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T h e d e v el o p m e nt of v a c ci n e s, g e n e t h er a p y a g e nt s, a n d vir u s-li k e p arti cl e s h a s cr e at e d e x citi n g o p p ort u niti e s f or 

t h e u s e of l ar g e p or e si z e ultr a filtr ati o n m e m br a n e s i n d o w n str e a m pr o c e s si n g. O n e of t h e c h all e n g e s f a ci n g b ot h 

m e m br a n e pr o d u c er s a n d e n d- u s er s i s t h e dif fi c ult y i n e v al u ati n g t h e m e m br a n e p or e si z e or n o mi n al m ol e c ul ar 

w ei g ht  c ut off  ( M W C O)  f or  t h e  s el e cti o n  of  a p pr o pri at e  m e m br a n e s  f or  t ar g et e d  s e p ar ati o n s.  W e  h a v e  u s e d  a 

c o m bi n ati o n of e x p eri m e nt al m e a s ur e m e nt s a n d t h e or eti c al m o d eli n g t o d e v el o p a n i m pr o v e d m et h o d ol o g y f or 

e v al u ati n g t h e M W C O of t h e s e l ar g e p or e si z e ultr a filtr ati o n m e m br a n e s b a s e d o n d e xtr a n r et e nti o n m e a s ur e -

m e nt s.  T h e  m o d el  a c c o u nt s  f or  b ot h  c o n c e ntr ati o n  p ol ari z ati o n  eff e ct s  a n d  t h e  i ntri n si c  d e xtr a n  r et e nti o n 

b e h a vi or. T h e r e s ult s n ot o nl y pr o vi d e f u n d a m e nt al i n si g ht s i nt o t h e f a ct or s c o ntr olli n g d e xtr a n r et e nti o n, b ut 

t h e y c a n al s o g ui d e m e m br a n e m a n uf a ct ur er s a n d e n d- u s er s t o t h e m o st a p pr o pri at e c o n diti o n s (i. e. f e e d fl o w 

r at e  a n d  p er m e at e  fl u x)  f or  e v al u ati n g  t h e  M W C O  f or  h oll o w  fi b er s  wit h  diff er e nt  g e o m etr y,  p or e  si z e,  a n d 

p er m e a bilit y.   

1. I nt r o d u cti o n 

T h er e i s gr o wi n g i nt er e st i n t h e a p pli c ati o n of l ar g e p or e si z e ultr a -

filtr ati o n  m e m br a n e s  f or  t h e  p uri fi c ati o n  of  n o v el  bi ot h er a p e uti c s 

i n cl u di n g  c o nj u g at e d  v a c ci n e s  [1 – 5 ],  vir u s-li k e  p arti cl e s  [ 6 – 8 ],  a n d 

v ari o u s  n u cl ei c  a ci d- b a s e d  bi o p h ar m a c e uti c al s  [ 3 ,9 ].  L ar g e  p or e  si z e 

h oll o w fi b er m e m br a n e m o d ul e s ar e of p arti c ul ar i nt er e st i n m a n y of 

t h e s e a p pli c ati o n s d u e t o t h eir hi g h p a c ki n g d e n sit y (l ar g e m e m br a n e 

ar e a  p er  u nit  v ol u m e),  r el ati v el y  l o w  c o st,  a n d  t h e  l o w er  d e gr e e  of 

f o uli n g d u e t o t h e o p e n c h a n n el d e si g n. H oll o w fi b er m o d ul e s h a v e b e e n 

s u c c e s sf ull y  u s e d  f or  t h e  r e c o v er y  a n d  c o n c e ntr ati o n  of  HI V  v a c ci n e s 

pr o d u c e d  i n  i n s e ct  c ell s  [ 1 0 ],  t h e  p uri fi c ati o n  of  s u p er c oil e d  pl a s mi d 

D N A [ 1 1 ], a n d t h e r e m o v al of e x c e s s p ol y s a c c h ari d e i n t h e pr o d u cti o n of 

a p n e u m o c o c c al c o nj u g at e v a c ci n e [ 1 2 ]. 

T h e m o st c o m m o n m et h o d f or e v al u ati o n of t h e p or e si z e di stri b uti o n 

a n d r et e nti o n c h ar a ct eri sti c s of ultr a filtr ati o n m e m br a n e s i s t h e d e xtr a n 

r et e nti o n  t e st  [ 1 3 ,1 4 ]  i n  w hi c h  t h e  m e m br a n e  i s  c h all e n g e d  wit h  a 

mi xt ur e of d e xtr a n s s p a n ni n g t h e si z e r a n g e a p pr o pri at e f or t h e p arti c -

ul ar m e m br a n e.  S e v er al st u di e s  h a v e d e m o n str at e d t h at t h e  p or e si z e 

e v al u at e d u si n g d e xtr a n r et e nti o n m e a s ur e m e nt s ar e i n g o o d a gr e e m e nt 

wit h  i n d e p e n d e nt  e sti m at e s  d et er mi n e d  b y  li q ui d-li q ui d  p or o si m etr y 

[ 1 5 ] a n d fi el d e mi s si o n s c a n ni n g el e ctr o n mi cr o s c o p y [ 1 6 ]. 

T h er e  ar e  a  n u m b er  of  c h all e n g e s  i n  t h e  a p pli c ati o n  of  d e xtr a n 

r et e nti o n t e st s f or l ar g er m ol e c ul ar w ei g ht c ut off ( M W C O) m e m br a n e s. 

T hi s i n cl u d e s t h e hi g h d e gr e e of c o n c e ntr ati o n p ol ari z ati o n f or t h e l ar g e 

d e xtr a n s ( d u e t o t h e s m all v al u e of t h e m a s s tr a n sf er c o ef fi ci e nt) a s w ell 

a s t h e dif fi c ulti e s i n u si n g si z e e x cl u si o n c hr o m at o gr a p h y f or a n al y si s of 

t h e m ol e c ul ar si z e di stri b uti o n of t h e s e l ar g e s ol ut e s. I n a d diti o n, h oll o w 

fi b er m o d ul e s c a n h a v e l ar g e v ari ati o n s i n filtr at e fl u x wit h a xi al p o siti o n 

d u e t o t h e l ar g e pr e s s ur e dr o p ari si n g fr o m fl o w t hr o u g h t h e m o d ul e. 

T hi s c a n c a u s e b a c k- filtr ati o n ( or St arli n g fl o w) t o o c c ur d uri n g o p er a -

ti o n  at  t h e  l o w  filtr at e  fl u x  t y pi c all y  u s e d  t o  mi ni mi z e  c o n c e ntr ati o n 

p ol ari z ati o n  eff e ct s  d uri n g  t h e  d e xtr a n  c h all e n g e  [ 1 7 ].  B a k h s h a y e s hi 

et al. [ 1 8 ] pr o p o s e d a str at e g y f or t h e c h ar a ct eri z ati o n of l ar g e M W C O 

h oll o w  fi b er  ultr a filtr ati o n  m e m br a n e s  t h at  b al a n c e d  t h e  eff e ct s  of 

b a c k filtr ati o n a n d c o n c e ntr ati o n p ol ari z ati o n w hil e al s o mi ni mi zi n g t h e 

r e q uir e d  filtr ati o n  ti m e  f or  e a c h  t e st.  T hi s “ o pti mi z e d ” d e xtr a n  t e st 

e m pl o y e d v er y l o w f e e d a n d p er m e at e fl o w r at e s, c o n diti o n s t h at ar e f ar 

r e m o v e d fr o m t h e o p er ati n g m o d alit y r el e v a nt t o m o st e n d u s er s. T hi s 

cr e at e s  si g ni fi c a nt  c h all e n g e s  i n  t h e  i nt er pr et ati o n  of  t h e  r e s ulti n g 

d e xtr a n c ur v e s, si g ni fi c a ntl y r e d u ci n g t h e u s ef ul n e s s of t h e d e xtr a n t e st. 

T h e o bj e cti v e of t hi s st u d y w a s t o d e v el o p m or e eff e cti v e pr ot o c ol s 

f or e v al u ati n g t h e d e xtr a n r et e nti o n c ur v e s of l ar g e m ol e c ul ar w ei g ht 

*  C orr e s p o n di n g a ut h or. 4 0 4 C h e mi c al a n d Bi o m e di c al E n gi n e eri n g B uil di n g, D e p art m e nt of C h e mi c al E n gi n e eri n g, T h e P e n n s yl v a ni a St at e U ni v er sit y, U ni v er sit y 

P ar k, P A, 1 6 8 0 2, U S A. 
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c ut- off  h oll o w  fi b er  m e m br a n e s  u si n g  a  c o m bi n ati o n  of  e x p eri m e nt al 

m e a s ur e m e nt s  a n d  t h e or eti c al  m o d eli n g.  T h e  r e s ult s  pr o vi d e  f u n d a -

m e nt al  i n si g ht s  i nt o  t h e  f a ct or s  c o ntr olli n g  d e xtr a n  r et e nti o n  a n d  t h e 

c al c ul at e d  M W C O,  w hil e  at  t h e  s a m e  ti m e  pr o vi di n g  g ui d a n c e  t o 

m e m br a n e m a n uf a ct ur er s a n d e n d- u s er s o n t h e m o st a p pr o pri at e c o n -

diti o n s (i. e. f e e d a n d p er m e at e fi u x) f or e v al u ati n g t h e M W C O f or h oll o w 

fi b er s wit h diff er e nt g e o m etr y, p or e si z e, a n d p er m e a bilit y. 

2.  M at e ri al s a n d m et h o d s 

M e m br a n e s w er e c h all e n g e d wit h a “ c o c kt ail ” c o nt ai ni n g a mi xt ur e 

of s e v er al diff er e nt M W d e xtr a n s: 0. 2 g / L of D e xtr a n T 1 0 ( 9 – 1 1 k D a), 

0. 2 g / L of D e xtr a n T 4 0 ( 3 5 – 4 5 k D a), 0. 8 g / L of D e xtr a n T 1 5 0 ( 1 5 0 k D a), 

a n d 1. 8 g / L of D e xtr a n T 2 0 0 0 ( 2 0 0 0 k D a), o bt ai n e d fr o m Si g m a- Al dri c h 

( St. L o ui s, M O) a n d T CI C h e mi c al ( P ortl a n d, O R). T h e hi g h er c o n c e n -

tr ati o n s of t h e l ar g er M W d e xtr a n s w er e u s e d t o o bt ai n a c c ur at e d at a f or 

t h e  p er m e at e  c o n c e ntr ati o n s  of  t h e s e  m or e  hi g hl y  r et ai n e d  s p e ci e s, 

w hi c h al s o h a v e a br o a d er p ol y di s p er sit y t h a n t h e l o w er M W d e xtr a n s. 

T h e d e xtr a n s w er e di s s ol v e d i n a 1 x P B S b uff er at p H ≈ 7. 4, w hi c h w a s 

pr e p ar e d  b y  dil uti o n  of  1 0 x  p h o s p h at e  b uff er  st o c k  s ol uti o n  ( T h er m o 

S ci e nti fi c,  W alt h a m,  M A)  wit h  d ei o ni z e d  ( DI)  w at er  fr o m  a  Milli p or e 

Dir e ct- Q w at er p uri fi c ati o n s y st e m ( B urli n gt o n, M A). All s ol uti o n s w er e 

pr e- filt er e d t hr o u g h 0. 2 μ m p ol y vi n yli d e n e fi u ori d e ( P V D F) m e m br a n e s 

pri or t o u s e t o r e m o v e a n y p arti c ul at e s. 

E x p eri m e nt s  w er e  p erf or m e d  u si n g  X a m pl er  ( C yti v a  Lif e  S ci e n c e s, 

M arl b or o u g h, M A) h oll o w fl b er m o d ul e s wit h s urf a c e ar e a of 1 1 0 c m 2 

a n d  M W C O  of  a p pr o xi m at el y  7 5 0  k D a  ( a s  pr o vi d e d  b y  t h e  m a n uf a c -

t ur er). T h e m o d ul e s w er e m o u nt e d i n a h ori z o nt al ori e nt ati o n wit h t h e 

f e e d s ol uti o n i ntr o d u c e d i nt o t h e l u m e n- si d e i nl et (Fi g. 1 ). D at a w er e 

o bt ai n e d i n t ot al r e c y cl e m o d e, wit h b ot h t h e r et e nt at e a n d p er m e at e 

e xit li n e s r e c y cl e d b a c k t o t h e stirr e d f e e d r e s er v oir t o m ai nt ai n a c o n -

st a nt f e e d c o n c e ntr ati o n t hr o u g h o ut t h e e x p eri m e nt. F e e d a n d p er m e at e 

fl o w r at e s w er e c o ntr oll e d u si n g t w o M a st er fi e x L / S p eri st alti c p u m p s 

( C ol e- P ar m er,  V er n o n  Hill,  I L.)  fitt e d  wit h  pl ati n u m- c ur e d  sili c o n e 

t u bi n g ( C ol e- P ar m er). T h e p u m p s w er e c ali br at e d b ef or e e a c h e x p eri -

m e nt b y ti m e d c oll e cti o n u si n g a di git al b al a n c e. Pr e s s ur e s w er e m o ni -

t or e d  t hr o u g h o ut  t h e  e x p eri m e nt s  u si n g  di git al  pr e s s ur e  g a u g e s 

( A s h cr oft, Str atf or d, C T) l o c at e d i m m e di at el y b ef or e a n d aft er t h e i nl et / 

o utl et p ort s. 

T h e m o d ul e s w er e fir st fi u s h e d wit h DI w at er. T h e m e m br a n e h y -

dr a uli c p er m e a bilit y: 

L p =
Q p μ

A Δ P
( 1)  

w a s t h e n e v al u at e d u si n g d at a f or t h e p er m e at e fi o w r at e ( Q p ) at s e v e r al 

tr a n s m e m br a n e pr e s s ur e dr o p s (Δ P), w h er e μ i s t h e s ol uti o n vi s c o sit y 

a n d A i s t h e m e m br a n e ar e a. T h e m o d ul e w a s t h e n fi u s h e d wit h 1 x P B S 

b uff er b ef or e c h all e n gi n g wit h t h e d e xtr a n c o c kt ail. D at a w er e o bt ai n e d 

o v er  a  r a n g e  of  f e e d  a n d  p er m e at e  fi o w  r at e s  ( a s  di s c u s s e d  s u b s e -

q u e ntl y),  wit h  s a m pl e s  t a k e n  fr o m  t h e  f e e d  r e s er v oir  a n d  p er m e at e / 

r et e nt at e li n e s aft er t h e s y st e m h a d st a bili z e d. 

D e xtr a n  c o n c e ntr ati o n s  w er e  e v al u at e d  u si n g  a n  A gil e nt  1 2 6 0  i n -

fi nit y II H P L C s y st e m ( A gil e nt S ci e nti fi c i n str u m e nt s, S a nt a Cl ar a, C A) 

b a s e d  o n  r efr a cti v e  i n d e x  ( RI)  m e a s ur e m e nt s.  I n  or d er  t o  a c c ur at el y 

s e p ar at e  d e xtr a n s  o v er  t h e  f ull  r a n g e  of  M W,  t h e  s y st e m  u s e d  Ultr a -

h y dr o g el 2 0 0 0, 5 0 0 a n d 1 2 0 c ol u m n s i n s eri e s ( W at er s C or p, Milf or d, 

M A), wit h a g u ar d c ol u m n pl a c e d i m m e di at el y b ef or e t h e Ultr a h y dr o g el 

2 0 0 0. T h e H P L C w a s o p er at e d at a c o n st a nt fi o w r at e of 0. 6 m L / mi n, 

N ot ati o n 

a D e xtr a n r a di u s ( m) 

A M e m br a n e ar e a ( m 2 ) 

C b C o n c e nt r ati o n of s ol ut e s i n t h e b ul k /f e e d ( g L 1 ) 

C f C o n c e nt r ati o n of s ol ut e s i n t h e filtr at e / p er m e at e ( g L 1 ) 

C w C o n c e nt r ati o n of s ol ut e s at t h e m e m br a n e w all ( g L 1 ) 

D D e xt r a n diff u si o n c o ef fi ci e nt ( m 2 s 1 ) 

J v Filt r at e fl u x ( L m 2 h 1 ) 

k B B olt z m a n n ’s C o n st a nt ( m 2 k g s 2 K 1 ) 

k m M a s s t r a n sf e r c o ef fl ci e nt ( m s 1 ) 

L Eff e cti v e l e n gt h of h oll o w fi b er ( m) 

L p M e m b r a n e h y d r a uli c p er m e a bilit y ( m) 

M W M ol e c ul ar w ei g ht ( k D a) 

M W C O M ol e c ul ar w ei g ht c ut off ( k D a) 

N N u m b er of fl b er s 

Q f e e d F e e d fi o w r at e ( m L mi n 1 ) 

Q p P e r m e at e fl o w r at e ( m L mi n 1 ) 

R I n n e r r a di u s of h oll o w fi b er s ( m) 

s  R ati o of p or e v ol u m e t o s urf a c e ar e a ( m) 

S a A ct u al m e m b r a n e / d e xtr a n si e vi n g c o ef fi ci e nt 

S o O b s e r v e d m e m b r a n e si e vi n g c o ef fi ci e nt 

T T e m p er at ur e ( K) 

Gr e e k S y m b ols 

γ̇ W all s h e a r r at e ( s 1 ) 

Δ P T r a n s m e m br a n e Pr e s s ur e dr o p ( P a) 

μ S ol uti o n vi s c o sit y ( P a s)  

Fi g. 1. S c h e m ati c of e x p eri m e nt al s et u p u s e d f or d e xtr a n r et e nti o n t e st s. F e e d, r et e nt at e, a n d p er m e at e pr e s s ur e g a u g e s w er e at s a m e h ei g ht t o eli mi n at e c o ntri -

b uti o n s fr o m t h e gr a vit ati o n al h e a d. 

C. J. Y e hl a n d A. L. Z y d n e y                                                                                                                                                                                                                    
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wit h  t h e  c ol u m n  t e m p er at ur e  m ai nt ai n e d  at  3 0 ◦ C.  S a m pl e s  w er e 

i nj e ct e d  e v er y  6 0– 9 0  mi n.  C ali br ati o n  c ur v e s  w er e  c o n str u ct e d  u si n g 

E a si Vi al  p ol y et h yl e n e  o xi d e  ( P E O)  c ali br ati o n  st a n d ar d s  ( A gil e nt  S ci -

e nti fi c i n str u m e nt s). T h e P E O st a n d ar d s pr o vi d e d m u c h s h ar p er p e a k s 

wit h  l o w er  p ol y di s p er sit y  t h a n  t h e  c orr e s p o n di n g  d e xtr a n  st a n d ar d s 

(t hi s i s di s c u s s e d i n f urt h er d et ail i n t h e A p p e n di x). A c ali br ati o n c ur v e 

w a s c o n str u ct e d b y pl otti n g t h e l o g arit h m of t h e P E O M W a s a f u n cti o n 

of r et e nti o n ti m e yi el di n g a hi g hl y li n e ar r el ati o n wit h R 2 > 0. 9 9. 

3.  R e s ult s a n d a n al y si s 

T y pi c al  e x p eri m e nt al  d at a  fr o m  a  d e xtr a n  c h all e n g e  e x p eri m e nt 

p erf or m e d at a c o n st a nt f e e d fi o w r at e of 3 0 0 m L / mi n a n d a p er m e at e 

fi o w r at e of 4 m L / mi n, c orr e s p o n di n g t o a filtr at e fi u x of 6. 1 μ m / s or 2 2 

L / m 2 / h ( L M H) a r e s h o w n i n Fi g. 2 . T h e m e a n tr a n s m e m br a n e pr e s s ur e 

u n d er t h e s e c o n diti o n s w a s o nl y 1 0 k P a, r e fi e cti n g t h e hi g h p er m e a bilit y 

of t h e s e l ar g e M W C O m e m br a n e s ( L p = 1. 7 × 1 0 1 2 m). T h e d e xt r a n 

pr o fil e s s p a n fr o m 2 8 t o 4 7 mi n, c orr e s p o n di n g t o m ol e c ul ar w ei g ht s of 

1. 4 – 2 0 0 0 k D a b a s e d o n t h e c ali br ati o n c ur v e c o n str u ct e d wit h t h e P E O 

st a n d ar d s. T h e f e e d a n d r et e nt at e pr o fll e s w er e n e arl y i d e nti c al d u e t o 

t h e  v er y  l o w  c o n v er si o n  (r ati o  of  p er m e at e  t o  f e e d  fl o w  r at e s).  T h e 

d e xtr a n c o n c e ntr ati o n s i n t h e r et e nt at e w er e sli g htl y l ar g er t h a n t h o s e i n 

t h e  f e e d  d u e  t o  d e xtr a n  r et e nti o n  b y  t h e  m e m br a n e.  T h e  p er m e at e 

c o n c e ntr ati o n s ar e w ell b el o w t h o s e i n t h e f e e d f or t h e l ar g er M W d e x -

tr a n s  ( s h ort er  el uti o n  ti m e s),  wit h  t h e  f e e d,  r et e nt at e,  a n d  p er m e at e 

pr o fil e s l o o ki n g v er y si mil ar f or t > 4 0 mi n ( c orr e s p o n di n g t o d e xtr a n s 

wit h M W < 2 1 k D a). 

T h e  c hr o m at o gr a m  i n Fi g.  2 w a s  u s e d  t o  e v al u at e  t h e  o b s er v e d 

d e xtr a n  si e vi n g  c o ef fi ci e nt s  ( S o )  a s  f oll o w s.  Fir st,  t h e  RI  si g n al  w a s 

c o n v ert e d t o a d e xtr a n c o n c e ntr ati o n b y e v al u ati n g t h e ar e a u n d er t h e 

c ur v e f or t h e p er m e at e, f e e d, a n d r et e nt at e s a m pl e s, i n e a c h c a s e u si n g a 

t hi n “ sli c e ” of  t h e  c hr o m at o gr a m  at  a  gi v e n  el uti o n  ti m e.  T h e n,  t h e 

el uti o n ti m e w a s c o n v ert e d i nt o a n eff e cti v e d e xtr a n M W u si n g a c ali -

br ati o n c ur v e c o n str u ct e d wit h t h e P E O st a n d ar d s a s s h o w n i n t h e A p -

p e n di x. T h e o b s er v e d si e vi n g c o ef fi ci e nt s w er e e v al u at e d fr o m t h e r ati o 

of t h e d e xtr a n c o n c e ntr ati o n i n t h e p er m e at e t o t h at i n t h e b ul k s ol uti o n, 

wit h t h e l att er e v al u at e d fr o m t h e a v er a g e of t h e d e xtr a n c o n c e ntr ati o n s 

i n t h e f e e d a n d r et e nt at e, i. e., So = C f/ C b . R e s ult s a r e s h o w n i n Fi g. 3 f or 

s e v er al v al u e s of t h e eff e cti v e w all s h e ar r at e: 

γ̇ =
4 Q f e e d

N π R 3
( 2)  

w h e r e N = 1 3 a n d R = 0. 0 0 0 5 m ar e t h e n u m b er a n d i n n er r a di u s of t h e 

h oll o w  fi b er s,  r e s p e cti v el y.  E q u ati o n ( 2) a s s u m e s  l a mi n ar  fi o w  of  a 

N e wt o ni a n  fi ui d  c o n si st e nt  wit h  lit er at ur e  d at a  f or  t h e  r h e ol o gi c al 

pr o p erti e s  of  d e xtr a n  s ol uti o n s  wit h  si mil ar  M W,  c o n c e ntr ati o n s,  a n d 

s h e ar r at e s [ 1 9 ]. H o w e v er, t hi s e q u ati o n n e gl e ct s t h e c h a n g e i n f e e d fi o w 

r at e d u e t o t h e filtr ati o n a s w ell a s a n y v ari ati o n s i n vi s c o sit y a s s o ci at e d 

wit h c o n c e ntr ati o n  p ol ari z ati o n. I n e a c h  c a s e, t h e p er m e at e fi o w r at e 

w a s c h o s e n t o b e sli g htl y a b o v e t h e mi ni m u m v al u e r e q uir e d t o a v oi d 

b a c k- filtr ati o n [ 1 8 ]: 

Q p

Q f e e d

≥
8 L p L

2 μ

R 3
( 3)  

w h e r e L = 0. 3 m i s t h e l e n gt h of t h e h oll o w fi b er. T h e d e xtr a n si e vi n g 

pr o fil e s  s hift  u p  a n d  t o  t h e  ri g ht  wit h  i n cr e a si n g  s h e ar  r at e  ( c orr e -

s p o n di n g  t o  i n cr e a si n g  v al u e s  of  t h e  p er m e at e  fl o w  r at e  t o  s ati sf y 

E q u ati o n ( 3)).  I n  a d diti o n,  t h e  c ur v e s  b e c o m e  m u c h  st e e p er  a s  t h e y 

a p pr o a c h t h e x- a xi s. T hi s i s di s c u s s e d i n m or e d et ail s u b s e q u e ntl y. T h e 

c ur v e s  ar e  e a c h  l a b el e d  wit h  t h e  c al c ul at e d  n o mi n al “ M W C O ” of  t h e 

m o d ul e, d e fl n e d a s t h e v al u e of t h e d e xtr a n M W at w hi c h S o = 0. 1. T h e 

u s e of 9 0 % r ej e cti o n t o d e fi n e t h e M W C O i s f airl y st a n d ar d a cr o s s t h e 

i n d u str y. T h e c al c ul at e d M W C O i s hi g hl y d e p e n d e nt o n t h e o p er ati n g 

c o n diti o n s, wit h v al u e s r a n gi n g fr o m < 2 0 0 k D a t o m or e t h a n 1 2 0 0 k D a 

f or t h e c o n diti o n s e x a mi n e d i n Fi g. 3 . 

A  c orr e s p o n di n g  s eri e s  of  e x p eri m e nt s  at  diff er e nt  p er m e at e  fl o w 

r at e s, k e e pi n g t h e f e e d fi o w r at e fl x e d at 6 0 0 m L / mi n ( c orr e s p o n di n g t o 

a  s h e ar  r at e  of  8 0 0 0  s 1 ),  a r e  s h o w n  i n Fi g.  4 .  T h e  tr a n s m e m br a n e 

pr e s s ur e  ( T M P)  dr o p  a cr o s s  t h e  m e m br a n e  d uri n g  t h e s e  e x p eri m e nt s 

r a n g e d fr o m 1 4 t o 9 0 k P a. T h e r el ati v el y l o w v al u e s of t h e T M P r e fi e ct 

t h e hi g h p er m e a bilit y of t h e m e m br a n e. T h e o b s er v e d d e xtr a n si e vi n g 

pr o fil e s s hift u p a n d t o t h e ri g ht wit h i n cr e a si n g p er m e at e fi o w r at e, wit h 

t h e  c ur v e s  a g ai n  b e c o mi n g  st e e p er  at  t h e  l ar g er  v al u e s  of  Q p .  T h e 

c al c ul at e d M W C O f or t h e diff er e nt c o n diti o n s r a n g e s fr o m 1 9 0 k D a at 

Fi g. 2. H P L C pr o fil e s f or d e xtr a n s a m pl e s fr o m t h e f e e d, r et e nt at e, a n d p er m e at e f or a d e xtr a n c h all e n g e p erf or m e d at Q f e e d = 3 0 0 m L / mi n a n d Q p = 4 ml / mi n ( J v =

2 2 L M H) u si n g t h e X a m pl er m o d ul e. 
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Q p = 1. 7 m L / mi n ( J v = 9. 3 L M H) t o 1 2 8 0 k D a at Q p = 1 0 m L / mi n ( J v =

5 5 L M H). N ot e t h at it w a s n ot p o s si bl e t o d et er mi n e t h e M W C O at t h e 

hi g h e st p er m e at e fi o w r at e b e c a u s e t h e d e xtr a n si e vi n g c o ef fi ci e nt b e g a n 

t o i n cr e a s e at M W > 1 2 8 0 k D a. T h e i n cr e a s e i n t h e d e xtr a n si e vi n g c o -

ef fi ci e nt  wit h  i n cr e a si n g  p er m e at e  fi o w  r at e  i s  d u e  t o  c o n c e ntr ati o n 

p ol ari z ati o n eff e ct s [ 1 8 ]. I n t hi s c a s e, t h e d e xtr a n c o n c e ntr ati o n at t h e 

u p str e a m s urf a c e of t h e m e m br a n e i n cr e a s e s wit h i n cr e a si n g Q p , l e a di n g 

t o a n i n cr e a s e i n t h e p er m e at e c o n c e ntr ati o n a n d i n t ur n S o . N ot e t h at 

t h e v al u e of Qp ≈ 1. 2 m L / mi n i s c o n si st e nt wit h t h e p er m e at e fi o w r at e 

r e c o m m e n d e d b y B a k h s h a y e s hi et  al. [ 1 8 ] i n t h eir o pti mi z e d  d e xtr a n 

r et e nti o n  t e st  b a s e d  o n  mi ni mi zi n g  t h e  e xt e nt  of  c o n c e ntr ati o n 

p ol ari z ati o n. 

3. 1.  M o d el d e v el o p m e nt 

T h e r e s ult s i n Fi g s. 3 a n d 4 cl e arl y d e m o n str at e t h at t h e c al c ul at e d 

Fi g. 3. O b s er v e d d e xtr a n si e vi n g c o ef fi ci e nt a s a f u n cti o n of t h e d e xtr a n M W f or t h e X a m pl er m o d ul e at s e v er al v al u e s of t h e eff e cti v e w all s h e ar r at e. T h e l a b el s 

s h o w t h e M W C O d et er mi n e d a s t h e d e xtr a n M W at w hi c h S o = 0. 1. P e r m e at e fi o w r at e s w er e i n cr e a s e d fr o m 1. 7 m L / mi n t o 4, 1 0, a n d 1 3 m L / mi n wit h i n cr e a si n g 

s h e ar r at e s. 

Fi g. 4. O b s er v e d d e xtr a n si e vi n g pr o fll e s f or t h e X a m pl er m o d ul e at a n eff e cti v e w all s h e ar r at e of 8 0 0 0 s 1 at diff e r e nt p er m e at e fl o w r at e s (i n m L / mi n).  
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v al u e  of  t h e  m e m br a n e  M W C O  i s  hi g hl y  d e p e n d e nt  o n  t h e  o p er ati n g 

c o n diti o n s  u s e d  t o  e v al u at e  t h e  d e xtr a n  r et e nti o n  pr o fil e.  T h e  k e y 

q u e sti o n  i s  h o w  t o  b e st  p erf or m  t h e  d e xtr a n  r et e nti o n  t e st  t o  o bt ai n 

c o n si st e nt a n d m e a ni n gf ul c h ar a ct eri z ati o n of t h e m e m br a n e. I n or d er t o 

e x pl or e  t hi s  m or e  q u a ntit ati v el y,  a  m at h e m ati c al  fr a m e w or k  w a s 

d e v el o p e d t o d e s cri b e t h e d e xtr a n si e vi n g b e h a vi or i n t h e h oll o w fi b er 

m o d ul e. T h e e xt e nt of c o n c e ntr ati o n p ol ari z ati o n w a s e v al u at e d u si n g 

t h e cl a s si c al st a g n a nt fil m m o d el [2 0 ] wit h t h e o b s er v e d d e xtr a n si e vi n g 

c o ef fi ci e nt ( S o ) e v al u at e d i n t er m s of t h e filtr at e fi u x ( J v ) a s: 

S o =
S a

(1 S a )e x p

(

J v/ k m

)

+ S a

( 4)  

w h e r e S a i s t h e a ct u al d e xtr a n si e vi n g c o ef fi ci e nt, e q u al t o t h e r ati o of t h e 

d e xtr a n c o n c e ntr ati o n i n t h e p er m e at e t o t h at i n t h e s ol uti o n i m m e di -

at el y u p str e a m of t h e m e m br a n e, a n d k m i s t h e m a s s t r a n sf er c o ef fl ci e nt 

[ 2 0 ]: 

k m = 0 .8 1 6

(
D 2 γ̇

L

) 1 / 3

( 5)  

w h e r e γ̇ i s t h e s h e a r r at e, D i s t h e d e xtr a n diff u si o n c o ef fl ci e nt, a n d L i s 

t h e  m e m br a n e  l e n gt h.  T h e  a ct u al  si e vi n g  c o ef fi ci e nt  f or  t h e  diff er e nt 

M W d e xtr a n s i s a f u n cti o n of b ot h t h e d e xtr a n si z e a n d t h e m e m br a n e 

p or e si z e di stri b uti o n. M o c hi z u ki a n d Z y d n e y [ 1 4 ] d e v el o p e d a si m pl e 

m o d el f or t h e a ct u al si e vi n g c o ef fi ci e nt b a s e d o n t h e p artiti o ni n g of a 

s p h eri c al  s ol ut e  i nt o  a  p or o u s  m e di a  f or m e d  b y  t h e  i nt er s e cti o n  of  a 

r a n d o m arr a y of p ar all el pl a n e s [ 2 1 ]: 

S a = e x p
( a

s

)
( 6)  

w h er e s i s t h e r ati o of t h e p or e v ol u m e t o t h e p or e s urf a c e ar e a, w hi c h 

pr o vi d e s a m e a s ur e of t h e eff e cti v e p or e si z e, a n d a i s t h e d e xtr a n r a di u s, 

w hi c h c a n b e e v al u at e d u si n g t h e St o k e s- Ei n st ei n e q u ati o n: 

a =
k B T

6 π μ D
( 7)  

w h e r e k B i s B olt z m a n n’s c o n st a nt, T i s t h e a b s ol ut e t e m p er at ur e, a n d D i s 

t h e d e xtr a n diff u si o n c o ef fi ci e nt [2 2 ]: 

l o g1 0 ( D )  =  8 .1 1 5 4 0 .4 7 7 5 2 l o g1 0 M W ( 8)  

w h e r e D i s i n m 2 / s a n d M W i s i n D a. E q u ati o n s ( 6)– ( 8) h a v e b e e n s h o w n 

t o pr o vi d e a g o o d q u alit ati v e m o d el f or d e xtr a n si e vi n g t hr o u g h ultr a -

filtr ati o n  m e m br a n e s  wit h o ut  n e e d  t o  e v al u at e  t h e  d et ail e d  p or e  si z e 

di stri b uti o n of t h e m e m br a n e [ 1 4 ]. 

Fi g. 5 s h o w s a c o m p ari s o n of t h e c al c ul at e d M W C O of t h e X a m pl er 

m e m br a n e d et er mi n e d fr o m t h e d at a i n Fi g. 3 a n d t h e m o d el c al c ul a -

ti o n s b a s e d o n E q u ati o n s ( 4)– ( 8). I n t hi s c a s e a v al u e of s = 3. 2 n m w a s 

u s e d  ( w hi c h  w a s  c h o s e n  t o  o bt ai n  a  r e a s o n a bl e  fit  t o  t h e  m e a s ur e d 

M W C O at t h e l o w e st s h e ar r at e), wit h t h e m a s s tr a n sf er c o ef fi ci e nt gi v e n 

b y E q u ati o n ( 5) i n cr e a s e d b y a f a ct or of 2. 5 b a s e d o n pr e vi o u s r e s ult s f or 

d e xtr a n m a s s tr a n sf er i n si mil ar h oll o w fi b er m o d ul e s [ 1 7 ]. T h e m o d el 

a n d d at a ar e i n g o o d q u alit ati v e a gr e e m e nt, wit h t h e M W C O v ar yi n g b y 

m or e t h a n a f a ct or of 5. T h e di s cr e p a n c y s e e n at t h e i nt er m e di at e s h e ar 

r at e r e fi e ct s t h e si m pli fi c ati o n s i n t h e m o d el e q u ati o n s u s e d t o d e s cri b e 

b ot h t h e a ct u al si e vi n g c o ef fi ci e nt a n d t h e e xt e nt of c o n c e ntr ati o n p o -

l ari z ati o n,  i n cl u di n g  t h e  d et ail s  of  t h e  p or e  si z e  di stri b uti o n  a n d  t h e 

eff e ct s  of  i nt er m ol e c ul ar  i nt er a cti o n s  o n  b ul k  d e xtr a n  tr a n s p ort.  T h e 

m o d el  c al c ul ati o n s  f or  t h e  d e xtr a n  r et e nti o n  pr o fil e s  al s o  c a pt ur e  t h e 

s a m e tr e n d s s e e n i n Fi g s. 3 a n d 4 , pr o vi di n g f urt h er c o n fir m ati o n of t h e 

g e n er al m o d el fr a m e w or k. 

3. 2.  D e xtr a n r et e nti o n t est 

T h e  r e s ult s  i n Fi g.  5 cl e arl y  d e m o n str at e  t h e  n e e d  t o  i d e ntif y 

c o ntr oll e d e x p eri m e nt al c o n diti o n s f or e v al u ati n g t h e d e xtr a n r et e nti o n 

Fi g. 5. C o m p ari s o n of e x p eri m e nt al d at a a n d m o d el c al c ul ati o n s f or t h e o b s er v e d M W C O f or t h e X a m pl er m o d ul e at eff e cti v e w all s h e ar r at e s of 2 0 0 0 s 1 ( wit h Qp =

1. 7 m L / mi n), 4 0 0 0 s 1 ( wit h Qp = 4. 0 m L / mi n), a n d 8 0 0 0 s 1 ( wit h Q p = 1 0 m L / mi n). 
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profile and the membrane MWCO. The approach described by Bakh
shayeshi et al. [18] was based on minimizing the extent of concentration 
polarization so that the observed sieving coefficient was only slightly 
larger than the actual sieving coefficient. However, there are three dis
advantages to this approach. First, the use of very low filtrate flux means 
that long filtration times are required to effectively wash-out the dead 
volume in the shell space of the hollow fiber module. This is a particular 
issue in small scale modules commonly used for running quality control 
tests on fiber lots since the individual fibers tend to be very loosely 
packed in these modules (large shell volume relative to the membrane 
area). Second, end-users almost never operate these high permeability 
membranes at such low filtrate flux. Thus, the measured values of the 
retention coefficient are likely to be of little direct relevance to com
mercial applications of these hollow fiber modules. Finally, the dextran 
retention curve under these conditions is quite diffuse (spanning a 
large range of dextran molecular weight). Thus, small errors in the 
measured values of the dextran concentration can lead to significant 
discrepancies in the calculated value of the MWCO. In contrast, the 
dextran retention curves at high filtrate flux are very steep (Fig. 4), 
particularly in the region near 90% rejection, significantly increasing 
the accuracy of the calculated MWCO. 

The argument presented above might suggest that one should use the 
highest possible filtrate flux to evaluate the dextran retention profile. 
However, the high degree of concentration polarization under these 
conditions can lead to membrane fouling and it can also generate odd 
artifacts in the dextran retention curve as shown by an increase in the 
dextran sieving coefficient with increasing dextran MW (as seen in the 
curve at the highest permeate flow rate in Fig. 4). This latter effect is also 
predicted by the model developed in the previous section. 

The conditions leading to an increase in So with increasing dextran 
size can be estimated using the previously presented model framework 
as follows. For small values of the actual sieving coefficient, Equation (4) 
can be approximated as: 

(9)  

by taking Sa 1 in the denominator. The derivative of the sieving co
efficient with respect to dextran size is thus: 

(10) 

The derivative of the mass transfer coefficient with respect to dextran 
radius can be evaluated directly from Equation (5) with the diffusivity 
given by Equation (7) as: 

(11) 

Substitution of Equation (11) into Equation (10) gives: 

(12) 

At small values of the filtrate flux, the derivative is always negative, 
i.e., the sieving coefficient decreases with increasing dextran size as 
expected. However, at large degrees of polarization, Equation (12) 
predicts that the dextran sieving coefficient can increase with increasing 
dextran size (as seen in Fig. 4). This artifact in the dextran sieving 
curve can be avoided by performing the dextran challenge at: 

(13)  

where the last expression is developed using the expression for the 
actual sieving coefficient as a function of the dextran radius (Equation 
(6)). Since we are most interested in the behavior of the dextran sieving 
curve at a rejection coefficient near 90%, i.e., when Sa 0.1, Equation 

(13) corresponds to: 

(14) 

Bakhshayeshi et al. [18] evaluated the effective diffusion coefficient 
of a 1000 kDa dextran as D 8.6 10 11 m2/s, which gives km 3.1 
10 6 m/s at a shear rate of 8000 s 1. Equation (13) thus gives a filtrate 
flux of Jv 59 LMH or Qp 12 mL/min. These results are in excellent 
agreement with the data in Fig. 4. The retention curve at Qp 10 
mL/min shows the steepest slope while the curve at Qp 15 mL/min 
shows a reversal in slope at a dextran MW around 1500 kDa. 

The two key constraints that must be satisfied for an effective dextran 
retention test are shown in Fig. 6. The solid line shows the minimum 
filtrate flux required to avoid back-filtration (given by the inequality in 
Equation (3)) while the dashed curve shows the maximum filtrate flux 
required to eliminate a reversal in slope of the dextran retention curve 
(given by the inequality in Equation (14)). The region between these 
curves defines the potential operating conditions for the dextran reten
tion test. At very high shear rates ( 23,000 s 1), it is impossible to 
effectively design a dextran retention test the permeate flow rate 
needed to avoid back-filtration causes unacceptable concentration po
larization leading to a reversal in the slope of the dextran retention 
curve. The black symbol in Fig. 6 shows the operating conditions for the 
optimized dextran retention test recommended by Bakhshayeshi et al. 
[18]. As discussed previously, these conditions are not relevant to 
commercial bioprocessing and they result in a very diffuse dextran 
sieving curve. The shaded oval shows conditions that satisfy both 
operating constraints (the inequalities given by Equations (3) and (13)) 
while providing the steep dextran retention curves needed to obtain very 
accurate and robust values for the membrane MWCO. 

4. Conclusions 

Although dextran retention tests have been used for the character
ization of ultrafiltration membranes for more than 30 years, the appli
cation of this methodology to large pore size hollow fiber membranes 
has been problematic due to the large axial pressure drop and the high 
membrane permeability. The results presented in this paper provide a 
rational framework for the development of a robust dextran retention 
test that can be used to evaluate the MWCO, develop appropriate quality 
control tests, and support end-users in initial screening/selection of 
large pore size membranes. 

From an experimental perspective, we developed a calibration curve 
for the SEC column using PEO standards instead of dextrans, with the 
much narrower PEO providing more accurate and reproducible results 
for the dextran retention curve. Although it would have been possible to 
use PEO instead of dextrans for the membrane characterization, previ
ous studies have demonstrated that PEO tends to elongate during ul
trafiltration, allowing large PEO molecules to pass through very small 
pore size ultrafiltration membranes [23]. This makes it very difficult to 
extrapolate from data for PEO to describe the behavior of protein 
complexes, viruses, or nanoparticles that generallygeneg show minimal 
elongation under typical ultrafiltration conditions. 

The experimental data and model calculations clearly demonstrate 
the importance of concentration polarization on both the shape and 
magnitude of the dextran retention curves, with the calculated MWCO a 
function of both the feed flow rate (or shear rate) and the permeate flux. 
A simple mathematical model was developed that accounts for these 
phenomena, allowing us to identify an effective window for evaluating 
the MWCO. This window avoids back-filtration, which sets the lower 
bound on the permeate flux (at a given feed flow rate) but exploits 
concentration polarization to obtain a steeper dextran retention curve 
and thus a more robust value for the membrane MWCO. The size of this 
window decreases as the membrane pore size (or nominal MWCO) 

increases: the increase in membrane permeability shifts the lower bound 
up while the increase in the size of the dextran with 90% rejection shifts 
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t h e u p p er b o u n d d o w n ( d u e t o t h e r e d u cti o n i n t h e v al u e of t h e m a s s 

tr a n sf er  c o ef fi ci e nt).  T hi s  o p er ati n g  wi n d o w  i s  al s o  a  f u n cti o n  of  t h e 

h oll o w fi b er g e o m etr y, wit h t h e fi b er r a di u s a n d l e n gt h aff e cti n g b ot h 

t h e c o n diti o n s n e e d e d t o a v oi d b a c k- filtr ati o n a s w ell a s t h e e xt e nt of 

c o n c e ntr ati o n  p ol ari z ati o n.  T h e  a bilit y  t o  m or e  eff e cti v el y  e v al u at e / 

c h ar a ct eri z e t h e s e l ar g e p or e si z e m e m br a n e s s h o ul d gr e atl y f a cilit at e 

t h eir d e v el o p m e nt a n d a p pli c ati o n i n t h e d o w n str e a m pr o c e s si n g of a 

r a n g e of i m p ort a nt bi ot h er a p e uti c s i n cl u di n g c o nj u g at e v a c ci n e s, vir u s- 

li k e p arti cl e s, a n d g e n e t h er a p y a g e nt s. 

A ut h o r St at e m e nt 

C hri st o p h er  J.  Y e hl:  D at a  c ur ati o n,  F or m al  a n al y si s,  I n v e sti g ati o n, 

Writi n g – ori gi n al dr aft. A n dr e w L. Z y d n e y: C o n c e pt u ali z ati o n, F u n di n g 

a c q ui siti o n, S u p er vi si o n, Writi n g – r e vi e w & e diti n g. 

D e cl a r ati o n of c o m p eti n g i nt e r e st 

T h e a ut h or s d e cl ar e t h at t h e y h a v e n o k n o w n c o m p eti n g fi n a n ci al 

i nt er e st s or p er s o n al r el ati o n s hi p s t h at c o ul d h a v e a p p e ar e d t o i n fi u e n c e 

t h e w or k r e p ort e d i n t hi s p a p er. 

A c k n o wl e d g e m e nt s 

T h e a ut h or s w o ul d li k e t o a c k n o wl e d g e fi n a n ci al s u p p ort pr o vi d e d 

b y  C yti v a  Lif e  S ci e n c e s  t hr o u g h  t h e  M e m br a n e  S ci e n c e,  E n gi n e eri n g, 

a n d  T e c h n ol o g y  ( M A S T)  C e nt er,  w hi c h  i s  f u n d e d  b y  gr a nt  n u m b er 

1 8 4 1 4 7 4  fr o m  t h e  N S F  I U C R C  pr o gr a m.  T e c h ni c al  s u p p ort  fr o m  W ei 

Y u a n a n d I n o v a Str u g at C yti v a w a s i n v al u a bl e f or t hi s pr oj e ct.  

A p p e n di x 

Fi g ur e A 1 s h o w s a c o m p ari s o n of t h e S E C pr o fll e s f or t w o of t h e E a si Vi al P E O st a n d ar d s ( M W of 5 4 4 a n d 1 0 9 k D a) wit h t h at of a 4 9 0 k D a d e xtr a n 

st a n d ar d o bt ai n e d fr o m A m eri c a n P ol y m er st a n d ar d s ( M e nt or, O hi o). All c o n diti o n s f or t h e S E C w er e i d e nti c al. T h e p e a k s f or t h e P E O st a n d ar d s w er e 

m u c h s h ar p er t h a n t h at f or t h e d e xtr a n, e v e n f or t h e m u c h l ar g er P E O st a n d ar d (r et e nti o n ti m e of 3 1 mi n v er s u s 3 5 mi n f or t h e d e xtr a n). T hi s dif -

f er e n c e i s al s o s e e n i n t h e r e p ort e d v al u e s f or t h e p ol y di s p er sit y, w hi c h r a n g e d fr o m 1. 0 2 t o 1. 0 5 f or t h e P E O st a n d ar d s c o m p ar e d t o a s m u c h a s 1. 5 f or 

t h e l ar g er M W d e xtr a n s. T h e s h ar p er p e a k s f or t h e P E O l e d t o m or e a c c ur at e c ali br ati o n c ur v e s f or e v al u ati n g t h e d e xtr a n r et e nti o n a s a f u n cti o n of 

d e xtr a n si z e, alt h o u g h t h e r e p ort e d v al u e s f or t h e d e xtr a n M W gi v e n i n t hi s p a p er ar e o nl y “ eff e cti v e ” M W si n c e t h e y w er e d et er mi n e d b a s e d o n t h e 

P E O st a n d ar d s. 

Fi g. 6. O p er ati n g c o n str ai nt s o n t h e d e xtr a n r et e nti o n t e st f or t h e X a m pl er m o d ul e b a s e d o n E q s. ( 3) a n d ( 1 3) wit h N = 1 3, L = 0. 3 m, R = 0. 0 0 0 5 m, a n d L p = 1. 7 ×

1 0 1 2 m. Fill e d bl a c k s y m b ol s h o w s c o n diti o n s r e c o m m e n d e d b y B a k h s h a y e s hi et al. [ 1 8 ] w hil e t h e s h a d e d o v al r e pr e s e nt s t h e pr ef err e d o p er ati n g c o n diti o n s fr o m 

t h e c urr e nt w or k. 
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Fi g. A 1. S E C pr o fil e s f or P E O st a n d ar d s ( 5 4 5 k D a a n d 1 0 9 k D a) al o n g wit h t h at f or a d e xtr a n st a n d ar d ( 4 9 0 k D a).  

A t y pi c al c ali br ati o n c ur v e f or t h e Ultr a h y dr o g el 2 0 0 0, 5 0 0, a n d 1 5 0 c ol u m n s i n s eri e s i s s h o w n i n Fi g ur e A 2. I n e a c h c a s e, t h e d at a ar e pl ott e d at 

t h e m a n uf a ct ur er’s v al u e f or t h e M W of t h e P E O u si n g t h e r et e nti o n ti m e e v al u at e d at t h e p e a k m a xi m u m. T h e l o g arit h m of t h e P E O r et e nti o n ti m e w a s 

hi g hl y li n e ar i n t h e P E O m ol e c ul ar w ei g ht wit h R 2 > 0. 9 9 8. T h e c ali br ati o n c ur v e c o n str u ct e d fr o m t h e li n e ar r e gr e s si o n fit t o t h e d at a w a s u s e d t o 

e v al u at e t h e eff e cti v e M W of t h e diff er e nt d e xtr a n “ sli c e s ” f or t h e c hr o m at o gr a p h s s h o w n i n Fi g. 2 .

Fi g. A 2. T y pi c al c ali br ati o n c ur v e f or t h e Ultr a h y dr o g el 2 0 0 0, 5 0 0 a n d 1 5 0 c ol u m n s i n s eri e s c o n str u ct e d u si n g P E O st a n d ar d s.  
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