
Novel affinity separations based on perfluorocarbon 
emulsions 

Development of a perfluorocarbon emulsion reactor for 
continuous affinity separations and its application in the 
purification of human serum albumin from blood plasma 

. . 

usual colutm n~odu of opcratian imposes some lim- 
itations on its practicality when moving from ana- 
lytical to process scale. One of the limitations is the 
inherent cyclic batch nlodc of operation (i.c. load. 
wash. clutc md rc-equilibrate). which mans that 
purified product is only being rccovertd at one 
stage of the opcratiotl. Furthwmorc. operational 
probicrns arc also encounter-cd. e.~. the difticulty of 
waling up. cohum~ occlusion by particulntcs ncccs- 
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&ting the incorporz\tion of a filtration or centrifu- 
gation step, attainable throughputs etc. Some of 
these problems have been tackled by changing the 
contacting stage from a column to some other con- 
tactor. Notable examples include continuous &in- 
ity-recycle extraction (CARE) [I], in which solid. 
liquid contecting, is carried out in well-mixed reacn 
tars (continuous operation is achicvcd by recircula- 
tion of adsorbent between two or more contactors) 
and cxpandcd bed adsorption which can work in 
the presence of p~~rti~l~l~te~ f2]. By expanding a bed 
of adsorbent by flowing a solution upwards 
through the bed, particulatcs can pass unhindered 
through spaces generated between the adsorbent 
particles. Other systems change the physical nature 
of the adsorbent or use reverse miccllcs [3]. mcm- 
branc encapsulated ligands [4] and affinity parti- 
tioning using two-phase aqueous polymer solutions 
[S]. All the above processes arc amcnablc to both 
scale up and continuous operation and have met 
with some degree of success. 

A novel approach to continuous atfinity scpnra- 
tions is the USC of pcrfluorocurbon atfnity cmul- 
sions. Perfluorocarbons are a class of synthetic mol- 
ecules derived from hydrocarbons in which all the 
hydrogen atoms have been replaced with fluorine 
atoms and arc charactcriscd as being chemically 
and biologically inert, have low solubility in aquc- 
ous and organic solvents and have densities in the 
region 1.6-2.0 g/ml. In separation scicncc, pcrfluo- 
rocarbons have been used as packings for HPLC 16) 
and as stationary phases in gas-liquid chromatog- 
raphy [7]. Conccptuaily, a solid pcrfluorocarbon 
would make an ideal chromatographic support bc- 
cause of its stability and mechanical strength, al- 
lowing it to be used at high flow-riltes and under 
harsh conditions. However, the incrtncss rend 
hydrophobic character of perfluorocarbon surthccs 
has precluded their USC in atfinity chromatography 
where hydrophilicity and C;ISC of derivstisation at-c\ 
deemed desirable. Recently, chemistries have been 
developed that allow for modification of the pcrflu- 
orocarbon surface with subsequent cast of l&and 
immobiiisation [8]. Perfiuorocarbon surf&es arc 
only wetted, in water, in the prescncc of surfactants 
that adsorb to their surface. Kobos et ~1. [9] de- 
scribed the tcchniquc of perR~laronlkylatit1~ cn- 
zymes in order to promote their adsorption to flu+ 
rocarbon surfwx. This was exploited in the dcvcl- 

.opment of a urea clcctrodc by immobilising pcrfluo- 
roalkylatcd urcasc onto the surface of a gns-pcrmc- 
able fluorocarbon mcmbranc of an ammonia 
sensor. Further work led to the devciopmcnt of im- 
mobilis~ktion procedures for a variety of biomolc- 
cules ranging from enzymes to ufiinity tigands on 
both solid and liquid pcrlluorocarbon surfaces I, IO]. 
More recently, the technique of perfluoroalylation 
has been used to gcncratc perfluorocarbon based 
affinity supports based on triazinc dyes [I I]+ Consc- 
quently, Ct. Reactive Blue 4 was substituted with 
pcrfluoroalkyl groups and used to purify rabbit 
muscle lactate dehydro~cn~~se on both solid and 
liquid perfluorocarbons. These atsnity supports 
were found to bc quite stable under a range of harsh 
conditions: however, iigand leakage was detcctcd in 
ccrtuin aprotic solvents and in the presence of albu- 
min solutions. A new rang of perfluorocarbon sup- 
ports were then developed which utiliscd the coat- 
ing of the perfluorocarbon surface with a hydro- 
philic polymer lnyer 1121: paly(viny1 alcohol) (PVA) 
was dcrivatiscd with pcrfluoroulkyl groups and was 
found to itdsorb strongly, and csscntinlly irrcvcrs- 
ibly, to pcrfluorocarbon surfaces, This approach 
and subscqucnt approaches, gave rise to gneric 
chromutographic supports which could bc substi- 
tutcd with a range of ligands such iis t&zinc dyes 
[i 21, metal chelating groups f i 31 and Protein A [ 131. 

WC have conccntratcd on the devclopmcnt of 
liquid perfluorocarbon chrontutographic supports 
using tcchniqucs similar lo those outlined above. 
Pcrtluorocarbon atlinity emulsions arc generated by 
homogcnisation of a pcrHuorowrbon oil with a 
polymeric surfactant previously dcrivatiscd with an 
ul%nity ligand and subsequently cross-iinkcd i/l sittr. 
Pcrfluorocarbon emulsions arc interesting. in it bio- 
chemical cnginccring scnsc, bccausc they open up 
possibilities for continuous aflinity separations. WC 
hrtvc previously shown [ 141 that pcrlluorocarbon 
emulsions incorporating aflinity ligands could bc 
gcncratcd which could bind human strum :llbuntin 
(HSA) and lysozymc. We later showed how an uf- 
finity emulsion incorporating the affinity ligand C.I. 
Rcactivc Blue 4 could be used in an cspandcd bed 
for the semi-continuous purification of HSA from 
blood plasma [l 51. Howcvcr. these operations were 
restricted to the WC of the emulsions in cspandcd 
beds and in ardor that the emulsions bc used for 
continuous separations. the cmrtlsion phnsc would 



have IO be transported. Although the emulsions 
wcrc stable when used in cxpundcd beds, it was 
found that when pumped, for prolonged periods of 
time. the droplets begun to coalcscc. The stability of 
the emulsions wits found to be dependent on both 
the molccult~r muss of the polytneric surfuctant used 
und the degree of substitution of the ligund [l6], In 
order to make the emulsions more stable a tech- 
nique of chcmicatly inducing Rocculution between 
discrctc emulsion droplets was dcvclopcd. This was 
carried out by increasing the molar ratio of the 
cross-linker used und by rn~in~~inin~ cxccss poly- 
meric surfactant in solution when cross-linking. A 
mol/mol ratio of 141: 1 ~~ll~~~ruldchydc:PVA) was 
found to give a very stable floccule of a prcdic&blc 
size and giwvc u high rccovcry of bound protein [ 173. 
Flocculation (20-60 drops/llocculc) ulso inct+citscd 
the scdimcntation rate of the emulsion and fucilitat- 
cd collection from the aqueous phase. 

Pcrfiuorocarbon aftinity emulsions possess 
unique features not commonly found in convcn- 
tional ntlinity supports. Both the high density of the 
core pcrlluoroeurbon oil ( I .92 g/ml). which gcnor- 
utcs rapid scdimontution times in t\quco\ts solu- 
tions, and the inhcrcnt transportability of liquid 
emulsions arc fcaturcs which can be us& in contin- 
uous atlinity separations. In order to perform con- 
tinuous scpurutions. WC have dcsigncd and con- 
structed a four-stngc mixer settler unit. PERCAS 
(cm acronym for pcrlhtoroearbon emulsion reactor 
for continuous aHinity scpawtions). And in this pa- 
per WC describe the USC of PERCAS for the contin- 
uous scpuration of HSA from blood plasma. 

EXPERiMENTAL 

PVA (t\$, l IS 000, 100% hydrolysed) was pur- 
chuscd from Aldrich (Gillingham. UK) as was sodi- 
utn thiocyanata. Pcrfluorodcxatin (Flute PI%) was 
obtainud from ISC Chcmioals (Avonmouth. Bris- 
tol, UK). Sodium acetate (anhydrous) was pur- 
chased from Fisons (Loughborough, UK). The di- 
agnostic reagent kit for serum aIbumin dctcrmina- 
tion was purchased from Sigma (Poole, UK) as 
wcrc the chemicals sodium dihydro~cnphosp~~tc, 
disodiutn hydrogenphosphutc, 2-mercuptoethanol 
and glutaraldehydc (25%. w/v). Put-c hutnm scrutn 
albumin was ~ISC-I purrhasod from Sigma while hu- 

man plasma was obtained from a known donor at 
the National Blood Transfusion Ccntrc (Notting- 
ham, UK) and tcstcd negative for HIV III. HBS 
antigen and syphilis. C.I. Rcactivc Blue 2 was pur- 
chased from Polyscicnecs. Alt other ehcmic;tls wcn’ 
purchased from BDH (Dagenham. UK). Mnster- 
l\cx pcristaltir: pumps (Colt-Prrlmcr, UK) wcrc part- 
ly used for dclivcry to the PERCAS unit, the rc- 
maining dclivcry pumps were a Pharmacia P-I 
(Pharmacia Biotechnology, Milton Keynes, UK) 
and a Minipuls II (Gilson. France). 

The polymeric fluorosurfaetont-dyc conjugate 
was synthusiscd csscntially as described previously 
[IS]. Honcc, PVA (M, 1 I5 000. 100% hydrolyscd, 
IO g) was dissolved in distill& water (200 ml) by 
heating to 80-90°C for 30-40 min. The soiution was 
eoolcd and the triazinc dye Ct. Reactive BIuc 2 (5 
g) added and the solution stirred for 30 min at room 
tcmpcraturc. The rcaction mixture was heated to 
WC with the addition of sodium chloride (5 g) and 
sodium curbonatu (5 g) and relluxc~I for 3 h. Sodi- 
um hydroxide was ttddcd (5 g) and rcl’luxing oontin- 
ULX! for u further 5 h. Dyed polymeric fluorosurtic- 
tunt was purified and charactcriscd as described 
previously [IS]. 

PcrfIuorodccolin (95 g) was homogeniscd with a 
solution of dya! polymeric fiuorosurfstctont (200 
ml. 25 m@nl) in t\ cplindricrtl glass vcsscl. Homogc- 
nisation was carricz out for 2 min using Rll Ultra- 
Turras T-2.5 hontogeniscr (Sartorius. Surrey. UK) 
(full spaif. The resulting emulsion ws then cross- 
linked and flocculutcd. 

Pcrktorocarhon affinity cm&on (60 mt ) ivas 
itddcd to a snlutiott of free dyed polymeric tluoro- 
surfaetant in distilled water (100 ml. IO mgjml, pH 
7.0). To this stirred solution was add& glutaraldc- 
hydc to n final molar ratio of 141: 1 (glutamIde- 
hydc:PV.4). Al& 10 min. HCl (5 rM) was added to 
gist a final eonecntrz\tion of 0.1 1W. Cross-linking 
and flocculation was car&d out for 1.5 h and tcrmi- 
natcd by the addition of sodium hydroxide to 0.5 
l\$. The cmulsiott was aitowtd to settle and the 



aqueous ph~c dismrdcd and rcpluccd with 60 ml 
distitlcd water and mixed. This solution (cmulsiou 
und wutcr) was transkrred to P buchncr tlusk and 
vigorously dcgusscd for 2 h. The sctticd emulsion 
was collcctcd and washed with 20 mM sodium 
phosphate buffer, p&i 5.0 until washings were clcur 
of free dyed polymer as determined spcctrophoto- 
metrically at pcuk nbsorbancc of the ligand (620 
nm), A sttmplc of the cm&ions was then anatysod 
for t~occulc size distributions using a Mastcrsizcr 
MB.02 (Mulvcrn Instruments). 

Protein dctcrminrttion wus carried out routinely 
using the Picrcc Coomassic protein assay rcagcnt. 
Protein concentrations in stock solutions wcrc ini- 
tially dctcrmincd by absorbance at 280 nm using an 
extinction coctlicicnt of 0.53 ml mg- ’ cm- for 
HSA [l 81 and 0.66 ml mg- * cm- ’ for bovine strum 
albumin 1191. Spcctrophotomctry was carried out 
using a Shimadzu UV-160A spcctrophotomctcr 
(VA Howe. UK). Serial dilutions of stock solutions 
(20 ~(1) were incubated with assay rcagcnt (I ml) by 
mixing for 10 min ut room tumpcraturc. The absor- 
bance was then rci\d at 595 nm against a bufYcr 
blank to prcparc standard curves. 

Serum albumin content in plasmu was dctcr- 
mined using the bromocresol green assay 1201. A 
standard curve was prepared by taking serial dilu- 
tions of stock HSA (200 g1) and adding assay t-c- 
agent (I mi). Tho absorbance was read at 62X nm 
after 10 min incubation. Pfasmu was ccntrifugcd 
(8800 g. 5 min) and then tiltcrcd (0.45 cnn). Diluted 
(I in 50) samples wcrc assayed for total protein. 
Dilutions (1 in 10) WI-C assayed spccifioalty fog 
HSA. 

The equilibrium adsorption isotherm for HSA 
was detcrmincd using the procedures outlined by 
Chase [2%?. An emulsion slurry ( 1 ml of a 1: I cmul- 
sion:buf r) (20 mM sodium phosphate bufI?r, pH 
5.0) was pipcttcd into each of u scrics of Eppcndorf 
micro tat tubes. The ctnulsion phase was allowed 
to scttlc and the supernatsnt discarded. To cnch of 
thcsc tubes was added HSA (I ml) in 20 mi13 sodi- 
um phosphate buKcr, pH 5.0 to give 8 range of con- 
centrations up to 5 mg~ml. The test tubes W-V ro- 
tary miscd for 2 h at room temperature bcforc the 

anulsion was scttlcd and the aqueous phosc assayed 
for rcmuining protein, The amount bound to the 
cmutsion can bc calculutcd from it knowledge of the 
cquilibriunl concentration and the starting conccn- 
trution. 

In order to dctcrminc the recovery of houtld 
HSA, the supcrnatunt was rcmovcd and the omul- 
sion washed ( x 3) with 20 mM sodium phosphate 
but&r, pH 5.0 (1 ml), HSA was clutcd with sodium 
thiocyanatc (0.5 Mf in 20 mM sodium phosphate 
buffer, pH 8.0 (t ml) and ull Gxctions wcrc ~~ycd 
for protein, The rcoovcry of bound HSA could bc 
dctcrmincd by constructing a simple mass b~hvx, 

PERCAS (containing 30 ml of scttlcd cntulsion) 
was cquilibrutcd with the upproprintc buf%rs 
(stagcs 1, 2 and 4, 20 mN sodium ucctutc, pH 5.0: 
stage LO.5 M soditm\ thiocyanatc in 100 mM sodi- 
um phosphate, pH S.0) at the tlow-rates shown in 
Fig. 3a. Onto a steady stuto had been rcnchcd (1 h) 
whcrc the lcvols of emulsion in the settling cham- 
bcrs were equal. the buKer input into stage I was 
changed to HSA (500 ~&ml). The cspcrimcnt was 
continued for 3 h with aliquots (200 ~(1) being taken 
from the top phase of settling chambers I end 3 
cvury 15 min. The Bow over from each stage was 
also collcctcd throughout the cxperimcnt. Ail sam- 
ples wcrc assayed for HSA and the lIow,ovcr was 
also monitored for change in pl-i. 

PERCAS was cquilibriktcd as dcscribcrt above us- 
ing the tlow-rates shown in Fig. 3b. Again. once a 
steady stutc was achieved the bufl’cr input into stage 
I was changed to plasmrt (0.75 mg/ml). Samples 
wcrc again cotlcctcd cvcry 15 min for 4 IL the Bow 
over was also collcctcd. All Eamplcs were assayed 
for totai protein and spocificaily for HSA. Sumptcs 
wcrc taken for analysis by sodium dodccyl sul- 
phatc- polyucrylamidc gel clcctrophorcsis (SDS- 
FAG E). 



WCI’C Pht~~lCi~l HO~IIO~C~XOUS 12.5 ( I 3 t’L\ttl stacking 
gel zone, 32 mm srpamtion gel zone), used iu con- 
junction with PhastGcl SDS BuRcr strips (0.55%. 
w/v, SDS). To the samples was added SDS to 2.5% 
(w/v) and 2-mcrcaptocthanol to 5% (v/v), The sum- 
ptcs wcrc than hcatcd to 100°C for 5 min and bro- 
mophcnol blue added to upproximutcly 0.0 I K (wf 
v). Protein samples (4 ~tl) wcrc loaded und the gels 
stained with PhastGcl Blue R (Coomassic R 3zW. 
Gels wcrc stored in u preserving solution containing 
10% (v/v) glycerol l d IO‘% (v/v) acetic ucid in dis- 
tilled water. 

Fig. 1 prcscnts a diagramatic rcprcscntation of 
PERCAS. The unit was made cntircly from Pcrspcx 
to allow case cf construction and to cnabtc visual- 
isation of the process. Mixing wus induced in the 
four chambers by USC of a small rectangular imp&l- 
cr conncazted via a stainless-skull shsft to a belt and 
pulley system. The impcllcrs wut~ rotuttd using a 
simple variable spc’cyI B.C. motor. The settling chum- 
bcr was dcsigntd to cnsurc that emulsion phase 
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contamination of the upper uqucous phase was kept 
to a minimltm. The upper aqueous (or non-pcrlluo- 
rocarbnn phase) was uctivcly pumped out of the 
settling chamber which also includes a sample port 
for sampling of the aqueous phase, Fig. 2 shows the 
operational principle behind continuous affinity 
separations using pcrfluorocarbon atlinity cmul- 
sions. Emulsion and itqucous protein phase arc 
pumped into the first mixing chamber whcrc itd- 
sorption takes pl~c bctwcen the aflinity emulsion 
and the target protein. After a prcdetcrmincd rcsi- 
dcncc time, which is govcrncd by the flow-rates, the 
contents begin to spill over a weir into the ndjilccn\ 
settling tank, Were, bccauso of the high density, scp- 
aration of the emulsion phusc from the uqucous 
phase occurs rapidly, The aqueous phase contain- 
ing non-adsorbed components is pumped out and 
the cmulsian pht\sc is pumped into the second mix- 
ing chamber. A flow ofwa4~ buf3’er into this second 

chamber rcmovcs any contaminants cntrupped 
within the loaded emulsion phase. Again, the con- 
lcnts spill over into a settling tank whcrc phase scp- 
nration takes plncc. The washed emulsion is then 
pumped into the cluting stage where the clucnt 
flow-rate is controlled so as to mi\ximisc the conccn- 
tration of protein clutcd into the aqueous product, 
The emulsion phase is then pumped into the fourth 
mixing chamber whcrc the emulsion is w&cd fruc 
of entrapped clucnt with loading buffer. After sct- 
tling the emulsion is recycled buck to the first sti\gC, 
The flow-rate of the emulsion phase throughout the 
unit is kept constant while the flow-rates of the vari- 
ous aqueous phase constituents can be varied. By 
using PERCAS it is possible to process large vol- 
umcs of protein containing solutions by using it rol- 
ulivcly small volume of emulsion bccuusc the am& 
sion is cominuously rccyclcd. 

Fig. 3a and b prcsont, di~grumutic;tlly, the vuri- 

emulsion phase conuining wuhcd dmplclr 
‘ 
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ous pump positions and descriptions of ftxd com- 
positions for the PERCAS unit, Streams 1,2,3 and 
4 WC pumped using u single multichannel pump; 
which could have been omitted if each settling 
chamber had B weir. Stream 9 (i.e. the emulsion 
phase stream from each settler) also used a mul- 
tichnnncl pump. The remaining streams S, 6, 7 and 
8 all used single-channel pumps, which makes the 
total inventory of pumps 6, This inventory could be 
rcduccd to 2 if ;I scrics of weirs rcpluccd the sinplc 

muhichunnd pump used for strcms 1, 2, 3 and 4 
and a multichannel pump replaced the single &an- 
ncl used for pumps streams 5, 6, 7 and 8. 

The dcgrcc of ligimd substitution on the WA (M, 
I IS 000, 100% hydrolyscd) was cstimutcd to bc 
0,98:1 (dyc:PVA molar ratio) und is similar to that 
WC huvc rcportcd previously [14j. Homogcnisution 
(20% v/v, pcrftuorodccalin) produced cntulsior? 
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droptcts with un avcragc diiimetcr of 12.5 pm and D 
size range of 4-4Q pm (Fig. 4a). The surf;rcc area (a 
ptnxmctcr dotcrmincd by the Malvcrn Particlc Siz- 
cr) wits 03 m2/mi scttfcd cmutsion. Cross-tinking of 
the cm&ion was insligutcd by rho udditian of glut- 
itmldchydc with HCI US t\ t~~tdy~t [23]. AS OXCL’SS 

gluturaldchydc und PVA wcrc used. cross-iinking 
occurs bctwccn adsorb& PVR tnoleculcs cm the 
surfwc of the droplet itnd bctwwn frcw WA in so- 
tutinn, bctwccn adsorbed PVA mokxzulcs and aiso 
hctwccn PVA molcculcs on scpwttc droplets. This 
inter- and irrtrs-orass-linking cKwtivelg builds up a 
I\occulo of discrctc ctnulsion drop& whose: growth 
(for ;t given concentration of PVA ;wd cross-Ii&w) 
is dcpondcnt on the tinw of cross-iinking. Folkwing 
cross-linking, the cnwlsion ftocculcs i\n\ vigourous- 
ly dcgwsed. WC bclicvc that dcgassing lcuds to a 
condensation of the PVA on tho emulsion &xculc 
and an ovcrt~ll tightening up of the tlo~~~~l~. This is 
cvidonccd by u change in the ftocwulc size distribu- 
tion. Fig. 4b shows the size distribution of a tlowt- 
luted emulsion before dcgwsing while Fig. 4c shows 
the mtm otnulsion once degassing htw hccn cow 
plctcd. The nwan flocculc diwncter drops from 177 
ym to 13 /ttn on dee;tssing. A microscopic csami- 
nation of the supcrm~ti~~~t after dogassing rcvculs n0 
cvidcncc either ot’thc floccul~ brcuking up. or of the 
emulsion hrcuking dmvn. WC hciicvc that w tic- 
gassing. the outermost PVA luycr is puilcd to the 
surfwc bringing with it bound droplets. if pwsent. 
Clncc 011 the surf;wc. the PVA tlX\y IICitCt \Vith rc- 
nxtining free aldchydc groups. Thcr&m. iit using 
thcso prclccdurcs dcnsc emulsion flocculos ttrc pro- 
duced which show superior stability yet still mait\ 
the inhcront transportability of tho disctvtc anut- 
sion. 

2*o* 
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which dcscribcs the equilibrium capttcity of the 
emulsion (cl*) as II function of the equilibrium con- 
wntrxtion of protein in the soluble phase (C$f [211 



where K,, is the dissociation constant. The maxi- 
mum cupucity of the fkculatcd cmuision fqm) for 
HSA was found to be I.81 mg/ml sctticd cmukion 
with (&) = 0.12 mg/ml, The qrn of the flocculated 
cmutsion (1.81 mgjm1) is higher than that quoted 
for a previous discrctc emulsion incorporating the 
Same aflinity ligrtnd (0.37 mg/ml) 1143. This is to bc 
cxpcctcd sincc the tloccuiatcd Salinity cmuision COW 
tains not only emulsion droplets but also bridging 
dyed WA moiccutcs which would rcsuh in an in- 
cre;tsc in the surfax itrc;t compared to a non-po- 
rous particle with the sumc diumctcr. (Kd) is ap- 
proximutcly the sumc as dcscribcd prcviousiy (0.12 
my/ml as opposed to 0, IO mg/ml [ 114)). It is dcsirahic 
to hnvc the & ns tow as possible as this will deter- 
mine, in part, the rcsidcncc time required in the ad- 
sorption stage of the PERCAS unit. 

The possibility of irrwcrsiblc non-specific ad- 
sorption of HSA ortto the emulsion fiocculc was 
tested by washing and clution of HSA from tho 
emulsion following the isotherm dctcrmination. 
These results are depicted in Table I and show that 
the avcragc rccovcry of HSA was 96%. The absence 
of irrcvcrsibic adsorption dcmonstratcs that the 
PVA WIS cft&tivciy wetting the surfax 01. the pci- 

tluorocarbon and that thcrc was limit& cspowre ol 
fi-cc aldchydc groups. Consequently. the cross-link- 
cd emulsion did not require cupping with cthunol- 
amine. 

PERCAS. with the ftoccult\tcd CIIIU\S~O~I. \ViIs 

tested for its ability to bind and &tlc HSA on it 
continuous basis. In stngc 1 contact bctwccn the 
HSA und the nltinity emulsion tukcs pIace. AFtcl 
settling. the lo&cd onwlsion is trunsportcd to stugc 
2. Any HSA that has not been adsorb& to the 
emulsion remains in tho aqucotrs phase and is 
pumped out oT the settling chamber (rcfcrrcd to as 
the flow through). Thus. a concentration protitc for 
non-adsorbed HSA appears as shown in Fig. 6. 
This is ;tnaiopous to a hrcukthrough curve as ob- 
tained in column chromatography. The c\ution of 
hound HSA f’rotn the ultinity emulsion takes place 
in stage 3. Again the concentration of olutcd HSA 
builds up in the settling chantbcr IIS seen in I-ip. 6 
until a steady state is t-cached. The concentration of 
HSA used MS 500 /@ml. The cmulsion flow-rate 
(0.76 ml min) and the HSA solution tlow-rate ((I,51 



of WSA into PERCAS was 0.255 mg(min, the sum 
of the outputs of NSA from each stage equalled 
0.21 my/min which gave the process an ovcrult yield 
of 82%. Fig. 6 cletrrly dcmonstratcs that PERCAS 
is oapablc of binding and cluting MSA on u contin- 
uous basis. The versatility of the system cnablcs rcs- 
idcnce times, wash rates and product concentration 
to be controlled by changing the approprintc flow- 
rates. 

Fig. 7 prcsonts the results for the continuous pu- 
riliwtion of HSA from human ph\smt\ using ;t kc- 
culutcd pcrlluorocarbon aftinity emulsion and 
PERCAS over it 4-h period. The graph is plotted as 
total protein concentration against time for the out 
Mow from stages I and 3. The cxpcriment ws run 
for 3 h to rctxh a steady state and then for a further 
1 h. Aliquots from the steady stutc region wcrc col- 
lected und used to prepwc the data in Table 111 
which shows PERCAS pcrformancc in steady state 
conditions. The input flow-rags oi plasma \v:ts 0.51 
ml~tnin and the clutcd WA flow-rate was 0.39 ml: 
min. In both wash streams (stages L! and 4) the f\w- 
rates wcrc incrcwcd from those prwiousig used to 
I.10 and 1.24 n&win, rcspLTtivcty. This xv35 to en- 
sure that contntnitwion of the clut& stream was 
kept to a minimum and that rc-equilibration of the 
emulsion occurcd. Consideration of the lcvcls of to- 
tal protein in nil the ayucous strcStmS indicated that 
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Fig. 7. Continuous purification of HSA from plusma wing t?w- 
culwti C.I. Rcactiw Blue 1 pctkluonwrbon atfinity Law&an 
and PERCAS. Plusma (diluted I in lui7 with X mdf sodhun 
acctnte b&ix. pH 5.0) \WS pump& into PERCAS stage 1 ut 
O.St18 mlmin. Purilicd HSA w’os cukted Tmm stage J akr 
clution of the emutsion with US Jf sodium thiocyanatc in 100 
mM sodium phasphatc bull&+. pW 8.0 ar a tkw-raw of 0.39 ml/ 
min. Assays pcrfkmcul as dcwribcuf under Eqwimcntal. I: = 
Flow through: 0 = clutd. 

twxcry of total protcin was 89% with the rcxxwcry 
of HSA at Sl%,. The ovcri\ll yield for the process 
was calcututcd by dividing the chncd HSA rate by 
the input HSA rate and gave 71%. T&k III shows 
that HSA was rccovcrcd at 91% purity which corrc- 
spotrdLti to a purifk~tion factor of 1 SZ (thcorcrical 
uwsimum p~~ri~~~~t~ot~ fold in rhc sample used is 
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1.64). Fig. 8 shows the SDS-PAGE analysis of the 
puritication and clearly dcmonstratcs the high puri- 
ty of HSA in the ehttcd stream (B) compnrcd to a 
commercially availtlblc pure HSA sample (C). 

CONCLUSIONS 

The importance of downstream processing in 
biotechnology has been cvidcnt now Ibr a number 
of years. Gencrai downstrcum processing flow- 
sheets ultimately contain a cascade of t’ractionution 
tcchniqucs ot‘ varying sclcctivity. The fit*al yield of 
purified product dcpcnds heavily on the number of 
steps rcquircd for purification. as docs its scllitg 
price. In order to rcducc the number of steps rc- 
quircd t’or puritication. the inclusion of a high rcso- 
lution technique as early on in the floxshcct as pos- 
siblc is dcsirablc. Ideally. this high resolution tcch- 

niquc should be able to opcratc otticionrly in the 
prcscncc of cclts, ccl1 debris, cell culture constituents 
etc. IT this process wcrc also able to work contin- 
uously then the process economics would bc more 
l’avotwtbic. Continuous proccsscs arc bcttcr suited 
to scale up and optimisation than batch proccsscs 
and itrc mow easily in~cgrutcd into ;t productiott 
;!titt is itsclfrun continuously. The inventory ofbio- 
scpwation proccsscs that fit into this idcnl category 
is, ut prcscnt, somewhat iimitcd. Espwndcd bed ad- 
sorption [Z] has the advantage thitt crude fccdstocks 
cun be proccsscd ctlicicntly; howcvcr. its mode of 
opcrution is not continuous since WitShin& chition 
and rcgcncration of the bed has to bc cwricd out 
bcforc another cycle of‘ adsorption can take pluoo. 
CARE [I ] is it rclativcly new concept that WCS statt- 
ditrd adsorbent partidcs in continuous stirrcd rank 
rcactor~. Contacting bctwccn ttdsorbcnts turd solu- 
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tions is carried out in continuous stirred tank reac- 
tors which permits the processing el" particulate 
containing streams. The adsorbent is pumped as a 
slurry rrom stage to stage and is kept within the unit 
by use o f  a macroporous tilter. The operating prin- 
ciple o f  PERCAS is very similar to that o f  CARE; 
however, the use of  delbrmable emulsion tloccules 
ensure',: that no attrition is encountered as could be 
observed with solid particles leading to breakup 
and loss o f  ligand. The separation principle behind 
PERCAS relies solely on gravity settling, therelbre 
forgoing the nt.~d lbr liiters to retain the adsorbent: 
these may become blocked with extended use. 

This report demonstrates the feasibility of  a truly 
continuous biosepatation procedure using no~ei 
pertluorocarbon affinity emulsions and a simple 
four stage mixer-settler reactor. The relative insta- 
bility of  discrete emulsions has been increased by 
llocculation, which not onl$, imparts greater stabil- 
ity, but also faster settling rates and greater capac- 
ity. Experiments carried out consisting o f  recircu- 
iating the attlnity emulsions through a peristaltic 
pump at flow-rates of  10 nHmin I\w 24 h have 
shown that the emulsion is very stable with no coa- 
lescence being observed. Indeed, in the cout,'se of  
our experiments we have not witnesed any emulsion 
breakdown alter many cycles of  repeated use and 
the emulsion can bc readily autoclaved. We arc now 
extending our work to direct broth extraction of 
enzyn- les  l ' ron l  S(t('chllrolllVl',.'s c¢'rci ' ishll '  hOlYtOgC- 

hates. The rapid settling times of  the adsorbent 
compared to cell,,, and cell debris should ensure that 
claritication, as well as purification, o f  the enzyme 
takes place. 

ACKNOWLEI~I(SEMENTS 

G.E.McC. gratefully acknowlcdges the Biotcch- 
nology Directorate of  the Science and Engineering 
Research Cotincil (UKI for the provision of  a re- 
search studcntship. 

REFERENt:I/.S 

I N. F. Gordon and C. L Cooney, in M. R. Ladi.~h, R. C. 
Wilson, C.-D.C. i~ainton and S. E. Build~.'x [Editors)° Prure#l 
Pur i l icat i tm,  b'roln Mohwl th l r  Mechanixnl,~ to Largl.-Sl 'ah, 
Prmx's,~,'~. ( ,4( \~ :~rtap, i.Wuut .~h¢ie~, No. 427|. Amencau 
(,'heroical Stvcicty, Wa,dlingion, D( ' .  itigik p, I I;,. 

2 It.  A. Cha~¢ and N. M. Dr, lcger, J. ('hr, uilatogr., $97 tlt~92) 
129. 

3 M, |k | zh~r .  R, l-|ilhursl and C. Laan¢..4hal. Bi,whcnr. 178 
11989) 217. 

4 A. ~tkoda,  S. ( ' .  Nilt;tn alld i l, Y. W;illg, Ktlzl'nt¢ ,lli~l'oh. 
T4~'ltnol.. 12 I |990) ~49. 

5 S. P, I:oad¢ll, Ph.D Thi'.W.t. IJ l l i~crsi t)  o f  Cal l lbr ldg¢. ( ' ; t i l l -  
br idge, 1~'40, 

6 N. I ) .  I)at l i t : l~oi l .  L. ( i .  ll¢;l*,¢r aild ,I. lili';lll~.~,ll, , t .  { "ltr,imil- 
¢+t~,'r., 544 ( I t ' l l  t Is'/, 

7 J..I .  K l r k land ,  ..luid. ('hi,l it., .%5 I I'q(~3i 2litl.l, 
S J. I%'. E v d d g h ,  pi%+.~ltll.~,.l it l tilt2 7th h l l t ' r i l t t l l i i I l i l l  ( ' l l t lh' iX'l l l '¢" 

oi l  A/htl iO' ( 'hrot ihl lO,f~ri l l ih. l ' ,  (J~ t , r l t t i l l l t l , r l z i t i t ,  ..iilgl#.~I 17 21, 
19~7. 
R, K, KoI'R~,~, J, W, Fveld~h, M. L Stepler, B. J. ! lalc~ and 
S. L l la ix t ,  An,d. ( 'hl 'ul., fi l l I IgF, S) 1996. 
I .  K.  Kobos ,  .1. W. Evelcigh ; l l ld R. Ari#nlz,,,ll. Tri 'ndl i l io.  
t¢chtiol., 7 119~'4i IOI. 
t ) .  J. Sl¢%%ari. P. ! h l gh~  and C. R. l .o l tc .  J, ~iotc, hllli l.. I 1 
t 1"4~'4i 13, 
D. . I .  St¢tt;li't. l ) .  R. Pur,,is ; l l ld (" r .  Lo%%c. J. ( 'hl ' l l i t l l l lO.~f. ,  
510 ( l t t l i l i  177. 
I. D. P i l l i , k l ,  l ) .  R. ilur~in, i ) .  J, ~l¢, l larl  t l i~] ( ' .  R. t..lltti:, i l l 
IM'~ t*l;i I';11 i t l l l .  
( i .  E. NlL.'Cri.'tllh, I I  A. t'ha,,c. I).  R. Ptlr,~i,, and ( ' .  R. I o~e. 
! t r l l l ' , " l ' , / l# l l~ l  / r i t l l l  t I. ( ' l l iW i .  E.  ~ l  "~,. iL~l'l ' l i l. ( ) l l i .~ l l '~  ( . 'O I l¢ le ,  
('anlbrid{_,l:.. lantlar~ t) l i t .  I ~ l l .  p 67  

15 ( ; .  E. ,Ml : ( ' r ,a ih .  !1. A. ( 'has,.  | ) .  t~. Pur'~ is and ( .  I .  Lot~¢. 
J. ('hroottuo.t~r., .';t),'7 ( lt~li21 IS It. 

lg., ( ; .  | ]  ,~i|t2(l¢;llh, t i .  A. t has,. l ) .  R. Pllr~,ls ~llld (L R t.tlttt,L 
t'll'¢,~.-nll~%| ;.ll %. I r ( )  . IN/ [h l 'o r iq i l  ¢1[ |di-iH/t IVII¢'Hf / l l (  hl- l t .  
tt l i i lO~t' l l l t~l.t , I / i t / i l~t '~ltt¢',# .~'s,'pltt'illilill l-t ' l  ] l l l l l~l l i 'J. /'~'l l't;/'l.l, . |l~- 
.l~titt I,%" .gO, 1991. 

17 ( i .  E. Mi.4Cr, ath, t l .  A. Chase. D. R. P u a i s  l ind C. R. Lots'e. 
pl3.~;¢llit.w~t al the Vth I t l lcr l i i t f i iq l t l t  .~i'nlllO,,,holl 1,tI ..lltinill" 
( ' ] l r i i t l l i t to~r,  lt0/{l" ,il l,/ ~li, l]ltl*,h'al ~t>l'oJ~ililioti. t'o&ohliltlll. 

_ 4 . a .  19~1. .~'el,tCvlt~. r ~ - , ,  

1~ T, Peters, Jr.. 71r" Phl~tlrt P,',lcin.~. Academic |>r¢~s, Ne~v 
York. 1975. p. 133. 

I t) D. M.  K i r s d l c n k i u n l .  g,  ntd/,,~ok ol Bioc l r 'n lL~uTand ,l:o!,>c - 
I lh l l "  ~l l l / l i . l~. l ' ,  %'O|. 2. CRCC Prig.',, C l , t c k i n d .  OI I .  3I'd Cd., 
1976. p. 54. 

20 B. I~uma.~.  W, Waisoi l  and t t .  t liT~s. ( / i . .  ( 'h im. . tc tu ,  31 

21 i i. A.  Ch;tx¢. J. ( 'hr , ,nru, l~r . .  15 t} t i °,,~4i 17'4 
22 U. K.  l .acnln l l i . .V, ,m'c.  227 ( 197ltt 6Sll. 
23 A. l l i guch i  ;Alld T. Ii.iima. /IO/llqll 'r. ]iN 119S51 INt  ~ 

IO 

11 

12 

13 

14 


