
Folyacryiamide gel slabs &irk in water at sticiently low temperatures and 
s&eIKat l&her tempera-es, slowly and reversibly, the extent and inversion temper- 
ature depending on gel compcsition. tiixed agarose-acrylamide gels show similar 
bui less extensive changes. High concentrations of initiators during pof_ymerization 
favour- Swelling, and conversely. h’igh poIyme&titin temperatrrres also favour 

swelling. Compression of gels leads to a slow loss of water. The presence of solutes 
afikts swelling in various ways; with salts, it increases as the cation is changed in 
the order (CE&N’, Li+, NE$, XC+, C.s+, Na+ (at 0.5 M) and, as the anion is 
chatiged, in the order CH3COO-, F-, MCOO-, Cl-, Br-, NQ;, I- (at 0.5 M). 

INTRO&CnON ._ 

PolyaCrykmide gels usually swell in water or aqueous buffer solutions. One 
might &ect this phenomenons to have considerable influence OR the molec&~;r sieve 
behaviow of such gels in electrophoresis or chromatography, but there. has been 
remark~bly~little germane discussion or appfication. Of many possible influences on 
the extent of swelling, only the efiect of gel composition has been well stidiedz4. The 
starting point of the present investigation was an observation, alluded to eartrlieE5, that 
syelfiing offfiecarrier gel in azz electrophoresis apparatus was temperature dependent, to 
-the extent that it cotid be kept within botmds by oLperating at temperatures below IO”. 
This paper de+bes the phenomenon of swelling, and the factors i&uencing it, with 

the q@ectatio~ that this wiil assist in improving the design of apparatus and proce- 
dures I%& depend upon the $rope+s of poEy&xyla&de geb. ,%e results may assist 
i@ res@vi;zg the apparent discrepancy between the behaviour of acryfamide gels in 
eI&.ropho&s and their behaviour in chromztograph~*6. 

l&y experimeoti w&e ca$ed out at zM&erere University, Kampala, Uganda, 
_wi& acryfami& and N,NIEEIethylenebisa~~~rylamide (BIS) .obt&ned Coti Koch-Light 
(Colnb~ook; Great=Bri&i+ Tee critical se+ was carried out in Hong Kong with 



: 
m&teri&obt&d fiom.~stmari-Koda~.,(R~~h~~~~~-~~~~; D.S.A;j; ‘the:bat#&rm~ 
b&s. being N7B and AX, re$ectiveCy. tie ~materiz$.$ fro.& t&e. t&Y sour&~-sve- r&r: 
sonabiy ‘&jmp+W ~resuhs. R&cry&alliiation:‘of ~acrylami&‘:‘&aS e@ciql with ihi 
Eastmtin-ICodak pro&&i 8 stating &&i&L N;N,M’;W-~~~me~~~d~~~~ 
(TEMED) ~w&~ pi.u&ased from Eas@u+&d&; ‘.- 

Ammoni&n persulphzjte obtained f&m BDH (Poo!e; &e&t B&zir&WaS stored 
‘&‘..a -1ddsely stoppered -.bottle in a d&&or over dry silica- gel; ~,Ribo&vin‘, vias 
purchased fro& Merck’ (Darn&tadti G.F.R.)$tnd a&&roSe ~froin. BDH;: :for el&tro- 
phoresis”. Other chemicals used were : 6f analytical-reagent i: grade: when c1 available 
coriunerci&y, &h&wise of reagent-or laboratory-reagent g&de:.as supplied by BDH 
or Memk, except that .Lithium chloride -and tetramothylammouium &l&id& .were 

~made.,by. adding lithium Carbonate &rd” tetrametbylammo&m hydrosdo (Sigma, 
St. ‘Louis, Mo.! U.S.A.), respectively,.to smn&r,d hydrochloric acid;to.give a_pH of 7; 
and then diluting to .vohnne. 

.__ .’ 

G& @reparation _’ 

.. Gel preparation is best expressed irrterms of a st&Iard method and vdatioris 
of it: thus, unl&s otherwise stated, gels were prepared as follows. Immediately-before 
me, a solution was ~prepared 6xdainin~ 8 5% (w/v) &al Concentration of. total 
monomers, of which 5 % (w/w) w&s BfS..This solution also conmined E g/l ‘final cou- 
&nration of.&nmonium per%ufphate [adaed aS a 10 %- (w/v) soiution made up fre&ly 
at ‘least 011-m & week] and 1 ml/l-finai concentration of.TEMED; &&g a final pH 
cldie to ?.- After dissolution of the Ofhcr componentswa~ complete, the TEMED Was 
‘added, the- whole solution mixed quickly ,and thor&ghly and.then poured out into 
a -mould 5.0 mm deep, which~~as covered; with. exclusion of bubbles,. and put aSid& 
on the bench (at 2j-25.5”) to allow polymerization, sig&lled. by the app&ance of 
slight opacity or opalescence after shout 4-5 mm. 

Gels were left covered for a’m.inimiun of 1 h before the mould was dism&tted, 
and were then cut with a knife OF spatula into pieces weighing 2.5-10 g, according to 
the pa&ular experiment, and lifted out of the mould with a~spatula. For ribo,fIavin 
photopolymerization*, concentrations of monomer were as above and the solution 
also contained the following (final concem~tions per l&e)! TEMED, ,I .ml; acetic 
acid, 6 mmoles; and ribofiavin, 5 mg. Light entered the mould through its gllass~iid 
(about- 3 mm’ thick); the mould othe_&se being made of Perspex. The tempera- 
.in~ the immediate environment’of the. mould was recorded as 27-28”. Deoxygenation, 
when ~performed, gas by degassing under a high ‘vacuumXombined agarose-poly- 
aizrylamide g&Is were made by dissolving monomers_ in a solution’of &garosi.l % (w/v), 
ma&name&at.45” .in a water-bath, too give a vofume of 49.5.ml, adding~O.5~mI of am- 
monium pemuiphate solution, ,sO ,ul of TEMED;-.and immediateIy mixing.aud pouring 
i&o the. mou!d. 

Fdtowing a convedon widely, btit got univers$iy,~,~&cepted, the cOr~cen=~ 
Itration : of tot&l ,n&omers in percent (w/v) is designated .~T land the]-zprop&on of 
BIS in~percent.(w,&+) designated C., Thus in this: paperthe’cortlp~~~ition of a s&d&& 
gel is abbrevi$ed as .T 7 5, C. = 5,.and g& of vari%nt conrpositidn ~orr&Ptind’ingly.. 
I&k Steratum, U~agehas v&ed somewh&t; Mor&and %&&is2 usethe presents&& 
vention;.whereas M&$s” writes T for &a& .of tot&l m&timers’ per I.@ ml of sol&t.; _~~ .: 



Gels were weighed on removal from the mould and again after being exposed 
for 7 days to several changes of the chosen solution. Adherent surface water ys 
removed by blotting them until dry v&h Wbatman No. 540 Ster paper, which IS 
preferred to the No. 50 GEter paper used by Morris and Morris’. To minimise evapo- 
.ration the gels were kept when possible in folded “ezzvefopes” of polythene sheet. 
The standard deviation of repeat weighings (Le., the complete sequence: moistening 
in water, blotting dfy and weighing) was about 0.1 ‘A for 5 mm thick gels. 

Extetzt of polymerization: dry weigh of gel matrix 

Portions of gel, freed from smzll moEecllIes by dialysis, were dried by heating 
in a.n oven at 90” zmd then exposing to a vacuum over phosphorus pentoxide. But 
this treatment gives falsely high weights, and therefore f&Lsely low results for water 
regaixf. Further drying at 240” under high vacuum over phosphorzzs pentoxide for 
3 days indicated that polymerization was 98 % complete, as would be expected’. 

Further details of alt procedures wi!l be provided OR request. 

RESULTS 

Progress of swelhg and contraction of gels 

Fig. 1 shows the results of an experiment with slabs of gel 6 mm thick. The 
gels swelled rapidly and extensively, approaching a plateau after 3-6 days. The extent 
of swelling was temperature dependent and the gels shrank again on exposure to a 
tempemture of 4”, whether immersed in fluid or in air in a moist chamber at the same 
temperature, but did not reach their initial weight. G&s exposed to a temperature, 
of 0” shrank below their initial weight. 

L , I 

5 10 15 20 25 
Days incubation 

Fig, i. Progress of swelling and shrinking of gels, Gels were made by the standard procedure but 
with Kc&x-Light mate&k and cut in 2 moutd 6 mm deep_ The weight history of individual gG.ces 
of gel is shown by individual symbols. In the experiments at higher temperirtuxes, each piece wzs 
first incubated in water att the temper;lture shown and later transferred to 4”. Open symboIs, pieces 

which, when incubated at hoc were kept in 2 moist chamber; fikd symbols, those in water. 



5. ,-g I+-c. s6vDG 
: 

lCgec<ecif .t~mpera_@4re~ . 
> Fig. 2 indkates the ef&t of tempkr&re on’$welEng irt geIs~qf:;vtious .comY 

pos&~ &I &dditioFl result not shown fin the’ Sgure is.&& at So? a portiori of 
stamiard gel’showed a weight increase of 183 %-in 24 h and. of 733 ok in 3 days, by 
which time the gel was extremely’ friable. 



GeEs set at ark init%& temperature of 31” swe%d more thv~ lzonnal (Fig- 2)_ 
Gek tiacfe~at-P were much more opaque tiztn nom&, although tiey sweikd s@htlry 
more A- standard (omitted from Fig. 2, for_ &r&y), showing that opacity is not 
necessqily cozrelati with reskta.m% to sweE?Ig_ 

Deoxygetiation made little c@erence to tie extent of swelling, although 
polyn~eriz&ion was accelerated considerably, as judged by the time taken for opacity 
to .zppear. I 

Riboffavln photopolymerization results were too vkztble to allow defmite 
concEusioas to & d_mwa OR the efkcts of setting tempera-e, abbreviated setting 
period or deoxygenation. The degree of swetiing was rather similar to that found in 

-contemporary experimentc wit& standard gels, i.e., f6_7C/0 (mean of 16 resuIts) com- 
pared with 17.5-&l % (standard). The greater vtiabiiity of results with these gels 
was unmistak~bfe. This &an possibly be explained by the softer surf&e leading to 
diEculties in removing adherent water, OR the one hand, and more frequent damage 
to the stiax+ with loss of material, on the other. There seems to be a dif&e~mxe in 
the nature of the surface according to the moufd material in contact with it during 
casting ahe upper surface, that In contact with glas,, c being stronger. No such differ- 
ence was seem with standard gels. 

Eflect qf plY during incubation 
Table I shows that in so!utions of approximateiy equal osmolarity, there was 

little or no e&et of pI-2 over the range 4-8, but that 2t pH 9 and above there was 
progressively increasing extrz swelling: in 0~35 M sodium hydroxide this effect was 
gross and the gel had become friable. Acetate znd glycine solutions of the pN indicated 
were made up by titrating 0.1 M acetic acid or 0.1 M slycine with 0.1 M sodium 
hydroxide. IQ separate experiments, 0.05 M hydrochloric acid gave little more swelling 
&an water alone. 

EFFECT OF INCUBATION pH 
Pieces of gel from a single casting were incdated in the soluticms shown (see text). 

solufrbn PEf Weight 
increase 
(%I 

19.7 

17.6 
IS.0 
17s 
17.9 
22.6 
48.3 

552 

Table EI demons&&es that many solutes mzrkedly increase swelling and that 
the .e%%. increases with conqz~tntion. But ethano!, sodium acetate and sodium 
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22.5 

eEct of 
chbride, 

Am&g salts at moderate concentrations, the fiKotitig re~ztions5ips caa be 
seep (g) At constant @loride-concentration (0.5 M), sweEing increases in the order 
(CR&N+-, -Lii ) BEI:, K+, &s”, P&z+, and results for the bivafent ions tested all lie 
in the vicinity- of resuEts for NH: and KT. (2) At c~astant sodium concentratka 
(Cl5 &f), ‘atid &owing for some interpolation, swelling appears to increase in the 
order_ (CH,COU-, F-, HCOO-), Cl-, Br-, NO,, Z-, the bracketed ions giving 
swelkg equal to or fess than water &one. 

The- polymerization in.iti&or ions are without effect at plausibfe concentrations. 
The ~Morris and~MbrrIs* Tris buffer produces less swelling fhan 0.5 M sodium chlo- 
ride, but more than -water alone. 

Eflect of mechanicd compression 

Fig_ 3 indicates that gels subjected to compression (with distortion) graduafiy 
lost water by comparison with an unc+qressed gel, apparently approaching a limit. 
At ordinary room temperatures, the weight of standard gels cam certainly fall below 
its initial value. 



G.& prepme&cidi&3g ~Zr, rej? 2 
-. : .~ 

Fig. 4 shows the weight -history -of gels exposed to the sequencE of conditions 
recommended by Morris and MorrS. It was not possibk to reproduce these-con- 
ditions exactly, as they are not completely speci%d, an+ in the present Work each 
stage was prolonged somewhat in order to show the phases more distinctly. Two 
separate experiments are shown Tn one, khe 6inal incubation (c&&pond& to the 
24h~electrophoresis procedure of ref. 2) was car&d out in contact w&h Sofution; 
in the other, the gel was instead wrapped in a plastic &et and subjected to slight 
compression in order to mimic a possible compression effect of the upper cooling 
plate employed by Morris and Morris2. 

These authors do not specify the temperature at which washing procedures 
were carried out, but it is clear from their description that gels were 6rst exposed to 
the working ekctrophoresis temperature (10-l 1”) when placed in the apparatus shortly 
before be&nning the run. The results in Fi,. a 4 make it seem unlikely that such gels 
will have shrunk to their final equilibrium position, eveti at the end of a 24h %m”. 

Ag. 4. Weight history of gels treated as in ref. 2. Gels were prepared by photopdymerization. Each 
symbol shows the weight history of ~LIZ individual portion of gel. (t) 0, 0 ; the moufd in this instance 
xvas 3.2 mm deep. Portions of gel were exposed to the following sequence ofcondition.~. 0.5 MN&X: 
2Y,2.5 days; Tris-HCI b&Ye?: 25”, 7 days; Tris-IX1 btier: X5”, 2 days, (2) A, A; the star&cd 
motid was used 2nd the gels exposed to the foIlowing seqrrence of conditions_ 0.5 M NaCl: LB”, 5 
days; water (3 changes): 2.F, 48 h; T&GHCl buffer: X0,6 days; wrapped in thin polytbene film and 
compresse+ at 6.3 glcm2, LOS”, 7 days. 

Eij>ct of gel composition 
Where comparison is_ possible, the t-es-llts on swelling at 25” confirm those 

of Richards and Lecanidou4, and are therefore not reported in detail: them is a 
minimum of swelling at 9-15 0/O T (varying tvith C.)_ As polymerization is exothermic, 
high temperatures may occur and thus Sect gel resistance to swelling fcf- -Fig. 2). 
$ome expkiments were therefore performed at low initiaXtem&~~tures, and the 
results suaest that thk high-temperature effect is present but is not sufEcient to 
account for all the excess of swelling observed at high T ~aixs@&l~~EI). 

-. .- 
._ ~. 

i 



l 270 
179 

15 21 40 176 
30 22 SO 227 
30 0 40 201 

l Weight of tied ge! ~natrix indicates tit extent of polymerizztian was only 90%_ 

Gek containing only agzcrose (I % w/v) appear not to swell in wder at 25” or 
in LOO m&f sodium chloride, and may even decrease in weight. These gels lose water 
very quickly to titer paper, certainly quickly enough to disturb the results, and it is 
difhcult to be sure that the cbserved loss is not an artifact_ h’owever, gels containing 
both agarose (1 “A and acrylamide (T = 5, C = 5) behave rather like gels of acryE 
amide alone, zhhough within much narrower ?&its. The swelling observed was 
(incubation temperature, weight incresse): 5-O”, -0.2 %; 25q f7.4 %; 40”, t 12.0 %. 

The initial swelling of gels made with recrystaliised acryhunide was indistin- 
guishable from that of the standard gels. 

Eflect of gel diickizess 
As might be expected, gels thinner than the standard gel achieved quasi- 

equilibrium more quickly, and conversely: 2 mm thick gels had almost completed 
swelling within 24 h (at 25’). 

The dependence of swelling on gel composition has been known for many 
years’, and a theory exists that tinks this effect with get opacity’. The present paper 
describes a variety of other phenomena connected with gel swelling, which have either 
not been reported or are mentioned only indirectly in previous publications. Theo- 
retical explanations are not yet available for most of &se phenomena, but such are 
the implications For the theory and practice of gel electrophoresis and its correlation 
with gel chronatography, that to wait indefinitely for the formu&ion and testing of 
such explanations 2ppea.m to be unjustSed. 

Gels distort and shrink under a compressive load, behaving Iike slow-acting 
sponges. The loads concerned are modest and it seems unlikely that a gel cast and 
kept con&red w&in a rigid container would burst Its bounds, but that is not to say 
that such a gel would be un&ected by the phenomenon of swelling. Uneven d.istri- 
bution of imbibition seems fikely and where the ends of a gel slab or cylinder are 
unco&ed, as is usual, there is no doubt that swelling does occur, with local and 
perhaps more general distortion ofthe get structure, spreading a considerable distance 



into the main body of the gel. Mechanical distortion of gel siructmq without an 
ap@reut change in volume, has been used to control the activity of enclosed en- 

zymes?, a remarkable instance of the possible effects of such stresses.- 
While the-usual analytical ap,;lications of gel electrophoresis ‘may be little 

affected by swelling, because cautious practitioners avoid using the ends of the gels, 
this effect is much morT serious in preparative electrophoresis. Further, shrinkage 

cannot be controlled by this type of mechanical restriction: there is no doubt that it 
occurs, and that its effects may be serious in some applications. 

One might predict that the extent of swelling would be temperature dependent, 
but perhaps not that the common types of gel could easily be made to shrink by 
cooling sufficiently and that some would do so even at normal ambient temperatures. 
This shrinkage is quite independent of, and much more extensive than, that which 
occurs by reason of gel formation4 or simply by thermal contraction_ These temper- 
ature effects are bound to give rise to problems in prolonged prepara,ive procedures 
(becausr not all parts of the gel ME be at the same temperature) even if they also 
offer some hope of controlling swelling. 

The swelling of polymer gels has been treated as au osmotic phenomenon”*‘*. 
The equilibrium of swelling is then “a balance between the internal osmotic pressure 
of the gel and the negarive entropy of distension”, or, put crudely, between a swelling 
pressure and the elastic retraction of the gel mesh. This theory provides at least a 
qualitative fit with the observed dependence of swelling on temperature and mechani- 
cal restriction, including the behaviour of agarose-acrylamide gels, in which the 
agarose can. be regarded as providing a less extensible network than acrylam?e alone. 

In vinyl polymerization, polymer chain length is inversely related to initiator 
concentration”. This suggests an explanation for the infhrence of initiator concen- 
tration on swelling: longer polymer chains might imply larger and less numerous 
osmotic u&s (even if these are not co-extensive with covalently linked “molecules”) 
and might also result in an inherently stronger gel matrix. The greater swelling tenden- 
cy found for high polymerization temperatures may be similarly explicable. 

It is not so easy to explain the occurrence of increased opacity in gels set at 
low initiator concentrations or at 5”, nor the rather large swelling tendency of the 
latter. Opacity is knowu to depend upon gel composition and is correlated with 

swellkg resist=c+*. However, it has been shown above that gels of standard com- 
position (T = 5, C = 5) are more opaque than is normal and more resistant to 
swelling if set with low initiator concentrations; here opacity is related to swdhng 
resistance but not to degree of cross-liuking. Further, if sels of standard composition 
are polymerized at 9, they are much more opaque than is normal, but show a stan- 
dard or greater swilling tendency_ In this instance, not only is the opacity unrelated 
to degree of cross-linking, but a breakdown in the predicted relationship ro swelling 
resiszfince occurs. The same theoryj was used to predict the observed increase in swel- 
ling tendency at high T values, on grounds simply of the structure of the gel matrix, 
but it has been shown above that this increase is due, at least in p&to self-induced 
high temperatures during~olymerization. Clearly, the theory is incomplete. 

The above observations on the effect of polymerization temperature are not 
necessarily valid for photo$olymerixed gels, in which the generation of free radicals 
probably depends chiefly. on the intensity of 1lumination. 

There is not yet any evidence to indi&te the mechanism of the effect of various 
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solutc~ of low rkilecuf~ weight, which must be presumed to be apable of perretrating 
aLmost ail interstices of the ge1 meshwork. Faztors that may be considered to have 
potential eEect are: the 2fEnity~ of 2 componeiii of the gel for mofecules that are 
hydrated to a greater or fesser extent; a Donnan-me e.%it; and competition for 
water between the gel and the solution. Evidence in respect of these possibilities 
should be obtainable from tixperiments on the distribution of water and solute 
molecules between tke gel and tke solution. The competition theory @attractive; it 
could account for tke behaviour of ethanol and, at least in part, the reldfive ef&cts of 
metal ions, but it is difficult on this basis to account for phenomena such as the 
widely varying efZects of halide and other anions. 

Attributing effects to one ion or the other in a salt solution is fraugkt with 
difficulties and may be impossible without recourse to theory or extraneous experi- 
mental evidence. The present results could be fitted by postulating a swelling- 
potentiating effect of aaions, which can be outweighed by a suflicient concentration 
of appropriate cations. With gels carrying charged groups, the effects of ionic solutions 
are readily understood and have been well studied’l, but simple polyacrylamide gels 
have no ionisable groups deliberately included in their make-up. There may well be 
some adventitiously present, but no information is available on this aspect and in any 
evmt coulombic interactions would not provide an explanation for the effects of non- 
ionic solutes. 

Evideece provided here shows that it may be possible to eliminate or control 
the swelling of polyacrylamide gels used for eIectrophoresis by any or all of the 
following means: (i), selecting poiymerization conditions, including avoidance of 
large masses of monomer solution; (ii), allowing pre-swelling to the desired dimen- 
sions; (iii), controlling actual run temperature and temperature different&; (iv), 
mechanical restriction, including incorporating of agarose, etc. : Cv), choice of buffer, 
selection of ions, concentration and pH; and (vi), pre-shrinking at 2 selected tempera- 
ture and then operating at a higher temperature. Of the above, perhaps only (ii) and 
(iii) have so far deliberately been made use of for this purpose. Swelling or distortion 
of gels caused by the process of electrophoresis itself may modify some of these con- 
clusions. 

Very probably, the phenomena recorded here wit1 accou~ for the diEculties 
of Ogston and PrestonX3, who found that their celluiose-polyaciylamide bilayer strip 
osmometer was sensitive to both salt concentration and temperature_ It was not, of 
course, their purpose to explain tkese findings, and the nature of their experimentai 
-material would prevent a conclusion 2s to whether the original effect was upon 
cellulose or poIyacrylamide, or botk. 
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