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1   I ntr o d u cti o n

N o  w a d a ys,  dis e as es s u c h  as  c a n c er  or  a ut oi  m  m u n e  dis e as es
c a n  b e tr e at e d   wit h  bi o p h ar  m a c e uti c als.   T h es e ar e  pr o d u c e d
wit h   g e n eti c all y    m o difi e d   or g a nis  ms   a n d  i n cl u d e    m o n o-
cl o n al   a nti b o di es  (  m  A bs),   e n z y  m es,   h or  m o n es,   v a c ci n es,
a n d  bl o o d  cl otti n g f a ct ors.    M or e  t h a n  9 0   %  of    m a  m  m ali a n
c ulti v ati o n  c a p a citi es  ar e  attri b ut e d  t o  t h e   pr o d u cti o n  of
m  A bs,   w hi c h  ar e  pri  m aril y  pr o d u c e d   wit h   C hi n es e  h a  mst er
o v ar y (  C  H  O) c ells [ 1].   T h e   m  A b  pr o d u cti o n  pr o c ess r es ult-
i n g i n  t h e  a cti v e  p h ar  m a c e uti c al  i n gr e di e nt  (  A PI) i n cl u d es
u pstr e a  m  (  U S P)  a n d  d o  w nstr e a  m  pr o c essi n g  (  D S P),   w hi c h
ar e c o n n e ct e d  b y t h e c ell s e p ar ati o n st e p [ 2].

C o  m  m o n  c ell  s e p ar ati o n    m et h o ds  ar e   d e pt h  filtr ati o n,
mi cr ofiltr ati o n,  or  c e ntrif u g ati o n.   Ta n g e nti al fl o  w filtr ati o n
( T F F)- b as e d    mi cr ofiltr ati o n  h as  l o n g  b e e n  t h e    m et h o d  of
c h oi c e  i n   C  H  O  c ell- d eri v e d    m  A b  pr o d u cti o ns.    D u e  t o  t h e
o n g oi n g  d e v el o p  m e nt  of  c ell li n es  a n d  pr o c ess es,  c ell  n u  m-
b ers a n d a c c or di n gl y t h e a  m o u nt of c ell d e bris a n d t h er ef or e
m e  m br a n e  f o uli n g  h as  i n cr e as e d,  p us hi n g    T F F- b as e d  c ell
s e p ar ati o n  t e c h n ol o gi es i nt o  t h e  b a c k gr o u n d  [ 3].   C e ntrif u-
g ati o n- b as e d  dis k st a c k s e p ar at ors  ar e c a p a bl e  of s e p ar ati n g
t his  hi g h s oli ds c o nt e nt [ 4].   H o  w e v er, a c o  m pl et e s e p ar ati o n
of   all   p arti cl es  is   n ot   p ossi bl e;    m ai nl y  s  m all   c ell   d e bris
r e  m ai n i n t h e   A PI- c o nt ai ni n g  p h as e a n d s o a s e c o n d cl arifi-
c ati o n  st e p  is  p ot e nti all y  n e c ess ar y  [ 3, 5].  B y  us e  of  d e pt h
filt ers,  s e p ar ati o n is  a c hi e v e d  b y si z e  e x cl usi o n  a n d  a ds or p-
ti v e  eff e cts,   w hi c h    m e a ns  t h at  t h e  pr o c ess  c a n  b e  us e d  f or
b ot h   pri  m ar y   a n d  s e c o n d ar y   cl arifi c ati o n.    H o  w e v er,  t h e

l ar g e   d e a d   v ol u  m e  i n  t h e   d e pt h  filt er   c a n   si g nifi c a ntl y
r e d u c e  t h e   pr o d u ct   yi el d  [ 3].  I n  c o n v e nti o n al  i n d ustri al
m  A b   pr o d u cti o n  i n  st ai nl ess  st e el  bi or e a ct ors  at   d o u bl e-
di git  c u bi c    m et er  s c al e,  cl arifi c ati o n  is  c arri e d  o ut  i n  t  w o
st a n d ar d st e ps. I n t h e first st e p, t h e  c ell s us p e nsi o n is s e p a-
r at e d  fr o  m  t h e    A PI- c o nt ai ni n g   p h as e   usi n g  a   dis k  st a c k
s e p ar at or.   T h e  r e  m ai ni n g  s oli d  p arti cl es  ar e  r e  m o v e d  i n  a
s e c o n d cl arifi c ati o n st e p   wit h  d e pt h filtr ati o n [ 4, 6].

C ell  d a  m a g e  c a n  o c c ur i n  all  c ell s e p ar ati o n  pr o c ess es, i n
t h e  c as e  of  c e ntrif u g ati o n  s yst e  ms  d u e  t o  s h e ar  f or c es  or
hi g h   c e ntrif u g al  f or c es   or,    w h e n   usi n g   d e pt h  filt ers   or
mi cr ofiltr ati o n  s yst e  ms,  d u e  t o  hi g h  pr ess ur es  [ 3,  6 – 8].  If
c ell  d a  m a g e  o c c urs  d uri n g  t h e  pr o c ess,  i ntr a c ell ul ar  s u b-
st a n c es  s u c h  as  h ost  c ell  pr ot ei n  (  H  C P),    D  N  A,  a n d  li pi ds
ar e r el e as e d   w hi c h c a n  n e g ati v el y i nfl u e n c e t h e   D S P [ 9, 1 0].

T h e   i n cr e asi n g   i nt er est   i n   i  m pl e  m e nti n g   si n gl e- us e
s yst e  ms  i n    m  A b   pr o d u cti o n   pr o c ess es   als o  l e d  t o   n e  w
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e q ui p  m e nt  f or  c ell  s e p ar ati o n.   T h e   C e ntrit e c h  fr o  m  P n e u-
m ati c  S c al e   A n g el us  h as  t h e  l o n g est  tr a diti o n.  It   w as  pr e-
f err e d  as  t h e  c ell  r et e nti o n  s yst e  m  i n  p erf usi o n  pr o c ess es
[ 1 1, 1 2].   T h e   C e ntrit e c h c o nsists  of a  b a g t h at is  pl a c e d  o n a
r ot or  a n d  s e v er al  t u b es  t h at  ar e  n e e d e d  f or  t h e  tr a nsf er  of
t h e c ell s us p e nsi o n a n d t h e s e p ar at e d  p h as es.   Hi g h   m e c h a n-
i c al f or c es a ct  o n t h e t u bi n g s yst e  m.   D u e t o t h e fr e q u e nt s al e
of t h e t e c h n ol o g y t o  ot h er c o  m p a ni es a n d  q u alit y  pr o bl e  ms,
t h e s yst e  m t o o k  a  b a c k s e at [ 1 1].   T h e   U nif u g e  a n d t h e   U 2 k
ar e  als o  distri b ut e d  b y  P n e u  m ati c  S c al e    A n g el us  a n d  ar e
t u b ul ar  c e ntrif u g es.    Wit h  t h e    U 2 k,  t h e  c o n c e ntr at e  is  dis-
c h ar g e d  c o nti n u o usl y,  a n d    wit h  t h e    U nif u g e   dis c o nti n u-
o usl y.    W hil e t h e   U 2 k  c a n  b e  us e d f or  h ar v esti n g, t h e f o c us
of t h e   U nif u g e is  a g ai n  o n  p erf usi o n  c ulti v ati o ns  [ 5].    Wit h
t h e i ntr o d u cti o n  of t h e  si n gl e- us e fl ui di z e d  b e d  c e ntrif u g es
k S e p fr o  m  S art ori us  a n d   R ot e a fr o  m   T h er  m o  Fis h er  S ci e n-
tifi c,  n e  w  si n gl e- us e  c ell  h ar v est  d e vi c es  e  m er g e d  [ 5, 1 3].  It
is   w ort h   m e nti o ni n g t h at  d u e t o t h e v er y s  m all v ol u  m es t h at
c a n  b e  pr o c ess e d, t h e   R ot e a is  pri  m aril y  us e d i n c ell t h er a p y
pr o c ess es [ 5].    Wit h t h e  k S e p, s e v er al  1 0 0 0 L  c ell s us p e nsi o n
c a n  b e  s e p ar at e d  d e p e n di n g  o n  pr o c ess  c o n diti o ns  [ 5, 1 4].
H o  w e v er, b ot h s yst e  ms all o  w   w as hi n g of t h e c ell  p ell et   wit h-
i n  t h e  c e ntrif u g e,   w hi c h,  e. g.,  e n a bl es  t h e  c ells  t o  b e  tr a ns-
f err e d t o  a n ot h er   m e di u  m [ 5, 1 5]. I n   m  A b  pr o d u cti o n  pr o-
c ess es,   t h e    w as hi n g   pr o c ess   c a n   i n cr e as e   t h e   pr o d u ct
r e c o v er y  r at e  [ 2 0].    D es pit e  t h e  i  m p ort a n c e  of  dis k  st a c k
s e p ar at ors  as  c ell  s e p ar ati o n  d e vi c es i n  c o n v e nti o n al  f a cili-
ti es  a n d  oft e n i n si n gl e- us e f a ciliti es  as   w ell, t h e first si n gl e-
us e  dis k  st a c k  c e ntrif u g es,  n a  m el y, t h e   G E  A  k yt er o 5 0 0  a n d
t h e   C ult ur e  O n e  fr o  m    Alf a L a v al    w er e  l a u n c h e d    wit hi n  t h e
l ast   2 y e ars.    As    wit h  its   st ai nl ess-st e el   c o u nt er p arts,  t h e
C ult ur e  O n e   h er  m eti c all y   s e p ar at es   t h e   pr o c ess   c h a  m b er
fr o  m  t h e  e n vir o n  m e nt   usi n g    m e c h a ni c al  s e als  [ 1 6].    T h e
k yt er o 5 0 0  is  dri v e n  e ntir el y    wit h o ut    m e c h a ni c al  b e ari n gs
a n d    m e c h a ni c al   s e als,   usi n g    m a g n eti c
t e c h n ol o g y.    W hil e   m e c h a ni c al  s e als  h a v e
a  li  mit e d  lif eti  m e,  t h e  c o  m pl et el y  b e ar-
i n gl ess  dri v e t e c h n ol o g y i n t h e k yt er o 5 0 0
all o  ws t h e r ot ati n g  p arts t o l ast f or   m a n y
d a ys,  d e p e n di n g  o n t h e  b o  wl  s p e e d  [ 1 7].
B ot h   c o  m p a ni es   off er   t h eir   si n gl e- us e
dis k  st a c k  c e ntrif u g es  i n  t  w o   v ersi o ns;
t h e   k yt er o 5 0 0   a n d   t h e    C ult ur e  O n e
Pri  m o ar e r e c o  m  m e n d e d f or c ell  h ar v est-
i n g  of  bi or e a ct or  si z es  u p  t o  5 0 0 L  a n d
ar e  t h us   us e d  o n  a  pil ot-s c al e  [ 1 9, 2 0].
T h e  k yt er o  2 0 0 0,   w hi c h   w as l a u n c h e d i n
O ct o b er  2 0 2 2,  a n d t h e   C ult ur e  O n e    M a xi
ar e s uit a bl e f or  pr o d u cti o n s c al e  a n d  c a n
pr o c ess  c ell s us p e nsi o n  v ol u  m es  of  u p t o
2 0 0 0 L  [ 1 6].   B ot h  dis k  st a c k  c e ntrif u g e
t y p es  ar e  s uit a bl e f or   w as hi n g  pr o c ess es,
t o o. I n t his c as e, t h e c o n c e ntr at e  n e e ds t o
b e  dil ut e d   wit h fr es h   m e di a  a n d  cl arifi e d
b y t h e s a  m e c e ntrif u g e a g ai n.

T h e  ai  m  of t his  p a p er   w as t o i n v esti g at e t h e s uit a bilit y  of
t h e si n gl e- us e  dis k st a c k s e p ar at or  k yt er o 5 0 0 ( Fi g. 1) f or t h e
s e p ar ati o n  of   m  A b  e x pr essi n g   C  H  O  c ells.  F or t his  p ur p os e,
diff er e nt  s e p ar ati o n   s etti n gs    w er e  t est e d.  I n   a d diti o n  t o
st u d yi n g  t h e  s e p ar ati o n  effi ci e n c y  b as e d  o n  t ur bi dit y,  t h e
c o n c e ntr ati o ns  of    H  C P,    D  N  A,  a n d  l a ct at e  d e h y dr o g e n as e
( L  D  H)   w er e e x a  mi n e d as  q u alit y  p ar a  m et ers t o e v al u at e c ell
d a  m a g e  d uri n g s e p ar ati o n.

2    M at eri al  a n d   M et h o d s

2. 1   C ell Li n e,   M e di a,  a n d   C ell  Pr o d u cti o n  at  Pil ot

S c al e

A n  i  m  m u n o gl o b uli n   G   (I g  G)- pr o d u ci n g   E x pi  C  H  O- S   c ell
li n e  (  Gi b c o,    Walt h a  m,    M  A,   U S  A)   w as  us e d f or t h e  e x p eri-
m e nts.   T h e  c ell s us p e nsi o n   w as  pr o d u c e d i n  a  Fl e xs af e  S T R
2 0 0- L  b a g ( S art ori us,   G ötti n g e n,   G er  m a n y) i n  c o  m bi n ati o n
wit h  a  stirr e d  bi or e a ct or  ( BI  O S T A T  S T R)  fr o  m  S art ori us.
I n o c ul u  m  pr o d u cti o n t o o k  pl a c e i n   N – 1  p erf usi o n   m o d e i n
a   w a v e-  mi x e d  bi or e a ct or   wit h  i nt er n al    m e  m br a n e  (  C yti v a,
S  w e d e n)  a n d  is  b as e d  o n  t h e  ultr a- hi g h  c ell  d e nsit y    N – 1
p erf usi o n  pr o c ess  d es cri b e d  b y   M ü ll er  et  al. [ 1 8].  Si n c e t his
2 0 0- L   pr o c ess  f o c us e d   o n  c ell  e x p a nsi o n,  t h e  c ells    w er e
s e p ar at e d   wit h  a  vi a bl e  c ell  d e nsit y  of  1 6. 8 · 1 0 6 c ells   m L – 1 ,
a n   a v er a g e   c ell   di a  m et er   of   1 4. 2 m m,   a n d   a   vi a bilit y   of
9 8. 9   %.   C ulti v ati o n   w as  p erf or  m e d  at  3 7  C,  p  H  £  7. 2,  dis-
s ol v e d  o x y g e n  ‡  4 0   %,  1 0 L   mi n – 1 o v erl a y  g assi n g,  a n d  a
s p e cifi c  p o  w er i n p ut  of 2 0   W   m – 3 .  F or i n o c ul u  m  pr o d u cti o n,
Hi g h-I nt e nsit y  P erf usi o n   C  H  O    m e di u  m  (  Gi b c o)   w as  us e d.
I n t h e  c as e  of t h e  2 0 0- L f e d- b at c h  c ulti v ati o n,  Effi ci e nt- Pr o
M e di u  m   (  Gi b c o)    w as   us e d   as   t h e   b as al    m e di u  m   a n d
Effi ci e nt- Pr o  F e e d 2 (  Gi b c o) as t h e f e e d   m e di u  m.
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Fi g ur e  1.  a)  T h e  k yt er o  5 0 0   dis k st a c k s e p ar at or  a n d   b) s c h e  m e   of t h e si n gl e- us e  kit
i ns ert e d i n t h e  k yt er o  5 0 0. ( 1) S e p ar ati o n   u nit   wit h   dis k st a c k, ( 2) f e e d   p at h  w a y, ( 3) c e n-
tr at e   p at h  w a y, ( 4) c o n c e ntr at e   p at h  w a y, ( 5)   dr ai n   b a g.
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2. 2   C ell  S e p ar ati o n   wit h t h e   K yt er o 5 0 0

T h e  2 0 0 L   C  H  O  c ell  s us p e nsi o n   w as  s e p ar at e d   wit h  a  k y-
t er o 5 0 0  fr o  m   G E  A    Westf ali a  (  O el d e,   G er  m a n y).   T h e    m ai n
v ol u  m e  fl o  ws _V C e ntr at e a n d _V C o n c e ntr at e r es ulti n g  fr o  m  t h e
s e p ar ati o n   w er e  s u bj e ct e d  t o  t h e  diff er e nt  a n al yti c al    m et h-
o ds  s h o  w n  i n  Fi g. 2.   T o  q u alif y  t h e  s e p ar ati o n  pr o c ess  of
C  H  O  c ells   wit h t h e  k yt er o 5 0 0, t  w o  s e p ar at or  s p e e ds  ( 3 5 0 0
a n d   4 7 5 0 r p  m),  f o ur  f e e d  fl o  w  r at es _V F e e d ( 3 0,   6 0,   9 0,
a n d   1 2 0 L h – 1 )   a n d   t hr e e   t ar g et e d   p a c k e d   c ell   v ol u  m es
( P  C  VTar g et )  i n  t h e  c o n c e ntr at e  ( 5 0,  6 5,  a n d  8 0 v ol   %)   w er e
us e d.  I n  t ot al,  t his  r es ult e d  i n  ei g ht   diff er e nt  s e p ar ati o n
e x p eri  m e nts ( Ta b. 1).

2. 3    D et er  mi n ati o n   of t h e  P a c k e d   C ell   V ol u  m e

T h e  P  C  V   w as  d et er  mi n e d  at  e a c h  s e p ar ati o n  c o n diti o n  i n
t h e c e ntr at e,  als o  k n o  w n as s u p er n at a nt,  a n d c o n c e ntr at e  as
w ell  as  f or  t h e  bi or e a ct or.  F or  t his  p ur p os e,  1 0   m L  of  t h e
s a  m pl e    w as  c e ntrif u g e d  i n  a  dis c o nti n u o us  c e ntrif u g e  f or

2   mi n at  2 5 0 0 g  a n d t h e r es ulti n g  P  C  V   w as  d et er  mi n e d  vis u-
all y.  If  t h e  P  C  V  c o n c e ntr ati o n   w as  ‡  8 0 v ol   %,  t h e  s a  m pl e
w as   dil ut e d   1: 2    wit h   p h os p h at e- b uff er e d   s ali n e   ( P B S)
b ef or e h a n d.

2. 4   Cl arifi c ati o n  Effi ci e n c y   b y  T ur bi dit y

M e a s ur e  m e nt

T h e t ur bi dit y- b as e d cl arifi c ati o n effi ci e n c y ( C E ) is a  q u a nti-
t ati v e  p ar a  m et er t h at is  us e d t o  e v al u at e t h e s e p ar ati o n  effi-
ci e n c y.  F or  t his  p ur p os e,  t h e  t ur bi dit y  i n  t h e  c e ntr at e   w as
d et er  mi n e d  f or  e a c h  c o n diti o n  usi n g  a    T B 1  t ur bi di  m et er
(  V E L P  S ci e ntifi c a,   Us  m at e   Vel at e,   M B, It al y).   As a r ef er e n c e
v al u e f or  d et er  mi ni n g t h e  C E , t h e  c ell  s us p e nsi o n fr o  m t h e
bi or e a ct or   w as  c e ntrif u g e d f or  2   mi n  at  2 5 0 0 g  a n d  t h e t ur-
bi dit y  i n  t h e  s u p er n at a nt   w as  d et er  mi n e d.   T h e  C E  r es ults
fr o  m t h e r ati o  of t h e t ur bi dit y T  i n t h e c e ntr at e T C e ntr at e a n d
t h e  s u p er n at a nt t ur bi dit y  of t h e  c ell  s us p e nsi o n t o  b e s e p a-
r at e d T F e e d ( E q. ( 1)).

C E  %½  ¼  1
T C e ntr at e

T F e e d
·  1 0 0 ( 1)

2. 5    A n al yti c s

T o  e v al u at e  t h e  s e p ar ati o n  pr o c ess,  t h e  I g  G,    D  N  A,    H  C P,
a n d  L  D  H  c o n c e ntr ati o ns   w er e  d et er  mi n e d  i n  t h e  c ell  s us-
p e nsi o n  b ef or e s e p ar ati o n  a n d i n t h e c e ntr at e.   All   m e as ur e-
m e nts    w er e   p erf or  m e d  i n  tri pli c at e  f or    D  N  A   a n d    H  C P
m e as ur e  m e nts.   T h e I g  G  a n d  L  D  H   m e as ur e  m e nt   w as  d et er-
mi n e d  i n  a  si n gl e  d et er  mi n ati o n    wit h  a    C e d e x   Bi o  fr o  m
R o c h e ( B as el,  S  wit z erl a n d).  F or t h e   D  N  A   m e as ur e  m e nt, t h e
Q u a nt-i T  Pi c o  Gr e e n  kit  (I n vitr o g e n,    Walt h a  m,    M  A,    U S  A)
w as  us e d  a c c or di n g t o t h e   m a n u al.   T h e fl u or es c e n c e  si g n al
of  t h e  s a  m pl es   w as  d et er  mi n e d  at  a n  e x cit ati o n  of  4 9 0 n  m
a n d  a n  e  missi o n    w a v el e n gt h  of  5 6 0 n  m    wit h  t h e  fl u or es-

w  w  w. cit-j o ur n al. c o  m  ª  2 0 2 2   T h e   A ut h ors.   C h e  mi e I n g e ni e ur   Te c h ni k  p u blis h e d  b y   Wil e y-  V  C  H   G  m b  H  C h e  m. I n g.   Tec h.  2 0 2 2 , 9 4 ,   N o. 1 2, 1 9 3 6 – 1 9 4 3

Fi g ur e  2.  S c h e  m ati c r e pr es e nt ati o n   of t h e   C  H  O c ell   pr o d u cti o n  a n d s e p ar ati o n  e x p eri  m e nts   wit h t h e  k yt er o 5 0 0  a n d t h e
p erf or  m e d  a n al yti c al   m et h o ds.

T a bl e  1.  O v er vi e  w   of s e p ar ati o n c o n diti o ns  a n d s a  m pl e   n a  m es.

N a  m e S e p ar at or s p e e d

[r p  m]

_V F e e d

[ L h– 1 ]

P  C  V Tar g et

[  %]

3 5 0 0r p  m- 3 0 L/ h- 5 0  %   3 5 0 0 3 0   5 0

3 5 0 0r p  m- 6 0 L/ h- 5 0  %   3 5 0 0 6 0   5 0

3 5 0 0r p  m- 6 0 L/ h- 6 5  %   3 5 0 0 6 0   6 5

3 5 0 0r p  m- 6 0 L/ h- 8 0  %   3 5 0 0 6 0   8 0

3 5 0 0r p  m- 9 0 L/ h- 8 0  %   3 5 0 0 9 0   8 0

3 5 0 0r p  m- 1 2 0 L/ h- 8 0  %   3 5 0 0 1 2 0   8 0

4 7 5 0r p  m- 6 0 L/ h- 8 0  %   4 7 5 0 6 0   8 0

4 7 5 0r p  m- 9 0 L/ h- 8 0  %   4 7 5 0 9 0   8 0
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c e n c e  s p e ctr o  m et er    G e  mi ni  fr o  m    M ol e c ul ar    D e vi c es  ( S a n
J os e,   C  A,   U S  A).  F or t h e   H  C P  c o n c e ntr ati o n  d et er  mi n ati o n,
t h e i  m  m u n o e n z y  m etri c   H  C P   m e as ur e  m e nt kit fr o  m   C y g n us
Te c h n ol o gi es ( S o ut h p ort,   N  C,   U S  A)   w as  us e d.   T h e s a  m pl es
w er e   m e as ur e d   wit h  a   M ultis k a n  S p e ctr u  m ( T h er  m o  Fis h er
S ci e ntifi c,   Walt h a  m,   M  A,   U S  A)  pl at e r e a d er.

2. 6   C ell   Di si nt e gr ati o n   b y  S o ni c ati o n

As  n e g ati v e  c o ntr ol   wit h t h e   m a xi  m u  m  p ossi bl e  c o n c e ntr a-
ti o n   of    D  N  A,    H  C P,   a n d   L  D  H   of  t h e   disi nt e gr at e d   c ell
s us p e nsi o n  i n  t h e  bi or e a ct or,  1 0   m L  of  t h e  c ell  s us p e nsi o n
w as   s o ni c at e d    wit h   a   s o n otr o d e   (  U P 2 0 0 S T,    Hi els c h er
Ultr as o ni cs   G  m b  H,   Telt o  w,   G er  m a n y) f or  4   mi n.   T o r e  m o v e
t h e  c ell  d e bris,  t h e  s a  m pl e    w as  c e ntrif u g e d  at  2 0 0 0 0g  f or
5   mi n  a n d t h e  s u p er n at a nt   w as  us e d t o  d et er  mi n e t h e  c o n-
c e ntr ati o n  of  L  D  H,   H  C P, a n d   D  N  A.

3    R e s ult s  a n d   Di s c u s si o n

A n i  m p ort a nt  p ar a  m et er f or  c ell s e p ar ati o n  pr o c ess es is t h e
t ur bi dit y i n t h e  c e ntr at e,  as t his i nfl u e n c es t h e f urt h er   D S P.
T o  k e e p  t h e  eff ort  r e q uir e d  i n  t h e   D S P  as l o  w  as  p ossi bl e,
t h e  ai  m  is  t o  a c hi e v e  t h e  l o  w est  p ossi bl e  t ur bi dit y  v al u es
aft er  c ell  h ar v est.   T h e t ur bi dit y  of t h e  c ell  s us p e nsi o n t o  b e
s e p ar at e d   wit h t h e  k yt er o 5 0 0, f urt h er r ef err e d t o as  p ositi v e
c o ntr ol,   w as  4 7 2 n e p h el o  m etri c t ur bi dit y  u nits (  N T  U).   T his
c o ul d  b e r e d u c e d t o a t ur bi dit y  of  1 3   N T  U  b y  dis c o nti n u o us
c e ntrif u g ati o n ( Fi g. 3 a).   T h e t ur bi dit y- b as e d  C E  i n t his  c as e
w as  9 7. 3   %.   T h e t ur bi dit y  a cr oss  all  s e p ar ati o n  s etti n gs   w as
1 2 t o  1 6   N T  U, r es ulti n g i n si  mil ar  C E  v al u es  of  9 6. 6 – 9 7. 5   %.

T h e  l o  w est  t ur bi dit y  v al u e  of  1 2   N T  U    w as  a c hi e v e d  at  a
s e p ar ati o n   s p e e d   of   3 5 0 0 r p  m, _V F e e d = 3 0  L  h – 1 a n d   a
P  C  V Tar g et c o nt e nt  of  5 0 v ol   % i n t h e  c o n c e ntr at e.    W h e n t h e
s e p ar ati o n s p e e d  a n d t h e  P  C  V Tar g et i n t h e  c o n c e ntr at e   w er e
k e pt  c o nst a nt  at  3 5 0 0 r p  m  a n d  8 0 v ol   %  a n d  t h e  f e e d  l o  w
r at e _V F e e d w as  v ari e d,  a  sli g ht  i n cr e as e  i n  t ur bi dit y    w as
o bs er v e d  fr o  m  1 3   N T  U  at  6 0 L h – 1 t o  1 5   N T  U  at  9 0 L h– 1

a n d 1 6   N T  U at 1 2 0 L h – 1 .   T h e t ur bi dit y- b as e d C E  i n t h e c as e
of  s e p ar ati o n  at  1 2 0 L h – 1 w as  9 6. 6   %,   w hi c h is  0. 7   % l o  w er
t h a n  t h e  p ositi v e  c o ntr ol.   T h e  sli g ht  i n cr e as e  i n  t ur bi dit y
a n d t h e ass o ci at e d  d e cr e as e i n  C E  m a y  b e  d u e t o t h e s h ort er
r esi d e n c e ti  m e  of t h e c ell s us p e nsi o n  a n d t h er ef or e  a r e d u c-
ti o n i n s e di  m e nt e d  p arti cl es [ 7].   N e v ert h el ess, t h e C E  v al u es
of  9 6. 6 – 9 7. 5   %  a c hi e v e d  ar e  v er y  hi g h  a n d  i n  a gr e e  m e nt
wit h  ot h er  c ell  s e p ar ati o n    m et h o ds  d es cri b e d  i n  t h e lit er a-
t ur e  [ 6,  1 4,  1 9 – 2 1].    Mi n o  w  et  al.  [ 6]  a c hi e v e d  a  t ur bi dit y-
b as e d  C E  of  9 6. 4 – 9 8. 0   %   w h e n  cl arif yi n g  a   C  H  O  c ell  s us-
p e nsi o n    wit h  d e pt h  filt ers    wit h  or    wit h o ut  di at o  m a c e o us
b o d y-f e e d   filt ers.    W h e n   s e p ar at e d    wit h   t h e   si n gl e- us e
fl ui di z e d  b e d  c e ntrif u g e  k S e p,  C E  v al u es  of  9 0. 2 – 9 3. 4  a n d
9 7. 5 – 9 8. 1   %,  r es p e cti v el y,    w er e  d es cri b e d  [ 1 4, 2 0].   R e g ar d-
l ess   of  t h e  s e p ar ati o n   p ar a  m et ers   us e d   a n d  t h e  sli g htl y
d e cr e asi n g t ur bi dit y- b as e d  C E  d e p e n di n g  o n t h e s e p ar ati o n
s etti n g,  n o  c ells  or  c ell  d e bris i n  t h e  f or  m  of  a  s oli d  p ell et
c o ul d   b e   d et e ct e d  i n  t h e   c e ntr at e,   e v e n   aft er   a  f urt h er
dis c o nti n u o us   c e ntrif u g ati o n   st e p.    T h e   P  C  V- b as e d  C E
a c hi e v e d  b y  dis c o nti n u o us  c e ntrif u g ati o n    w as  a c c or di n gl y
1 0 0   % f or all s e p ar ati o ns  p erf or  m e d.

A n ot h er i  m p ort a nt  p ar a  m et er    m o nit or e d  d uri n g  s e p ar a-
ti o n   wit h  a  dis k  st a c k  s e p ar at or is t h e  P  C  VR e al i n t h e  c o n-
c e ntr at e.  I n  t his    w or k,  t h e  ai  m    w as  t o  i n cr e as e  t h e  P  C  V
fr o  m   2. 7 v ol   %  i n  t h e  s us p e nsi o n  t o   5 0,   6 5,   or   8 0 v ol   %
d uri n g  s e p ar ati o n.   T h e  P  C  V R e al i n  t h e  c o n c e ntr at e  v ari e d

C h e  m. I n g.   Tec h.  2 0 2 2 , 9 4 ,   N o. 1 2, 1 9 3 6 – 1 9 4 3  ª  2 0 2 2   T h e   A ut h ors.   C h e  mi e I n g e ni e ur   Te c h ni k  p u blis h e d  b y   Wil e y-  V  C  H   G  m b  H    w  w  w. cit-j o ur n al. c o  m

Fi g ur e  3.  a)  T ur bi dit y  a n d t ur bi dit y- b as e d  C E  i n t h e c e ntr at e  a n d   b)  P C  V R e al a n d  P C  V T ar g et c o n c e ntr ati o ns  a n d c ell
vi a bilit y  aft er s e p ar ati o n i n t h e c o n c e ntr at e.   N o  m e n cl at ur e: s e p ar at or s p e e d- _V F e e d - P C  VT ar g et ;   p ositi v e c o ntr ol:
bi or e a ct or c ell s us p e nsi o n.
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b et  w e e n  3 3  a n d  8 0 v ol   %,  d e p e n di n g  o n t h e  P  C  V Tar g et v al u e
( Fi g. 3 b).   T h e   mi ni  m u  m v al u e  of 3 3 v ol   %   w as o bt ai n e d   wit h
t h e  first  s e p ar ati o n  c arri e d  o ut   wit h  a  s e p ar ati o n  s p e e d  of
3 5 0 0 r p  m, _V F e e d =  3 0  L  h – 1 a n d  a   P  C  V Tar g et of   5 0 v ol   %.
W h e n  t h e  P  C  V Tar g et i n  t h e  c o n c e ntr at e    w as  i n cr e as e d  t o
8 0 v ol   %,   t h e   P  C  V R e al v al u e   gr a d u all y   i n cr e as e d   fr o  m
6 5 v ol   % ( 6 0 L h – 1 ) t o  7 0 v ol   % ( 9 0 L h – 1 )  a n d t h e n r e a c h e d  a
P  C  V R e al of  8 0 v ol   % i n t h e t hir d s e p ar ati o n  c arri e d  o ut   wit h
a f e e d fl o  w r at e _V F e e d of  1 2 0 L h – 1 .   T h e f a ct t h at t h e  P  C  VR e al
v al u e  r e a c h e d  t h e   P  C  V Tar g et wit h   a  ti  m e   d el a y   aft er   a n
a dj ust  m e nt  of t h e  P  C  V Tar g et c a n  b e attri b ut e d t o t h e  b al a n c e
a dj ust  m e nt  i n  t h e  s e p ar at or  b o  wl  a n d  t h e  tr a nsf er  of  t h e
c o n c e ntr at e i nt o t h e   w ast e c o nt ai n er.

T h e  vi a bilit y  of  t h e  c ells  i n  t h e  c o n c e ntr at e   d e cr e as e d
w h e n   t h e   s e p ar ati o n   s p e e d   a n d _V F e e d w er e   i n cr e as e d
( Fi g. 3 b).    W h e n  t h e  s e p ar ati o n  s p e e d  a n d  P  C  V Tar g et w er e
k e pt   c o nst a nt   at   3 5 0 0 r p  m   a n d   8 0 v ol   %   a n d _V F e e d w as
v ari e d,  t h e  vi a bilit y  of  t h e  c ell  s us p e nsi o n  d e cr e as e d  fr o  m
9 3. 9   %  at  6 0 L h – 1 t o  6 4. 4   %  at  9 0 L h– 1 a n d  r e a c h e d  a   mi ni-
m u  m  v al u e  of  5 5. 5   %  at  1 2 0 L h – 1 .   T h e  s a  m e  eff e ct  c a n  b e
s e e n    w h e n  i n cr e asi n g  t h e  s e p ar ati o n  s p e e d  t o  4 7 5 0 r p  m.
T h er e,  t h e  vi a bilit y   d e cr e as e d  fr o  m  6 6. 7   %  at  6 0 L h – 1 t o
4 3. 0   %  at  9 0 L h – 1 .    T h e   d e cr e as e  i n  vi a bilit y    wit h  a n  i n-
cr e as e d _V F e e d m a y  b e  d u e  t o  d a  m a g e  i n c urr e d  d uri n g  t h e
s e p ar ati o n  pr o c ess  a n d  d uri n g  t h e  tr a nsf er  of  t h e  c o n c e n-
tr at e t hr o u g h t h e  p erist alti c  p u  m p i nt o t h e c o n c e ntr at e c o n-
t ai n er.   Var yi n g  o nl y t h e s e p ar ati o n s p e e d a n d  k e e pi n g _V F e e d

a n d  P  C  V Tar g et c o nst a nt  at  6 0 L h – 1 a n d  8 0 v ol   %,  a  d e cr e as e
i n  vi a bilit y fr o  m  9 3. 9   % ( 3 5 0 0 r p  m) t o  6 4. 4   % ( 4 7 5 0 r p  m) is
o bs er v e d.    T his   dr o p  i n di c at es   c ell   d a  m a g e,   e. g.,   d u e  t o
e x c essi v e  g f or c es  or s h e ar f or c es i n t h e s e p ar at or  b o  wl.   T his
eff e ct   w as als o visi bl e   wit h _V F e e d =  9 0  L  h – 1 .

Si n c e t h e c ell  d a  m a g e t h at  o c c urs  d uri n g s e p ar ati o n l e a ds
t o t h e s e cr eti o n of i ntr a c ell ul ar s u bst a n c es i nt o t h e I g  G- c o n-

t ai ni n g  li q ui d  p h as e  a n d  c a n  t h us  n e g ati v el y  i nfl u e n c e  t h e
D S P,  t h e    H  C P,    D  N  A,  a n d  L  D  H  c o n c e ntr ati o n  i n  t h e  c e n-
tr at e   w er e  d et er  mi n e d  as  q u alit y  p ar a  m et ers ( Fi g. 4).    W h e n
c o  m p ari n g  t h e   H  C P  c o n c e ntr ati o n i n t h e  c e ntr at e  s a  m pl es
wit h t h e  bi or e a ct or  p ositi v e c o ntr ol, t h e   H  C P c o n c e ntr ati o n
c h a n g e d  b y  – 4 t o  2 2   % ( Fi g. 4 a).   T h e  hi g h est   H  C P  c o n c e n-
tr ati o n i n cr e as e fr o  m 2 7 7 ± 2 6 m g  m L – 1 i n t h e  p ositi v e c o ntr ol
t o  3 3 7 ± 2 7 m g  m L – 1 w as  o bt ai n e d  at  a  s e p ar ati o n  s p e e d  of
4 7 5 0 r p  m, _V F e e d =  9 0  L  h – 1 a n d   8 0 v ol   %   P  C  V Tar g et .    T his
v al u e c orr el at es   wit h t h e l o  w vi a bilit y  of  4 2. 5   %   m e as ur e d i n
t h e  c o n c e ntr at e  a n d  t h us    wit h  t h e  ass u  m pti o n  t h at    m or e
H  C P  e nt ers t h e  c e ntr at e  at  hi g h er  s e p ar ati o n  s p e e ds.  I n  all
ot h er  s e p ar ati o ns   p erf or  m e d,  t h e  i n cr e as e  i n    H  C P  v al u e
w as   7   %   at    m a xi  m u  m.    T his   c orr el at es    wit h   k S e p- b as e d
s e p ar ati o ns, i n   w hi c h t h e   H  C P  c o n c e ntr ati o ns   w er e  5 ± 1 1   %
hi g h er  t h a n  i n  t h e  bi or e a ct or  c ell  s us p e nsi o n  [ 2 0].   Ta ki n g
t h e    D  N  A   c o n c e ntr ati o n   i n   t h e   c e ntr at e   i nt o   a c c o u nt,
9 0. 0 ± 1. 5 m g  m L – 1 t o  9 5. 5 ± 1. 2 m g  m L – 1 D  N  A   w er e  d et e ct e d
f or  all  s e p ar ati o n  c o n diti o ns  ( Fi g. 4 a).    T his  r es ult e d  i n  a
1. 6   %  l o  w er  t o  4. 4   %  hi g h er  v al u e  c o  m p ar e d  t o  t h e    D  N  A
c o n c e ntr ati o n  i n  t h e  s u p er n at a nt  of  t h e  bi or e a ct or  s a  m pl e
( p ositi v e c o ntr ol).   T h e   D  N  A c o n c e ntr ati o n,  u nli k e t h e   H  C P
c o n c e ntr ati o n, i n cr e as e d  b y  o nl y  1. 4   % at  4 7 5 0 r p  m,  9 0 L h – 1

a n d  8 0 v ol   %  P  C  V Tar g et i n t h e c o n c e ntr at e.   A c o  m p aris o n  of
t h e  L  D  H c o n c e ntr ati o n at t his s e p ar at or s etti n g als o s h o  w e d
o nl y  a n  i n cr e as e   of   1   %,  fr o  m   2 6 8   U L – 1 i n  t h e   p ositi v e
c o ntr ol  t o   2 7 0   U L – 1 ( Fi g. 4 b).  I n  t h e  c as e   of    D  N  A   a n d
L  D  H  c o n c e ntr ati o n  ( Fi g. 4),  n o  si g nifi c a nt i n cr e as e i n  c o n-
c e ntr ati o n   w as  dis c er ni bl e i n  all  c e ntr at es,  r e g ar dl ess  of t h e
s e p ar ati o n   p ar a  m et ers   s el e ct e d.    A p art   fr o  m   t h e   hi g h est
s e p ar ati o n   s etti n g    wit h   4 7 5 0 r p  m,   9 0 L h – 1 ,   a n d   8 0 v ol   %
P  C  V Tar g et , t his als o a p pli es t o t h e   H  C P c o n c e ntr ati o n. If t h e
c ells    w er e   d a  m a g e d,   a n   i n cr e as e   i n    D  N  A   a n d   L  D  H
c o n c e ntr ati o n    w o ul d  als o  b e  e x p e ct e d;  i n  t h e  c as e  of  t h e

w  w  w. cit-j o ur n al. c o  m  ª  2 0 2 2   T h e   A ut h ors.   C h e  mi e I n g e ni e ur   Te c h ni k  p u blis h e d  b y   Wil e y-  V  C  H   G  m b  H  C h e  m. I n g.   Tec h.  2 0 2 2 , 9 4 ,   N o. 1 2, 1 9 3 6 – 1 9 4 3

Fi g ur e  4.  a)   D  N  A  a n d   H C P c o n c e ntr ati o n  a n d   b) L  D  H c o n c e ntr ati o n i n t h e c e ntr at e  aft er s e p ar ati o n.   N o  m e n cl a-
t ur e: s e p ar at or s p e e d- _V F e e d - P C  VT ar g et ;   p ositi v e c o ntr ol:   bi or e a ct or c ell s us p e nsi o n;   n e g ati v e c o ntr ol:   disi nt e-
gr at e d c ell s us p e nsi o n.
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c o  m pl et el y  disi nt e gr at e d  c ell  s us p e nsi o n  (  m ar k e d  as  n e g a-
ti v e   c o ntr ol),   t h e    D  N  A   c o n c e ntr ati o n   i n cr e as e d   fr o  m
9 1. 5 ± 0. 3 m g  m L – 1 t o  7 8 8. 8 ± 1. 3 m g  m L – 1 .   T his  c orr es p o n ds t o
a n   8. 6-f ol d  i n cr e as e.   L  D  H   c o n c e ntr ati o n    w as  i n cr e as e d
3 1-f ol d  b y c o  m pl et e  disi nt e gr ati o n a n d t h e   H  C P c o n c e ntr a-
ti o n i n cr e as e d  b y  2 7   %.   T h e  r es ults  s h o  w t h at  all  s e p ar at or
s etti n gs i n v esti g at e d ar e s uit a bl e f or t h e c o  m pl et e s e p ar ati o n
of  c ell  c ult ur es.  If t h e  ai  m is t o  a c hi e v e t h e  hi g h est  s e p ar a-
ti o n  p ossi bl e ( P  C  VTar g et =  8 0 v ol   %)  or t h e   m ost r a pi d s e p a-
r ati o n  p ossi bl e ( _V F e e d = 1 2 0 L h – 1 ), a  d e cr e as e  of c ell vi a bilit y
w as  d et er  mi n e d,  b ut t h e  c o n c e ntr ati o ns  of   H  C P,   D  N  A,  a n d
L  D  H   m e as ur e d s h o  w t h at t h e c e ntr at e is als o   w ell s uit e d f or
t h e f oll o  wi n g   D S P at t h es e s etti n gs.

T h e  c ell  s e p ar ati o n    m et h o d  c h os e n  n ot  o nl y  d et er  mi n es
w hi c h i  m p uriti es  n e e d t o  b e r e  m o v e d i n f urt h er cl arifi c ati o n
st e ps,  b ut  als o aff e cts t h e I g  G r e c o v er y r at e.  S e p ar ati o n  pr o-
c e d ur es   b as e d   o n  filtr ati o n    m a y  r es ult  i n  a  l oss   of  I g  G
[ 6, 2 2].  I n  c o ntr ast,    wit h  c e ntrif u g ati o n- b as e d  s e p ar ati o n,
t h e or eti c all y  n o  l oss  of  I g  G  is  p ossi bl e  d u e  t o  a ds or pti o n
eff e cts.   At t h e  b e gi n ni n g  of t h e  s e p ar ati o n   wit h t h e  k yt er o,
t h e  I g  G  c o n c e ntr ati o n  i n  t h e  s u p er n at a nt    w as  6 9 2   m g L– 1 .
T h e I g  G  c o n c e ntr ati o n i n cr e as e d  u ntil t h e  e n d  of t h e  s e p a-
r ati o n  e x p eri  m e nts t o  7 1 6   m g L – 1 at t h e l ast s e p ar ati o n  p er-
f or  m e d   wit h a s e p ar at or s p e e d  of 4 7 5 0 r p  m, _V F e e d =  9 0  L  h – 1

a n d  a  P  C  V Tar g et of  8 0 v ol   %.   T his  3. 5   %  i n cr e as e  ( Fi g. 5)  is
n ot  d u e  t o  a n y  c o n c e ntr ati o n  eff e ct  d uri n g  s e p ar ati o n,  b ut
t o I g  G  pr o d u cti o n  b y t h e   C  H  O c ells  d uri n g t h e 2. 2 h s e p ar a-
ti o n   pr o c ess.    All  t h e  s e p ar ati o n  e x p eri  m e nts  list e d    w er e
c arri e d  o ut  dir e ctl y  o n e aft er t h e  ot h er   wit h t h e c ell s us p e n-
si o n fr o  m t h e 2 0 0- L bi or e a ct or.

W hil e  t h e  a ds or pti o n- b as e d  l oss  of  I g  G  is  n ot  p ossi bl e
wit h  dis k  st a c k  s e p ar at ors, t h er e is  still I g  G l oss  d u e t o t h e
li q ui d   p h as e  fr a cti o n   c o nt ai n e d  i n  t h e   c o n c e ntr at e.   F or
e x a  m pl e,  if  a  P  C  V  of  5 0 v ol   %  is  ai  m e d  f or  i n  t h e  c o n c e n-
tr at e,  t his  r es ults  i n  a  c o n c e ntr ati o n  f a ct or  of  1 8. 5   wit h  a
P  C  V of 2. 7 v ol   % i n t h e  bi or e a ct or ( Ta b. 2). I n t h e s e p ar ati o n
of  2 0 0 L  c ell  s us p e nsi o n,  1 0. 8 L  c o n c e ntr at e is  pr o d u c e d,  of
w hi c h  5. 4 L ar e li q ui d  p h as e c o nt ai ni n g   m  A b.   Ass u  mi n g t h e
I g  G  pr o d u cti o n  pr o c ess  est a blis h e d i n    M ü ll er  et  al. [ 2 3]  o n
a  2 0 0- L  s c al e  a n d  a fi n al  I g  G  c o n c e ntr ati o n  of  3 6 0 0   m g L – 1

aft er  1 2 c ulti v ati o n  d a ys, t his r es ults i n a n I g  G l oss  of  1 9. 4 g.
If  t h e  P  C  V i n  t h e  c o n c e ntr at e is i n cr e as e d  t o  8 0 v ol   %,  t h e
I g  G l oss is  o nl y  0. 7   %,  u n d er  t h e  b est  p ossi bl e  ass u  m pti o n
t h at  t h e   P  C  V   n o  l o n g er  c o nt ai ns  a n y  li q ui d.    U n d er  t h e

ass u  m pti o n  t h at  t h e   c ells  i n  t h e   P  C  V  ar e   pr es e nt   as   a
d e ns est  s p h er e  p a c k,  n ot  0. 7  b ut  1. 4   %  I g  G  is  l ost.    H o  w-
e v er,  t his  d o es  n ot  c orr es p o n d  t o  r e alit y,  as  t h e  c ells  ar e
n ot  p erf e ctl y  r o u n d  a n d  ar e  c o  m pr ess e d  d uri n g  t h e  s e p a-
r ati o n   pr o c ess.    T h e   r e al   I g  G   r e c o v er y   r at e  is  t h er ef or e
b et  w e e n  9 8. 6  a n d  9 9. 3   %.  I n  c o ntr ast  t o  t h e  fl ui di z e d  b e d
c e ntrif u g e  k S e p,  t h er e    w as  n o    w as hi n g  of  t h e  c ells  e n vis-
a g e d  t o  r e c o v er  t h e  I g  G  c o nt ai n e d  i n  t h e  c o n c e ntr at e  i n
t his   w or k.  B y  dis pl a c e  m e nt   w as hi n g,  t h e  I g  G  r e c o v er y  r at e
c o ul d   b e   f urt h er   i n cr e as e d.    T hr o u g h   dir e ct    w as hi n g,   a
1 0 0   %    m  A b  r e c o v er y    w o ul d  t h e or eti c all y  b e  p ossi bl e    wit h
t h e  k S e p.    H o  w e v er,  S a b all us  et  al.  [ 2 0]  s h o  w e d  t h at  o nl y
9 3. 2 – 9 7. 0   %   of  t h e    m  A b    w as   o bt ai n e d    w h e n   usi n g  t h e
k S e p  i n cl u di n g  a n  i nt e gr at e d    w as hi n g  pr o c ess.    T h e    m  A b
c o n c e ntr ati o n  d e cr e as e d  d u e  t o    w as hi n g  a n d,  t h us,  a  l ot
of  b uff er   w o ul d  b e  n e c ess ar y  f or  c o  m pl et e    m  A b  r e c o v er y.
D e pt h  filt ers  r e pr es e nt  a n  alt er n ati v e  as  a  pri  m ar y  cl arifi-
c ati o n  st e p.   T o  mi c  et  al.  t est e d  diff er e nt  d e pt h  filt ers  a n d
a nti b o d y  c o  m bi n ati o ns  a n d  s h o  w e d  t h at  t h e  I g  G  r e c o v er y
r at e   w as  b et  w e e n  8 2  a n d  9 7   %  [ 2 1].    H o  w e v er,  t o  k e e p  t h e
l oss   as  l o  w   as   p ossi bl e,   a  s uit a bl e   d e pt h  filt er    m at eri al
m ust  b e f o u n d f or  e a c h  pr o d u ct.

C h e  m. I n g.   Tec h.  2 0 2 2 , 9 4 ,   N o. 1 2, 1 9 3 6 – 1 9 4 3  ª  2 0 2 2   T h e   A ut h ors.   C h e  mi e I n g e ni e ur   Te c h ni k  p u blis h e d  b y   Wil e y-  V  C  H   G  m b  H    w  w  w. cit-j o ur n al. c o  m

Fi g ur e  5.  I g  G r e c o v er y r at e   o v er all s e p ar ati o n c o n diti o ns.
N o  m e n cl at ur e: s e p ar at or s p e e d- _V F e e d - P C  VT ar g et ;   p ositi v e c o n-
tr ol:   bi or e a ct or c ell s us p e nsi o n;   n e g ati v e c o ntr ol:   disi nt e gr at e d
c ell s us p e nsi o n.

T a bl e  2.  T h e or eti c al I g  G l oss   d e p e n di n g   o n t h e  P C  V i n t h e c o n c e ntr at e.

P  C  V C o n c e ntr at e

[ v ol   %]

C o n c e ntr ati o n f a ct or

[ –]a)
V C o n c e ntr at e

[ L]

V Li q ui d, c o n c e ntr at e

[ L]

A bs ol ut e I g  G l oss

[ g]b)
R el ati v e I g  G

l oss [  %]

5 0 1 8. 5 1 0. 8   5. 4 ( 6. 8) c) 1 9. 4 ( 2 4. 5) c) 2. 7 ( 3. 4) c)

6 5 2 4. 1 8. 3   2. 9 ( 4. 3) c) 1 0. 5 ( 1 5. 5) c) 1. 5 ( 2. 2) c)

8 0 2 9. 6 6. 8   1. 4 ( 2. 8) c) 4. 9 ( 9. 9) c) 0. 7 ( 1. 4) c)

9 0 3 3. 3 6. 0   0. 6 ( 2. 0) c) 2. 2 ( 7. 2) c) 0. 3 ( 1. 0) c)

a)   B as e d   o n  t h e  P C  V   of  2. 7 v ol   %; i n  t h e  s e p ar at e d   bi or e a ct or  s us p e nsi o n ( p ositi v e  c o ntr ol);   b)  ass u  m p-
ti o n   of  a n I g  G c o n c e ntr ati o n   of  3 6 0 0   m g L – 1 ; c) c o nsi d eri n g t h e   d e ns est s p h er e   p a c ki n g i n t h e  P C  V.
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4    C o n cl u si o n  a n d   O utl o o k

I n  t his  p a p er,  s e p ar ati o n  r es ults    wit h  t h e  si n gl e- us e  dis k
st a c k  c e ntrif u g e  k yt er o 5 0 0 f or t h e  s e p ar ati o n  of   C  H  O  c ells
ar e  p u blis h e d f or t h e first ti  m e.   T o  d et er  mi n e t h e  o p p ort u-
niti es  a n d li  mit ati o ns t h at  c a n  b e  a c hi e v e d   wit h t his s yst e  m
f or t h e s e p ar ati o n  of   C  H  O s us p e nsi o n c ells,  v ari o us s etti n gs
w er e  t est e d.   T h e  s e p ar at or  s p e e d, _V F e e d ,  a n d  P  C  V  i n  t h e
c o n c e ntr at e   w er e  v ari e d.    Wit h  ‡  9 6. 6   %,  a  hi g h  t ur bi dit y-
b as e d  C E  w as a c hi e v e d f or all s e p ar at or s etti n gs.   D uri n g t h e
s e p ar ati o n  pr o c ess,  a  d e cr e as e i n t h e  vi a bilit y  of t h e  c ells i n
t h e  c o n c e ntr at e   w as  o bs er v e d  d e p e n di n g  o n  f e e d  fl o  w  a n d
P  C  V v al u e.   H o  w e v er, a p art fr o  m  o n e e x c e pti o n,  n o i n cr e as e
i n   q u alit y-r el e v a nt   p ar a  m et ers  s u c h   as    H  C P,    D  N  A,   a n d
L  D  H   w as  d et e ct a bl e i n t h e  c e ntr at e.   A c c or di n gl y, it  c a n  b e
ass u  m e d  t h at t h e  s h e ar f or c es  a cti n g i n t h e  s e p ar at or  b o  wl
ar e  s uffi ci e ntl y l o  w  n ot t o i nfl u e n c e t h e  q u alit y  of t h e  c e n-
tr at e c o nt ai ni n g   A PI.  F urt h er  e v al u ati o n s h o ul d  b e   m a d e t o
d et er  mi n e als o t h e s uit a bilit y f or  p erf usi o n  pr o c ess es.   A s e p-
ar at or s p e e d  of 3 5 0 0 r p  m is alr e a d y s uffi ci e nt t o s e p ar at e t h e
c ells  c o  m pl et el y  a n d _V F e e d a n d t h e  P  C  V  c a n  b e  v ari e d  o v er
a   wi d e r a n g e.   At  hi g h fl o  w r at es  of  1 2 0 L h – 1 , t h e  2 0 0 L  pil ot
bi or e a ct or  s us p e nsi o n  c a n  t h us  b e  c o  m pl et el y  s e p ar at e d i n
l ess t h a n  2 h.  B as e d  o n t h e v er y  hi g h  P  C  VR e al v al u es  of  8 0   %
a c hi e v e d  i n  t h e  c o n c e ntr at e,  v er y  hi g h  I g  G  r e c o v er y  r at es
c a n  b e a c hi e v e d i n t h e c e ntr at e,   w hi c h i n t h e or y li e  b et  w e e n
9 8. 6 a n d 9 9. 3   %.

We   w o ul d li k e t o t h a n k   T h er  m o  Fis h er S ci e ntifi c’s   Gi b c o
t e a  m f or  pr o vi di n g t h e c ells a n d t h e   m e di a.

S y  m b ol s  u s e d

C E  [  %]   cl arifi c ati o n effi ci e n c y
T [  N T  U]   t ur bi dit y
V [ L]   v ol u  m e
_V [ L h– 1 ]   v ol u  m etri c fl o  w r at e

S u b-  a n d s u p er s cri pt s

C e ntr at e   c e ntr at e  p h as e
C o n c e ntr at e   c o n c e ntr at e  p h as e
F e e d   bi or e a ct or s us p e nsi o n
Li q ui d   li q ui d  p h as e
R e al   r e al   m e as ur e d v al u e
R e c o v er y   r e c o v er y
Tar g et   t ar g et v al u e

A b br e vi ati o n s

A PI   a cti v e  p h ar  m a c e uti c al i n gr e di e nt
C  H  O    C hi n es e  h a  mst er  o v ar y

D S P   d o  w nstr e a  m  pr o c essi n g
H  C P   h ost c ell  pr ot ei n
I g  G   i  m  m u n o gl o b uli n   G
L  D  H   l a ct at e  d e h y dr o g e n as e
m  A b    m o n o cl o n al a nti b o d y
N T  U   n e p h el o  m etri c t ur bi dit y  u nit
P B S   p h os p h at e- b uff er e d s ali n e
P  C  V   p a c k e d c ell v ol u  m e
T F F   t a n g e nti al fl o  w filtr ati o n
U S P   u pstr e a  m  pr o c essi n g
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[ 2]  J.   M üll er,   M.   Te al e, S. St ei n er, S. J u n n e,  P.   N e u b a u er,   D.  Ei bl,

R.  Ei bl, i n  C ell   C ult ure  E n gi n e eri n g  a n d   Tec h n ol o g y  ( E d:   R.  P ö rt-
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Bi ot ec h n ol.  Pr o g.  1 9 9 6 , 1 2 ( 6) , 8 5 5 – 8 6 4.   D  OI:  htt ps:// d oi. or g/

1 0. 1 0 2 1/ b p 9 6 0 0 7 2 n

[ 1 3]    A.   A. S h u kl a,   U.   G otts c h al k, Tre n ds  Bi ot ec h n ol.  2 0 1 3 , 3 1 ( 3) ,
1 4 7 – 1 5 4.   D  OI:  htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.ti bt e c h. 2 0 1 2. 1 0. 0 0 4

[ 1 4]    H.- F.   K o,   R.  B h ati a, Bi o P h ar  m I nt.  2 0 1 2 , 2 5 ( 1 1) , 3 4 – 4 0.

[ 1 5]    R.   T ur n er,   A. J os e p h,   N.   Tit c h e n er-  H o o k er, J.  B e n d er, i n N e  w

Bi o pr oc essi n g Str at e gi es:   D e v el o p  m e nt  a n d   M a n uf act uri n g of
R ec o  m bi n a nt A nti b o di es a n d  Pr ot ei ns  ( E ds:  B.   Kiss,   U.   G otts c h al k,

M.  P o hls c h ei dt),   A d v a n c es i n  Bi o c h e  mi c al  E n gi n e eri n g/ Bi ot e c h-

n ol o g y,   Vol. 1 6 5, S pri n g er,   C h a  m  2 0 1 7 .

[ 1 6]    w  w  w. alf al a v al. c o  m/ gl o b al ass ets/ d o c u  m e nts/ pr o d u cts/s e p ar ati o n/
bi o p h ar  m a/ c ult ur e o n e-r a n g e _s al es-l e afl et _ e n. p df (  A c ess e d o n

M a y 0 5, 2 0 2 2)

[ 1 7]    C. S c hir  m er,   R.   W.   M as c h k e,   R.  P ö rt n er,   D.  Ei bl, A p pl.   Micr o bi ol.
Bi ot ec h n ol.  2 0 2 1 , 1 0 5 ( 6) , 2 2 2 5 – 2 2 4 2.   D  OI:  htt ps:// d oi. or g/

1 0. 1 0 0 7/ S 0 0 2 5 3- 0 2 1- 1 1 1 8 0- 7

[ 1 8]  J.   M üll er,   V.   Ott,   D.  Ei bl,   R.  Ei bl, Pr oc ess es  2 0 2 2 , 1 0 ( 5) ,  9 1 1.

D  OI:  htt ps:// d oi. or g/ 1 0. 3 3 9 0/ pr 1 0 0 5 0 9 1 1

w  w  w. cit-j o ur n al. c o  m  ª  2 0 2 2   T h e   A ut h ors.   C h e  mi e I n g e ni e ur   Te c h ni k  p u blis h e d  b y   Wil e y-  V  C  H   G  m b  H  C h e  m. I n g.   Tec h.  2 0 2 2 , 9 4 ,   N o. 1 2, 1 9 3 6 – 1 9 4 3

1 9 4 2 R es e a r c h   A rti cl e
C h e  mi e
I n g e ni e ur
T e c h ni k



[ 1 9]  S.   R.   H a d p e,   V.   M o hit e, S.   Al v a,   A. S.   R at h or e, Bi ot ec h n ol.  Pr o g.

2 0 2 0 , 3 6 ( 5) , e 2 9 9 6.   D  OI:  htt ps:// d oi. or g/ 1 0. 1 0 0 2/ bt pr. 2 9 9 6
[ 2 0]    M. S a b all us,  L.   Niss er,   M.   K a  m p  m a n n,   G.   Gr ell er, Bi oc h e  m.  E n g.

J. 2 0 2 1 , 1 6 7 , 1 0 7 8 8 7.   D  OI:  htt ps:// d oi. or g/ 1 0. 1 0 1 6/

j. b ej. 2 0 2 0. 1 0 7 8 8 7
[ 2 1]  S.   T o  mi c,  L.  B es n ar d,  B.  F ü rst,   R.   R eit h  m ei er,   R.   Wi c h  m a n n,

P. S c h elli n g,   C.   H a k e  m e y er,  S e p.  P urif.   Tec h n ol.  2 0 1 5 , 1 4 1 ,

2 6 9 – 2 7 5.   D  OI:  htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.s e p p ur. 2 0 1 4. 1 2. 0 0 2

[ 2 2]  S.   Wa n g, S.   G o dfr e y, J.   R a vi kris h n a n,   H.  Li n, J.   Vo g el, J.   C off  m a n,

J.  Bi ot ec h n ol. 2 0 1 7 , 2 4 6 , 5 2 – 6 0.   D  OI:  htt ps:// d oi. or g/ 1 0. 1 0 1 6/
j.j bi ot e c. 2 0 1 7. 0 1. 0 2 0

[ 2 3]  J.   M üll er,   V.   Ott,   N.   Weiss,  P.   N e u b a u er,   D.  Ei bl,   R.  Ei bl, C h e  m.

I n g.   Tec h., i n  pr ess.   D  OI:  htt ps:// d oi. or g/ 1 0. 1 0 0 2/ cit e. 2 0 2 2 0 0 0 9 7

C h e  m. I n g.   Tec h.  2 0 2 2 , 9 4 ,   N o. 1 2, 1 9 3 6 – 1 9 4 3  ª  2 0 2 2   T h e   A ut h ors.   C h e  mi e I n g e ni e ur   Te c h ni k  p u blis h e d  b y   Wil e y-  V  C  H   G  m b  H    w  w  w. cit-j o ur n al. c o  m

R es e a r c h   A rti cl e 1 9 4 3
C h e  mi e
I n g e ni e ur
T e c h ni k
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