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Abstract. Cryoprecipitation is cofamonly used as the primary step in the preparation of
clinical factor VIII concentrates; yet recovery is usually very low. Much of this loss is due to
poor-temperature control and a process of continuous plasma thawing has been designed to
overcome this. A substantial improvement has resulted, with an increase in both yield and
purity of factor VIII:C of over 50% in comparison to a conventional batch thaw pro-

Cess.

Introduction

A notable problem in the production of
factor VIII concentrates forclinical use isthe
low yield of procoagulant activity (V1II:C)
commonly achieved [I]. A number of pro-
cessing methods can be identified for the
preparation of either intermediate-purity or
high-purity concentrates, however, they all
utilise cryoprecipitation as the initial frac-
tionation stage [2] and it is at this point that
major loss of factor VII can be located
(3,4}

~ Factor VIII is at risk during the process of
cryoprecipitation from both its solubility
behaviour and labile nature (5]. Rapid pro-

! A preliminary report of this work was presented at
the Vilth Internationa! Congress on Thrombosis and
Haemostasis, London 1979 (27).

cessing is desirable 1o minimise inactivation,
but the solution temperature must also be
held below the factor VIII solubility limit,
otherwise resolution of precipitated fac-
tor VIII is 1nevitable. These two essential
requirements are in conflict with- one an-

other and the extent of this s related (o the -

scale of manufacture. Hence, though good
recovery may be possible at an analytical
scale [6], loss is already significant in the
routine preparation of single-donation crvo-
precipitate {7] and increases further at the
industrial scale [8], where plasma pools of up
to 1,000 litres may be processed as a single
batch [9]. .
The essential process design problem is to
maximise the rate of thaw within the tem-
perature constraint provided by the solubil-
ity of factor VIII. To achieve this, the surface
atea available for heat transfer must be max-
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imised and the heat input and distribution
must be carefully cofitrolled [10]). However,
in practice there is often little attempt at size
reduction of the. frozen plasma block and
thawing is inevitably carried out in a batch
or semi-batch mode during which the tem-
perature of the thawed plasma is particularly
difficult to control.

Process control is more easily achieved in
continuous steady-state operation and the
unvarying conditions also allow more effi-
cient heat transfer and mixing operations to
be designed. '

We have utilised a hammer mill for the
size reduction of frozen plasma for-a niumber
of yearsand, to solve the problems of mixing
and temperature control during thawing, a
change from batch to continuous processing
has been studied. In this report we present
the results of a pilot-scale design study and
the subsequent full-scale application of the
process.

Materials and Methods

Plasma

Frozen plasma was received from Scottish Regional
Blood T ransfusion Centres where whole blood was col-
1z¢ted into CPD anti-coagulant and plasma separated
into singls-donation, 2-litre o5 S-litre plastic packs and
frozen o5 the same dzy of colizcxyon (6-hour plasmz) or
afier overnight storage (#-hoxar plasma), immediateiy
prior to thawing for fractamation, the frozen blocks
were reduced in size 10 a coarse ‘snow" using a stainless
steel hammer mill (Scott Reitz Extructor, Ballour Lid.,
Leven, Fife, UK). The resultant plasma ‘snow’ was then
thawed in either 2 batch or in 3 continuous mode o
produce cryoprecipitate,

Batch Thawing

Batch thawing was carried out using a 200-litre
jackeled stainless steel vesse! heated with waterat 15°C,
A single wide-blade helical ribbon of small pitch was

used for mixing as this design had previously been found
10 be preferable [11}. Thawing was considered to be
complete when only a thin layer of ice remained at the
surface and at this point the thawed plasma was dis-
charged into another vessel held at +4°C and the cryo-
precipitate recovered using a refrigerated tubular bowl
centriluge {Sharples 6-P).

Continuous Thawing

For pilot-scale expeniments a 20-litre jacketed stain-
less steet vessel was fitted with thermocouples so that
the temperature of the ptasma {ilm at the wall could be
monitored. The Mlow of water through the jacket was set
at 60 litres/min afier initial experiments indicated that

" at lower flow rates heat transfer in the jacket was lim-

iting the rate of thaw. The water temperature was varicd
in the range 12--35°C and mixing studies were carricd
out issing a varicty of single and double helical ribbon
impellers of different dimensions and rotating at speeds
in the range 40~80rpm.

In the process {fig.1) plasma ‘snow" from the ham-
mer mill entered the thawing vessel where mixing was
desipned to circulate the (rozen plasma within the vessel
while the thawed liquor and suspended cryoprecipitate
drained ofTby gravity. A raised weir was required al the
outlel 1o provide a bottom zane of recirculating liquor
and ice so that thawed plasma, running down the heated
wall, could be prevented from overheating in the exit
region, The thawed suspension was then pumped from
a 2-litre holding vessel directly into a relrigerated mui-
tichamber centrifuge (Westfalia BKAG) for cryoprecipi-
tate recovery.

The change in centrifuge was introduced to achieve
2 higher refrigeration capacity. This was particularly
important for pilot-scale thawing as the centrifuge feed
rate of 60~70 litres/h would have resulted in inade-
quate temperaturs contral in the tubular bowl ma-
chine. .

Scale-up of the thawing vessel was based on the arca
of hcated wall, with the aim of achicving a throughput
of approximately 200 Iitres plasma‘h. Following pilot-
scalc experience the full-scale unitl comprised a 55-litre
thawing vessel, with a height/diameter ratio of 2.67,
agitated with a close-fitting, narrow-blade, double heli-
cal ribbon impeller rotating at 55 rpm (125 f1g.2]. The
throughput of water in the jacket was 130 litres/min to
retain a constant Reynolds number, but the tempera-
turc was vared in the range 15-28°C 1o determine the
optimal conditions for this precise design of agitator.
For operation at full scale the thawed liquor flowed
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Fig.1. Continugus-flow process for cryoprecipitate preparation.

contnuously via a weir and 9-litre holding vessel to a
refrigerated multichamber eentrifuge (fig1).

Proqessz‘ng Cryoprecipitate
The processing of cryoprecipitate 10 an interme-

diate-purity concentrate was based on the methods of

Newman et al. [8) and James et al. [13]. The recovered
cryoprecipitate was suspended in 0.02M Tuis bufler
(30ml/} of plasma) and extracted at pH 7.0 and 20°C
using either high-shear (Silverson, model L2R; Ches-
ham, UK) or low-shear (Vibromixer, model E 2; Che-
mapec, Abingdon, UK) agitation. Aluminium hydrox-
ide (Alhydrogel, 1.3% oxide, Supcrios, Copcnhagen)
was mixed into the suspénsion (3.5m] gel per litre of
plasma} to adsorb coagulation factors 1), Vi1, IX and X
and other proteins which inhibit membrane Gitration.
Aluminium hydroxide gel and insoluble protein were
- removed together by baich centrifugation at 4,500 ¢ for
15 min followed by filtration through a glass-fibre disc 1o

" ensurc complete removal of any traces of gel.
The citrate content of the solution was increascd to
0.02 M using 0.5 M trisodium citrate and 0.02 A citric
acid was added (o readjust the final concentrate 1o pHd

7.0. The soiution was filtcred for clarification (lo
0.45pm)and for removal of bacteria (0.22 p m) and then
dispensed zseptically into vials, frozen to ~40°C and
frecze-dned. -

Assays

Factor VII1:C in plasma and cryoprecipitate was
assayed using a one-stage method with congenitally
deficient plasma as substrate [14). These assays were
standardiscd againit British Plasma Standards (77/520,

78/506) calibrated [15} according to both one-stage and

two-stage [16) methods. The.factos VIII:C content of
the intcrmediate-purity concentrale was determined
from results of local one-stape assays and onc-stage and
two-stage assays carried out al an-exiernal Jaboratory,
all of these being calibrated against a concentrate stan-
dard (76/540; 15).

Factor-Vli-related antigen (VIIIR:Ag) was mea-

surcd by both the standard method of Laurelf[i7}and as

modificd by Prowse et al. [4). In the latter procedure,

0.1% mercaptocthanol was added to the gef to reduce

the factor V111 molecule to a constant size s6 that inter-
ference from molecular size changes due 10 processing
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Fig.2. Thawing vessel and agitator dimensions.

could be avoided, as this aflects the rate of migration
through the gel. This method was designated VI1IR : Ag
reduced (VIIIR:Agr) and the standard method
VHIR : Ag non-reduced (VIIIR : Agy). For both of these
2s5ays a 24-donor pool of frozen plasma was used as a
standard. . )

Tota) protein was measured by the biuret method
{18} and the reconstitution time of the frecze-dried con-
centrale was determined at room temperature (22 °C) by
adding disjilled water at hall the dispensed volume of
concentrate and swirling gently until all of the solids
had dissolved.

Statistics

Results were expressed as the mean + standard
deviation. For data involving a measurement of fac-
tor VIl activity, such as factor VIII recovery or specific

aclivity, the calculation wascarricd out in the geometric
rather than arithmetic form [19). The significance of
differences was established using Student’s ¢ test.

Results

AMixing and Mechanical Operation :

The mostimporiant aspect of the mechanical design
was the need to achieve steady-state operation without
either blockage of the vessel outlet, by ice or cryopre-
cipitate, or excessive loss of ice into the pump feed
vessel. The characteristic mixing pattern of the double
helical ribbon agitator [20, 21) was found 10 be panic-
ularly suitable. The rotating icc mass produced a
‘wiped-film* effect at the wall giving good heat transfer
while, with upwards pumping, a secondary Now of icc
up the wall and down the central axis retained the
plasma ‘snow’ within the vessel; however, the exact
design of the agitalor and vessel outlet were important
in achieving this [12]. The agitator blades had to be
sufliciently close to the vessel wall to piek up ice par-
ticles and the pitch and bladc angle were set 1o give
maximum pumping capacity {21]). The bladc width was
limited by the need to allow a free downward flow of
plasma ice but, when 100 narrow, pumping capacity
was inadequate. With both of these factors taken into
account, a width of approximately 0.1x vessel diameter
was found to be optimal. A speed of rotation of 55 rpm
was also found (o be optimal in both the pilot and full-
scale designs as at higher speeds the circulation velocity

tended 10 inhibit the flow of liquor leaving the tangen- |

tial outlet.

Temperature Control

In continuous thawing, control of temperature is
primarily achieved by removing plasma from the point
ofheat input as soon as it thaws. Even with this mode of
operalion there is a thin fitm of thawed plasma al the
heated surface which is being continuously rencwed
and further control is theréfore important. Monitoring
at different points at the vesse! wall has shown that this
temperature is Jargely determined by that of the water
flowing through the jacket. Typica) temperature pro-
files illustrate this (fig. 3), with the highest temperature
(Tw) being found near the jacket injet port.

A comparison between baich and continuous thaw-
ing was madz using a jackel lemperature of 16 °C. Dur-
ing the batch thaw, the highest film temperature (Ty)
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Fig. 3. Plasma ternperature at the wall of the pilot vessel during continuous thawing. Results are the mean and
standard deviation from measurermenls (aken at J0-min intcrvals throughout 4 b of thawing, Mcan jacket water
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Fig.4. Plasma film temperature for batch and con.
tinuous thawing. O=Batch thaw; O=continuous
thaw.

rosc rapidly cven though the bulk of the solution in the
vessel remaincd close to 0°C. In coantrast, continuous
thawing resulted in Ty valucs remaining closz 10 1.5°C
afler the initial stast-up period (fig.4).

The factor V1ii content of cryoprecipitate was mea-
sured from runs lasting 3-4h over a range of jacket
temperatures (table I). All three factor VIII activitics
were higher in the Jow-temperature group{p < 0.025 for
VIH:C and VIIIR: Agy) suggesting that Ty should be
held close to 2°C and that this could be achieved in the

‘pilot vessel with a mean jacket tcmperature close to

15°C. On scale-up, the more precisely designed agitator
gave better mixing, sllowing an optimal jacket iemper-
ature of 20°C to be used.

Product Recovery

Having determincd the optimal thawing conditions
at pilot-scalc, the factor VIl sccovery in cryoprecipitate
was compared with parallel lots thawed by the batch
method, all utilising 6-hour plasma (table I1). As well as
giving a significant yicld improvement (p <0.001), the
continuous method also appeared to produce a more
readily soluble cryoprecipitate. The fibrous naturce of
routine ‘batch-thawed cryoprecipitate was such that
severe agilation (Silverson) was required-for 2030 min
to ensure full extraction of factor VII. With a morc
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Table 1. Pilot-scalc thawing. Effeci of temperature on the recovery of factor VIl activitics in cryoprecipitale

n Wall Plasma pool Factor VIl content, u/I’'plasma
temperature volume
Ty °C litres VIHEC  VIlR:Agy VIHIR: Agg
High-temperature thaw 9 3.7 % I,é 227 4+ 50 361 + 54 1,042 + 403 661 £ 160
Low-temperature thaw 10 29+ 11 189 + 25 429 + 53 1,449 £ 242 800 + 266

Ty is the mean wall ilm temperature at the warmest position. The jacket temperatures were in the range 22 ~
32 *C for the high-temperature proup and |5 - 17 "C for the low-temperature experiments.

Table I1. Factor VI1i: C 1ecovery in cryoprecipitatc prepared by different methods

Method of No. of Plasma -Cryoprecipitate
preparation lots
poal volume thaw rate cryoprecipitale FVil:C
litres 1/h weight recovery
¢/l plasma 1U/1 plasma
Baich thaw
Full scale: high- )
shear extraction 25 149 £23 (140) 88+ 1.6 317+ 66
‘Continugus thaw
Pilot scale: high-
shear extraction 44 230 £ 44 66.8 + 8.9 10,0+ 1.5 424 + S1
Pilot scale: low- ‘
shear extraction 8 286 £ 6 78.8 £ 6.2 94 £ 07T 485 + 88
Full scale: lowsshear
extraction 9 387 £84 194.5 + 264 89+ 13 498 + 42

The batch thaw rate, in parentheses, is an estimate. Factor VIII recovary was assassed in the clarificd cryopre-
cipitate extract, before addition of aluminium hydroxidz.

soluble cryoprecipitate being produced, 2 low-shear
agitator (Vibromixer) was reassessed and compicie ex-
traction was achicved in 10 min with a funher increase
in factor V111 yield (p < 0.005) at this stage. Better dis-
crimination between factor VIl and less soluble protein’
was also cvident, improving both the specific activily
(p<0.001) and solubiiity (p < 0.005) of the final inter-
mediale-purity concentrate (table 111). Following scalc.
up of the continuous thaw process, the desired through-
put has been achieved with a mcan residence time of
17min and improvements in yield and specific aclivity

have been maizazined giving a $5% increass in factor
V11l recovery in comparison 10 the baich meihod
{p<0.001).

18- Hour Plasma .

Continuous thawinp was also tested using complete
pools of 18-hour plasma processed under the same con-
ditions us the 6-hour fresh-frozen plasma (lablc 1V).
There was an improvement in facior V1Ii yield at the
cryoprecipitate (p<0.01) and final product (p <0.001)
stages and the introduction ol low-shear extraction was
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Table [Tl Factor VIII:C recovery as intermediate-puri

-

ty concentrate

Reconstitution

Method of preparation No. of FVIII:C recovery Specific activity

lots JU/! plasma [U/mg protein time, min
Baich thaw
Full scale: high-shear extraction 25 206 + 34 0.25 + 0.06 93+58
Contintous thaw
Pilot scale: high-shear extraction 44 277 % 33 0.26 £ 0.05 11.1 £ 47
Pilot scale: low-shear extraction 8 290 £ 39 1033 £0.06 59430
Full scale: low-shear extraction 9 320 £ 48 0.38 £ 0.07 6322

Tablc IV. Factor VII} recovery from 18-hour plasma

Method of preparation n Plasma Cryoprecipitate Imcnncdia(c—pﬁrity
pool volume concenlrate
FVIIL:C FVIL:C specific
litres recovery recovery activity
1U/} plasma U/ plasma  JU/mg
Batch thaw
Full scale: high-shear extrac-
tion 11 135+ 19 290 £90 180 +50 0.22 £0.06
Continuous thaw
Pilot scale: high-shzar extrac-
tion 8 249 £ 33 346 £ 68 259 £ 31 0.25 £ 0.04
Pilot scale: low-shear extrac-
tion 1 288 448 324 ) 0.37
Full scale: low-shear extsaction 5 435 +7 415 + 52 289 + 32 037 + 0.03

apain associated with an increased specific activity
(p<0.001).

Discussion

Numerous studies have been carried out
lo try and improve the recovery of fac-
" tor VIII in cryoprecipitate, especially at the
small pool scale. A particularly successful
approach has been the. thaw-siphon tech-
nique developed by Mason [22). The high
factor VIII:C recoveries reported [22-24]

are almost certainly a consequence of an
improvement in lemperature control,
achieved by removing the liquid phase from
the point of heat input as soon as the plasma
thaws; but the scale of operation is probably
also important.

Although the thaw-siphon technique
may hold considerable promise for the prep-
aration of single-donation cryoprecipitate,
its potential for scale-up may be rather lim-
ited. The frozen plasma block within the
plastic pack has a relatively small surface
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area, limiting the rate of thaw to about 0.3
litres/h for a single donation. At the same
time, even though the thawed liquor is con-
tinuously removed, the frozen block is es-
sentially thawed in a batch mode and some
reduction in temperature control might be
expected on scale-up. Extension to )-litre
and 2-litre packs of plasma has been pro-
posed [23], but .the surface area for heat
transfer will be further reduced and the aim
of increased throughput may be offset by a

reduced rate of thaw. With temperature con-

trol probably becoming more difficult, then
factor VIl yield is unlikely to be maintained
even on moderate scale-up.

Large-scale processing is required not
only to handle a greater plasma throughput
but also because it is only at this scale of
manufacture that proper pharmaceutical
quality control can be applied.

Attempts to resolve the problem of poor
cryoprecipitate factor VI yield at this scale
have concentrated on the addition of re-
agents, such as ethanol {8] or polyethylene
glycol [3], which lower factor VIII solubility,
thereby reducing the loss from dissolution
into the cryosupernatant. ‘Unfortunately,
the solubility changes are not specific for
factor VIIL. Consequently, ethanol-assisted
cryoprecipitation has been found to result in
a lower specific activity with no overz!l im-
provement in yield {13, 25] and we have
made similar observations for both ethanol-
and PEG-assisted cryoprecipitations.

During the development of the contin-

uous thaw process, other factors were noted
which appeared to influence both factor VIII
yield and the extent.of contamination with
residual protein. In one set of experiments
frozen plasma was removed from —40°C
cold storage and immediately crushed in the
hammer mill.-and thawed. In all of these

runs, the recovery of factor VI1II:C in the
extracted eryoprecipitate was poor (less than
300 JU/I) and a terminal cold precipitation
step [25] was required befcre the solution
could be properly filtered. In contrast, much
better factor V1i1:C recoveries and filiration
characteristics were obscrved when ~40°C
plasma was allowed to warm at +4°C for a
few hours before crushing and thawing.
The reasons for this behaviour are not yet
fully understood but the nature of the thaw-
ing processitselfmay well be important. The
particle size of the crushed plasma varied
according to the temperature of the frozen
block, with colder plasma producing larger
particles. When using —40°C plasma, .the
thawing process was therefore challenged
with a colder feedstock and a reduced surface
area for heat transfer thereby giving a slower
and less regular rate of thaw. The optimal
temperature of plasma for crushing was
found to be in the range -15 10 -10°C, cor-
responding to a median particle size after

crushing of approximately 0.2 cm diameter, -

compared to about 1.0 cm at -40°C; how-
ever, further studies are in progress 1o re-
solve this feature more: precisely.
Cryoprecipitate produced by ourselves
over many years using the batch thaw pro-

- cess was usually rather difficult to resus-

pend, and a Silverson agifator was needed so
that the fibrous mass could be broken down
and fully dispersed, but the continnous-thaw
cryoprecipitate consistently appeared to be

easily resuspended. Although the change to

continuous processing also inciuded the in-
troduction of a different centrifuge for cryo-
precipitate collection, it is unlikely that the
consistency of the solids could have been so
markedly changed by this, especially as
cryoprecipitate sediments readily and tem-
perature control in the Sharples centrifuge
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was adequate at the feed rate from the batch
process. It is more likely that the change was

due in some way to the more uniform thaw-

ing conditions of the continuous process and
perhaps because there was also much less
opportunity for freshly cryoprecipitated
particles to aggregate together to form large
fibrous lumps.

The Vibromixer agitator previously rec-
ommended for cryoprecipitate extraction [8]
was therefore reevaluated and it was appar-
ent from the increase in yield and specific
activity that the Silverson was inactivating
FVII:C, probably by shear or shear-asso-
ciated effects, while at the same time pro-
moting the dissolution of Jess soluble protein
into the factor VIII extract.

Immunological measurements of factor
VIII can be used to monitor process losses
and comparisons with factor VII:C can
help to distinguish between the various loss

mechanisms, such as jnactivation or dissolu-

tion into the cryosupematant. The modified
VIIIR:Ag assay, VIIIR:Ag,, is considered
10 give a more accurate measure of the true
antigen levels during processing [4). For the
continuous thaw process, the mean cryopre-
cipitate VIIIR : Ag, value of 800 U/l plasma,
for the lower-temperature pilot-scale exper-
iments (table I), compares favourably with a
mean figure of 570 U/! previously reported
for the batch process [4]. As about 25% of
plasma factor VI1I rémains in the cryosuper-
nalant [23, 26], this recovery of antigen ac-
tivity is probably close to the maximum that
can be achieved suggesting that, with contin-
uous thawing, solubility losses are close to
zero and that further improvement in cryo-
precipitate yield will be possible only if inac-
tivation of factor VIIL: C can be reduced dur-
ing the routine collection of plasma for frac-
tionation.

v

Factor VIII was not inactivated during
the size reduction of the frozen plasma
blocks [4] and representative samples of the
crushed plasma have provided an estimate
of the factor VIII content of the plasma frac-
tionated. A mean VII:C value of
0.711£0.18 IU/m] (n=22) was obtained for
the pools of 6-hour plasma used in the full-
scale continuous-thaw process, giving a
yield of 70% at the cryoprecipitate stage and
45% as freeze-dried intermediate-purity
concentrate,

However, the most important feature of
the process design is that the steady-state
characteristics of the continuous process are
indépendent of the plasma pool size, and
factor VIII recovery is therefore no longer
dependent on the scale of processing.
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