therefore re-simulated their computer 
simulations with the program we have developed for a very peculiar kind of NAB- 
IEF, namely immobilized pH gradients(IPG)10-12, in order to demonstrate how to 
use correctly these buffers for IEF. Our computer was required to simulate and op- 
timize what we believe are the fundamental physico-chemical parameters of an IEF 
separation. the slope of the pH gradient {and its optimization in terms of minimal 
deviation from linearity) and accompanying buffering power (8) and ionic strength 
(r). When we took the six buffers in Table 1, with their relative molaritles, and asked 
the computer to calculate the j3 and Z values along the pH 10.29-12.18 potential 
gradient, it could not do so, since m our computer program both a buffer and a 
titrant are required. We had to calculate these values manually, by assuming that the 
six bases are sequentially distributed along the pH gradient, starting with Bis-Tris at 
pH 10.29 and ending with ethanolamine at pH 12.18 and occupying “boxes” with 
lengths proportional to their respective absolute amounts present in the system. The 

TABLE 2 

BUFFERING POWER (B) AND IONIC STRENGTH (0 OF CHRAMBACH’S ARRESTED STACK 
OF FREE BASES 

Parameter PK 

688 7 00 7 19 8 03 885 IO 35 

Concentration 490 740 750 760 870 loo0 
(mM) 
p&m* 10.4 1.65 10.95 1125 11.6 12 0 
Z (meqmv I-‘) 0 148 0 166 0.130 0 458 1.544 21 9 
p (meqmv. I-’ pH-‘) 0 34 0 38 0 30 I 05 3 55 49.3 

* pH at mid-pomt of each “isotachophoretic” zone, having a length proportional to the total 
amount present in the system. 
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results are reported in Table 2. It can be seen that the B and I values are much too 
low to ensure any buffermg power and conductivity for the system, and as such this 
cannot be included among the natural pH gradients characteristic of true IEF, where 
the concept of “carrier” buffers is indissolubly linked to the generation of a pH 
gradient (in IPGs, we give as acceptable average values p = 34 meqmv. pH- ’ 1-l 
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Fig. 2 pH gradtent, deviation from hneanty (d), buffering power (B) and ionic strength (4 of Chrambach’s 
system (Fig 1) when titrated between pK (mm) @H 6 88) and pK(max) (pH 10 35) It has been assumed 
that the same system of six non-amphoreric bases as m Fig 1 are Immobtlmes and they have been titrated 
m the correct pH range wrth an aadic counter ion (Immobtlme of pK 0 8). If the SIX bases are used in the 
same molanty ratros as m Ftg 1, a bow-shaped pH gradient is obtamed (“before optimtzatlon” hne) 
When the molarity ratios of the six buffers are changed accordmg to the optmnzatron algonthm of ref 
12, the upper, lmear pH gradient 1s generated. The d, fi and I values refer to the “optimized system”. The 
concentrations of each base were as follows pK 6 88, 2 09 mA4, pK 7 00, 1 66 mM, pK 7 19, 0 80 mM; 

pK 8.03, 1 85 mM, pK 8.85, 3 82 mM, pK 10 35, 5 00 mM. For the ntrant (Immmobilme of pK 0 8): 13 
mM m the acidtc chamber and 2 6 mM in the basrc reservoir These concentrations are adjusted so as to 

grve an average buffering power of 3 mequtv 1-r pH_’ (note that m the onginal system m Fig. 1 the 

molarthes of the bufIermg tons are 20&500-fold higher, rangmg from 490 to 1000 mM!). This “immobr- 
hzed pH gradient” was generated with the aid of a two-vessel gradtent mixer, accordmg to the “same 

concentratton” formulabon, as explamed m ref 11 
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and Z = 45 meqmv. 1-i). Certainly such @ and Z values could be obtained even in 
this system of six bases, but by utilizing enormous molarity values (> 10 M), defi- 
nitely incompatible with protein integrity and with an electrophoretic process. That 
this system cannot be stationary as well is amply demonstrated by the data of the 
authors who claim it to be so (see Fig. 1C). There is another reason why these gra- 
dients will not have any focusing action on proteins: the conductivity from pH 10.29 
to 12.18 will be dictated primarily by the free OH _ m solutions (and the equivalent 
amount of protonated base), which means that it will increase substantially towards 
the cathode, leaving behind a high field strength at the anodic side. Over much of 
the pH gradient (above pH 11) there will be too little voltage drop to ensure any 
focusing power. 

However, if we now assume these buffers to be Immobtlines, and we titrate 
them with an acidic counter ion between pK (mm) (pH 6.88) and pK (max) (pH 
10.35), the situation is definitely brighter: it is possible to generate a decent pH course 
with acceptable jI and Z values (Fig. 2, thin solid line) Even in the correct pH range, 
however, the system does not behave well when using for the simulation the concen- 
trations of the various buffers given m Table 1. After extensive modification of the 
relative ratios by our optimizatton algorithm, a very smooth pH course may be gen- 
erated (Fig. 2, thick solid line). 

2.2. “Chemically” immobilued pH gradients 

There is not much to be said here, except that the system works, it allows full 
control of the experimental parameters (pH gradient width and slope, /I and Z cours- 

es) lo,*21 complete choice of any pH gradient (from ultra-narrow ranges, e.g., 0.01 
pH unit/cm separation distance up to the widest possible span, pH 3-10) and, of 
course, generates indefimtely stable pH gradients. IPGs are, in a way, a particular 
case of NAB-IEF: as non-amphotertc buffer focusmg, in reality, would never work, 
the problem has been solved by resorting to non-amphoteric, but bifunctional buf- 
fers. These chemicals are acrylamide derivatives, with pK values spaced at regular 
intervals along the pH scale [pPK (min) = 3.6, pK (max) = 9.31 and they are utilized 
according to “canonical” principles (the “carrier” concept of Svensson!), i.e., for 
generating pH gradients by titration with a counter ion around their respective pK 
values (ideally 0.5 pH unit above and 0 5 below the pK) where they exhibit maximum 
buffering power and substantial conductivity The gel slab 1s cast with the aid of a 
gradient mixer, the two vessels bemg titrated one to pH (min) (e.g., in the dense 
solutton) and the other to pH (max) (e.g., in the light solution). Therefore, when the 
gel cassette is filled up, it already contains a linear pH gradient, existing prior to the 
electrophoretic process itselfi this system appears to have all the prerequisites of the 
“artificial” pH gradients according to Kolin4. However, a moment later, as the 
monomers polymerize to form the gel network, the non-amphoteric buffers are cova- 
lently linked to the matrix, and therefore the entire pH gradient is insolubihzed (co- 
polymerized, grafted, immobilized, etc.), this system is indefimtely stable to the flow 
of electric current and thus now exhibits all the prerequisites of the natural pH gra- 
dients according to Svensson I,2 Thus, by burning at the stake Kolin and Svensson, . 
from their ashes this new “arab phoenix” was born, with the virtues of both and 
none of their defects. That IPGs are the new highway (or star port) to the year 2000 
is already amply documented’ j. 
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2.3. “Physically” immoblhzed pH gradients 

Yet another approach to NAB-IEF comes from Bier’s group, who has exten- 
sively developed highly sophisticated theories and models over the years. Their results 
were summarized in a recent paper by Bier et all4 and are exemplified in Fig. 3, 
taken from the same paper. They were finally able to generate “quite stable pH 
gradients formed using a simple system of a weak acid and a weak base (around 
neutrality), mixed in the proportion required to cover the desired pH range”. In the 
simple case of Fig. 3, a gradient of a buffering acid (cacodylate, pK 6.2), varying 
linearly from 4 to 2 mM (anode to cathode), is titrated with a reciprocal linear 
gradient of buffering base (Tns, pK 8.3) ranging from 2 to 4 mM (anode to cathode). 
Bier et al. stated that their system defies ready classification in terms of conventional 
modes of electrophoresis as it is not isoelectric focusing, because none of the com- 
ponents of the buffer is isoelectric, and it is not IPG, because their buffers are not 
immobilized. However, close scrutiny of their data reveals that they have some of 
both attributes. The similarity with TPGs is striking. An analogous situation occurs 
in IPGs in the pH region 4.46.2, with Immobilines of pK 4.4 (a weak acid) and pK 
6.2 (a weak base), where the system is used under conditions such that the two 
components act simultaneously as a buffer and as a titrant. As can be seen in Fig. 
3A, the concentrations of the two are reciprocal, symmetrical linear gradients, gen- 
erating a pH gradient from 6.21 (the pK of cacodylate, because here the [cacodyl- 
ate]/[Tris] ratio is 2:l) to pH 8 3 (the pK of Tris, because here the [Tris]/[cacodylate] 
is 2:l). However, the pH gradtent is not linear, but slightly sigmoidal, because ApK 
= 2.09, as predicted by our computer modelling l l. Such a situation was indeed fully 
predicted by our general theory on IPGs l 5. We have m fact re-simulated their data 
with our computer algorithm, by assuming the two species to be Immobilines. As 
shown in Fig. 4, we in fact obtain the same results: the expected pH gradient is 
identical in the two instances, except that the deviation from linearity is high (the 
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Ftg 3 Schematic representatton of the courses of the concentration of Tnsscacodylate and then respective 
fluxes and of the resultmg pH gradient Mtcrocomputer-calculated flux values are also plotted, assummg 
for Tns (dashed lines) a mobrhty of 2.42 cm2 V-’ set-’ and a pK of 8 3, and for cacodylate (solid lines) 

a mobility of 2 31 cm2 V-’ set-’ and a pK of 6 21 (From Bter et al I4 ) 
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Fig 4 pH gradient, devlatlon from lineanty (d), btienng power (8) and iomc strength (I) of Bter et al.‘s 
system m Fig 3 Their data were re-calculated by usmg the same molanty and pK values and the same 
pH interval as m Fig 3, except that Tns and cacodylate were assumed to be two Immoblhnes (i.e , with 
moblhty = 0, flux = 0, dlffuslon coefficient = 0) Note that the shapes of the expected pH gradient are 
identical in the two different computer models Our computer simulation predicts that Bier et al’s gra&ent 
1s fully compatible with a well functioning IEF system (ideally, however, we prefer to have an average fi 
= 3 meqmv 1-l pH-‘, so that the concentratkons of the two species should be approximately doubled) 

maximum excursion, positive + negative, 1s 0.3 pH unit, i.e., 15% of the stated pH 
interval; for typical Immobiline gradients, both with narrow and with extended 
ranges, the deviation is contained within less than 1% of the generated pH span). 
We could also simulate the j? and I courses (Fig. 4, lower part); as expected, they 
appear as two reciprocatmg, bell-shaped functions, with a minimum of B power 
half-way between the two peaks, correspondmg to a maximum of ionic strength 
(because, by titrating the two species “inside” the two pKs, we ensure conditions of 
maximum ionization of the buffering groups). While, with true Immobilines, we can 
arrange for smoother p and Z courses, the physico-chemical parameters of Bier et 
al.‘s system are acceptable and compatible with a well functioning IEF set-up. While 
it is true that the buffers here are not “chemically immobilized”, they nevertheless 
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ensure substantial stability of the system because they are immobilized by physical 
laws. The fundamental requirement of Bier et ai.‘s gradients is that the flux of the 
two species 1s constant across the whole length of the column. In fact, they introduced 
a parameter p, which predicts the stabihty of the system, defined as 

where A4 is the concentration of the acid (a-) and base (b+) in reservoirs A and C. 
Only when p = 1 would we have perfect migrational stability, and this is one of the 
weaknesses of the system: as shown in Fig. 3, the flux of Tris is sh htl hi 

ii r B 

her than 

the flux of cacodylate, and eventually the system is bound to decay, 

2.4. Steady-state rheoelectralysis 

Another approach to the generation of useful and stable pH gradients from 
simple, two-component, non-amphotenc buffers was proposed in 1978 by Rilbe16. 
The idea is that it should be possible to create a stable pH course m a suitable 
electrolyser by balancing the internal electrical and diffusional mass flows by external 
mass flows generated by the pumping of anolyte to the catholyte and vice versa (hence 
the term rheoelectrolysis, i.e.. external hydrodynamic flow coupled to internal elec- 
trophoretic transport). In this system the steady state would generate a useful pH 
gradient provided the following criteria were fulfilled: (i) the transference numbers 
and the diffusion coefficients of the buffer ions are constant in the pH interval chosen; 
(ii) the compositions of the buffer system at the ends of the electrolyser are kept 
constant with time; (in) no net liquid flows through the electrolyser are present; and 
(iv) losses of buffer constituents due to anodic oxidation, cathodic reduction, evap- 
oration or precipitation are negligible. The system was further developed by Jonsson 
and Fredrikssonr7 and the theory expanded by Rilbe1*-20. 
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Fig 5. Steady-state rheoelectrolysls of an acetate buffer solution. Expenmental pH and conductivity cours- 
es m the electrophoretic cell at the steady state (From Rllbe15 ) 
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Fig. 5 shows one of Rilbe’s experiments for generating a linear, pH 3.9-5.2 
course by steady-state rheoelectrolysis of an acetate buffer solution [three cases have 
been considered. (a) a buffer composed of a weak acid and its salt with a strong base 
(as shown m Fig. 5); (b) a buffer composed of a weak base and its salt with a strong 
acid, and (c) a buffer containing a salt of a weak acid and a weak base]. By the same 
reasoning, assuming acetate to be an Immobllme with pK4.6, we re-simulated Rilbe’s 
data m our computer system As shown m Fig. 6, a smooth pH gradient is obtained 
in the pH 3.9-5.2 region with a maximum deviation from linearity of about 6% of 
the generated pH interval and with substantial average p and Z values, compatible 
with a well performing IEF system (note that the slopes of Rtlbe’s conductivity profile 
m Fig. 5 and of our ionic strength curve m Fig. 6 are very similar, as the quantities 
are interchangeable) 
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Ftg 6 pH gradient, devtatton from lineanty (d), buffering power (B) and romc strength (r) of R&e’s 

system m Ftg 5 HIS data were re-calculated with our computer program by assummg acetate to be an 
Immobtline wtth pK 4 61 as follows buffermg ton = 6.52 mM m both chambers, trtrant (Immobihne of 
pK I2), 1.06 mM m the acidic chamber and 5 19 mM m the basic chamber The acetate concentratton 
was selected so as to grve an average p value of 3 mequtv 1-r pH- I Again, our computer simulabon 
predicts that Rtlbe’s gradient is fully compattble with a properly behavmg IEF system. 
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3 DISCUSSION 

Modern IEF became a reality when buffers became available that met Rllbe’s 
fundamental requirements. (a) of being amphoteric, so that they could reach a steady 
state by being titrated to a pH level ensuring “zero net-charge”; and (b) of being 
“carriers”, i.e , of being good conducting and good buffering species at their pZ val- 
ues. After about 25 years of conventional IEF, the four modes of non-amphoteric 
buffer IEF that we have summarized and compared here clearly demonstrate that the 
system no longer depends on amphoterlc species. However, a properly performing 
IEF system still has as an absolute requirement the concept of a “carrier”, which 
requires that the chemicals used to generate and stabilize the pH gradient behave as 
“good buffers” and “good conductors”. The systems discussed in sections 2.2-2.4 
fulfill this fundamental requirement; in these three instances, in fact, quasi-linear pH 
gradients are generated by titrating weak acids or weak bases symmetrically around 
their respective pK values, where they automatically provide the much needed buf- 
fering capacity and conductivity In the Chrambach “arrested stack”, the system 
breaks down because the potential buffers are allowed to be stripped electrophoret- 
ically of counter ions and thus to collect m strongly acidic anodic layers or strongly 
basic cathodic zones. where they are deprived of their buffering and conducting 
powers. While it is true that in Chrambach’s system a natural pH gradient can still 
form (it 1s m fact a pH gradient generated by a stack of moving boundaries, like in 
isotachophoresis), it can hardly be controlled (for lack of buffering power) and it can 
never be assumed to become stationary (for lack of immobihzatlon). In fact, the so 
called “arrested stack” created by protonation of acids and deprotonation of bases, 
is m fact never completely arrested; it could only be so when the current in the system 
becomes zero, but at this point it would be meaningless still to speak in terms of 
“electrophoresls” (which, by definition, requires a current to be flowing through the 
system). As for the other systems, although all three are based on sound and correct 
hypotheses, they are markedly different m operational terms. Bier et al.‘s system is 
subject to two inherent disturbances: (a) mlgrational instability (the parameter p will 
very rarely be unity); and (b) diffusional mstabllity (decay of the boundaries). The 
two instabilities are additive and will ensure ultimate decay of the pH gradient. As 
for Rilbe’s system, here again what theory predicts and what practice can achieve 
rapidly come into conflict: the predicted pH courses are only established in the ab- 
sence of an internal hqmd flow (EX., inside the electrophoresls cell); unfortunately, 
there is always a net liquid flow within electrolysers, and this induces exponential, 
and slowly decaying, pH gradients 

About 10 years ago, Catsimpoolas2’ predicted that conventional IEF had the 
potential for measuring the diffusion coefficients (D) and mobility slopes (du/dpH) 
of focused proteins. However, the strong discrepancies between theoretical and ex- 
perimentally measured values induced him to call for the synthesis of “second gen- 
eration ampholytes”, which could not only provide highly stable pH gradients, but 
also uniform conductance and concentration distnbution courses throughout the 
separation path. Perhaps present-day IPGs represent just the ideal system envisaged 
by Catslmpoolas: they have certamiy overcome ail the drawbacks of conventional 
IEF and they truly provide for a medium of unlimited stability However, we prefer 
to end with a note of caution: even such a highly refined and extremely successful 
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method as IPG, while superbly fit for performing IEF, will still not allow proper 
measurements of D and du/d(pH), because the protem will form a salt with the matrix 
as it begms to move away from the pl zone (possible even in the pl region). 

4 SUMMARY 

Four potential modes of tsoelectric focusing m non-amphoteric buffers are 
evaluated: (a) “stack*’ or “tram” of free bases or acids “arrested by a deprotonation 
or protonation mechanism”, respectively (Chrambach); (b) “chemically bonded” 
(immobilized) pH gradients (Righetti et al); (c) “physically bonded” or “quasi-im- 
mobihzed” pH gradients (Bier et al.); (d) steady-state rheoelectrolysis (Rilbe). The 
first is based on a “catastrophe” theory, I.e., it confines the buffers in a pH region 
where they can create a pH gradient by an isotachophoretic mechanism, but where 
they do not have sufficient buffermg capacity to stabilize it; no true isoelectric fo- 
cusing can ever be achieved with this system. The last three are based on sound and 
well defined theories; however, at present, only system (b) (immobilized pH gradients) 
has proved to be a simple and reliable technique, easily transplantable in any labo- 
ratory. Bier et al.‘s and Rilbe’s approaches require complex and elaborate experi- 
mental set-ups and strict adherence of laboratory practice to a set of physical laws 
governing the system. In practice, owmg to the divergence of experimental ap- 
proaches from idealized physical equihbria, the last two approaches appear still to 
be far away from daily laboratory work. 
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