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Abstract— Shear Separation is a method of separating macromolecules suspended in a fluid by
inducing hydrodynamic forces that depend on size. The forces are produced in the laminar sub-layer
of a turbulent shear boundary layer adjacent to a porous membrane. The suspended patrticles are lif-
ted away from the porous membrane, against the drag of the permeate flow, by the viscous part of the
shear stress. We have found that the transmission rate of a protein through the membrane depends on
the shear rate, the permeate rate, the protein size, and the protein shape, even when the pore size of
the membrane is substantially larger than the largest of the proteins. As a result, this is a size and shape
dependent separation of the macromolecules. The membrane functions as a surface upon which an
extremely high shear laminar sub-layer at the membrane surface may be generated. The effect has been
demonstrated on the bench scale with clean mixtures of cytochrome C and bovine serum albumin. The
separation can be observed with membranes rated approximately 300-kghatetular weight

cut off (MWCO) or less. Using this technique, milk serum containing BSA and smaller proteins
without fats, caseins or immunoglobulins has been produced from skimmed milk. In addition, the milk
serum has been fractionated with transmission fractions of 18% for BSA, 3B%eafuoglobulin,

and 62% fou-lactalbumin.

shear separation / fractionation / dairy / ultra-filtration / protein

1. INTRODUCTION become an economical method of manu-
facturing proteins with direct medical and

The proteins contained in milk are wellPharmaceutical benefit. The principal meth-
recognized as valuable additives in food an©ds available for isolation of proteins from
beverages, as well as having medical usebiological fluids at commercial scales are
[1]. Also, use of transgenic animals to pro-chromatography and filtration. The high
duce milk containing human proteins mayconcentrations of fats and caseins in milk
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make the use of both of these methods dithe membrane installed in the device is
ficult. 0.0137 M. Feed flow is introduced into the

: . : between the rotor and the membrane.

In this paper we present preliminary evi-9apP X

dence that proteins can be isolated from millghe portion tgat pz:\jsseshthrough the merln—
by shear separation in which size dependeP'@n€ Is conducted to the permeate outlet
hydrodynamic forces lift the proteins away'/hile the portion that does not pass through
from the membrane surface while permethe membrane is conducted to the retentate
ate drag (also size dependent) tends to mooutlet. Although, like a cross-flow device,

the proteins towards the membrane. In ththe LABG has a retentate flow, the gap
Pall LAB6 DMF™ device sufficiently large between the rotor and the filter membrane is

shear forces can be generated to use tH0° large (approximately 0.6 cm) for this
method for extracting proteins from a vari-low to provide any significant reduction of

ety of fluids. We believe that this is the firstfouling or gel layer formation. Instead, this

time this approach to separation of proteiniS @ccomplished by the high shear gener-
from milk has been presented. The force

ated by the spinning rotor.

on the suspended proteins are produced in  In the experiments described below, the
shear flow adjacent to a porous membrangetentate flow rate was set between 0.5 and
If the membrane is sufficiently smooth, as i<1.0 L-mirr to prevent the heat generated
the case with UF membranes, and the peby the spinning disk from raising the tem-
meate flow rate is not too large, the turbulenperature of the process fluid more than
boundary layer, generated on the membrar4 °C. To remove this heat and maintain a
by the shear flow, contains a viscous substeady state in the first two experiments, the
layer at the membrane surface [4]. Proteinretentate line passed through an ice bath
immersed in this sub-layer experience a lifbefore being recycled to the feed tank. In
force [2, 3] which counteracts the drag oithe third experiment (milk separation) the
the permeate flow. These are hydrodynamiretentate was not recycled. At a retentate
forces that are applied to any body susflow rate of 1.0 L-min?, the average time
pended in a shear flow near a wall. The bathe fluid was subjected to the high shear of
ance of lift and drag forces depends on ththe DMF™™ device was approximately
size and shape of the body. 12 s. Transmembrane pressure (TMP) was
less than 2 bar in all cases.

In the experiment described in Section 2.3,

2. MATERIALS AND METHODS a Pall 0.2um nylon membrane was used as a

. prefilter. In all other cases, the membrane

2.1. The LAB6 DMF™ device, was either a Pall Filtron Omega 100K PESO
membranes, and chromatography membrane, with 100 kg-néIMWCO, or a

column Pall Filtron Omega 300K PESO membrane,

with 300 kg-maot! MWCO. Replications

The experimental investigation reportecwere not run in any of these experiments.
in this paper was accomplished using The high performance liquid chromatogra-
LAB6 DMF™ filtration device. This is an phy (HPLC) results described below were all
experimental device (available in limited determined using Zorbax SE-250 size exclu-
quantities by arrangement with Pall Corpo-sion column obtained from Dionex Corpo-
ration) in which extremely high shear ratesration. In the first two experiments, the
are produced on the upstream surface of HPLC work was done at a contract labora-
single sheet of membrane by a rotor distory. Accuracy was reported as linearity of
spinning in a plane parallel to the filter sur-UV absorption with protein concentration
face and separated from that surface b(correlation coefficient of at least 0.997 in all
approximately 1 cm. The surface area ocases.) For the last experiment (milk), the
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HPLC work was done in house. Five cali- 2.3. Cysteinylated BSA
bration samples of each protein were tested and Gamma Globulin
at approximately 0.1 g-. The standard

deviation of concentration to peak area was Two batches of 4 L of phosphate buffered
14% of the mean value for Bovine Serunksaline solution (pH 7.4) were prepared.
Albumin (BSA) and 6% foo-lactalbumin  S-cysteinylated BSA (Sigma A0161) was
andp-lactoglobulin. added to one batch at a concentration of
0.2 g-LI1 of solution and the batch was fil-
tered through an Omega 300 kg-miol
MWCO membrane to remove any large
impurities. HPLC analysis was performed
on samples collected before and after fil-
ration.

2.2. Bovine Serum Albumin
and Cytochrome C

In this experiment, the feed to the
DMF™ device was a phosphate buffere .
(pH 7.4) aqueous suspension of 0.2284:L _Human gamma globulin (IgG) of
Bovine Serum Albumin (BSA), approxi_ 150 kgm011 molecular Welght, was added
mately 67 kg-moft molecular weight, and t0 the secpnd batch of sallne_solutlon ata
0.0949 g-E! Cytochrome C (12 kg-nmd). ~ concentration of 0.2 g-L To avoid agglom-
The surfactant Tween 20 was added to th@ration, 0.4% by volume of the surfactant
suspension at a concentration of 0.1% by Ween 20 was added. This solution was fil-
volume to reduce agglomeration of the BsAtered through a 0.gm nylon membrane.
Tests were conducted at several differenIji ZerLVYStS?(IaU&(;ZS fﬂiiiénz(;ﬂéog%mﬁe'éand
spin rates and permeate fluxes, using a sin- - .
gle 100 kg-moft MWCO membrane. The device and Omega 300 kg-mbMWCO
membrane was neither replaced nor cleanééiemt.’rane' The series of tests were as
during the experiment. Transmission resultd€Scribed above for the BSA and cyto-
were quantified by HPLC. The temperaturechrome C solution except that 600 RPM

1 1
of the solution was maintained between(6'6 x 10° sec' and 2.0x 10* sec* at the

o ; inner and outer radii, respectively) was
8 °C and 12C throughout the experiment. added to the tested spin rates.

A permeate sample was collected first at
zero RPM with TMP at 0.16 bar. The spin
rate was then changed to 1 000 RPM (shear 2.4. Milk fractionation
rates of 1.6% 10*secland 5.0x 10* sec?!

at the inner and outer radii, respectively) | this experiment, non-homogenized,
and permeate samples were collected #on-pasteurized, skim milk (pH 6.7) was
monotonically increasing permeate fluxes. Agptained from a local dairy and filtered using
permeate volume at least equal to the holgp Omega 300 kg-mM3IMWCO membrane.
up volume of the DMP* device was col- The milk was held at 4C and allowed to
lected at each permeate flux before the samise to room temperature (approximately
ple for analysis was collected. Once all samz0°C) before filtration. The maximum hold
ples had been collected at 1 000 RPM, thgme from collection at the dairy to filtra-
spin rate was returned to zero and anotheion was three days. The objective was to
permeate sample was collected at approxiry to produce a milk serum as permeate by
mately 0.16 bar TMP. This procedure wasetaining fats and casein at one spin rate,
repeated at 2 000 RPM (5480 sectand  and then produce a BSA enriched retentate
1.8x 10° sectat the inner and outer radii, in a second filtration of the serum. Several
respectively) and 3 000 RPM (1210°  short runs were made at 1 500 RPM (8.5
secland 3.6x 10° seclat the inner and 10* sec!and 1.0x 10° seclat the inner
outer radii, respectively). and outer radii, respectively) and 3 000 RPM
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spin rates and several different permeatshown in Figure 1. At zero spin rate, BSA
fluxes. At each permeate flux, a 120 ml sam67 kg-mot?) or Cytochrome C (12 kg-nmé)

ple was collected and sent to a contract laliransmissions are both greater than 85%, as
oratory for analysis. Total solids was meaexpected with a membrane of 100 kg-Thol
sured by oven drying. Casein and serunMWCO. Clearly, at all nonzero spin rates,
proteins were measured by the Kjeldahtransmission of Cytochrome C is signifi-
method, and fat was measured by theantly greater than transmission of BSA.
Mojounier method. Measurement accuracyAlso, the transmission of both proteins
was not reported. increases with permeate flux, which is

From the results of these runs, 1 500 RPNFdUivalent to increasing drag force, and
and 45 L-hLnm2were chosen as reason-J€Créases with spin rate which is equiva-
able process conditions. At these conditiond€Mt 10 increasing lift force. This experiment
10 L of milk serum were produced during a2y demonstrates separation of proteins
continuous filtration run of approximately gatéNoedrlsr;gnacL:{[es:jz;s %igsalggcr?ed shear lift
5 h duration using two DMP devices in P g force: o
parallel. The resulting permeate was filtered Because the transmission at zero spin rate
again through a second Omega 300K mentemained large throughout the experiment,
brane at 2 000 RPM and 88 t}mr2per- membrane fouling or concentration polar-
meate flux. Feed and permeate samples cdkation do not appear to play a role in the
lected at 21, 109, and 203 min into the rufieduction in transmission.
were analyzed by HPLC.

3.2. Cysteinylated BSA
3. RESULTS AND DISCUSSION and Gamma Globulin

3.1. BSA and Cytochrome C UV absorption and HPLC analysis per-
formed on samples of the IgG solution,

~ The results of the experiment, summapefore and after the addition of Tween 20,
rized as transmission percentages, ar¢howed that the addition of Tween 20

100
&+ <o

a0} %"*

80t

70

BSA, 0 RPM

Cyt. C,0 RPM
BSA, 1000 RPM
Cyt. C, 1000 RPM
BSA, 2000 RPM
Cyt. C, 2000 RPM
BSA, 3000 RPM
Cyt. C, 3000 RPM

60+

50

Transmission (%)

4}

bhapifeol®

30f

20+

10¢

0 100 200 300 400 500 600
Permeate Flux (L mi% k')

Figure 1. BSA and cytochrome C transmission percentages (100 times the ratios of permeate to
feed concentrations) versus permeate flux, using a LAB6 BMfevice and Pall Filtron Omega
100KD VR ultrafiltration membrane.
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increased the measured concentration dhe molecular weight of BSA, it behaves as
IgG by a factor of approximately 20%. Sub-if it experiences less lift, or more drag than
sequent HPLC analysis indicated that addithe smaller BSA molecule. One possible
tion of Tween 20 to a solution of Cysteiny-explanation of this is that BSA is a globular
lated BSA shows no effect on the measuregrotein while 1gG has a three-lobed plate
concentration of BSA. We suspect that thestructure. It is likely that the preferred ori-
surfactant either forms micelles of approx-entation of the IgG in the shear flow is such
imately 150 kg-mof molecular weight, or that the plane of the plates is parallel to the
attaches to the 1gG causing an increase imembrane surface. This presents the maxi-
UV absorption of the IgG/surfactant com-mum surface area to the permeate flow, thus
plex. IgG concentrations reported here arenaximizing the drag, and possibly mini-
adjusted for the effect of the Tween 20. Namizing the lift.

adjustment is made to the measured con-

centration of BSA. Finally, we note that at 600 and 1 000 RPM

and rotor spin rates are given in Figure .2tion is that for permeate fluxes higher than

At zero spin rate, the measured transmisy, s ot \which the transmission maximum is
sion ratio is approximately 50% for both ,opieved; the drag force from the permeate
proteins. It is likely that at zero spin rate, o is sc; much larger than the lift force
oy ) Srom the shear flow that the proteins are car-
transmission of both proteins. ried towards the membrane much as though

At all nonzero spin rates tested, the transthe lift did not have any effect. This would
mission fraction of both proteins dependgesult in a fouling layer on the membrane
strongly on permeate flux as would beand a reduction in transmission of both pro-
expected if transmission depends on the bateins. Further experiments at higher perme-
ance of hydrodynamic lift and drag. How-ate fluxes would be useful to verify this
ever, although 1gG is a little more than twiceexplanation.

100
90
80
70

60

BSA, 0 RPM
19G 0 RPM
BSA, 600 RPM
195, BOO RPM
BSA, 1000 RPM
lgG, 1000 RPM
BSA, 2000 RFM
19G, 2000 RPM
BSA, 3000RPM
Ig, 3000 RPM
DCI 100 200 300 400 500 600 700
Permeate Flux (L mi%- k)

Figure 2.Cysteinylated BSA and human IgG transmission percentages (100 times the ratios of per-
meate to feed concentrations) vs. permeate flux using a LAB6'MMEvice and Pall Filtron
Omega 300k ultrafiltration membrane.
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Table I. Average transmission percentages (100 times the ratios of permeate to feed concentrations)
of total solids, fats, caseins and serum proteins for skim milk through a Pall Filtron Omega 300K PESO
membrane (300 kg-m3dIMWCO) in a Pall LAB6 DMEM filtration device at various spin rates

and permeate fluxes.

Spin rate Permeate flux  Total solids Fat Casein Serum protein
(RPM) (L-irlnr?

1500 18 61 0 04 28

1500 43 63 6 1.2 29

1500 61 65 0 0.8 32

3000 61 63 0 1.9 14

3000 88 61 0 1.3 15

3000 105 64 0 1.3 16

3.3. Milk Fractionation more than 4 h with very little evidence of

fouling. At the end of the run, the permeate

The results of filtering non-pasteurizedrate was raised to 65 4nT? This resulted
and non-homogenized skim milk in thein a dramatic increase in the fouling rate.
LABG6 are summarized in Table |. Because To separate BSA from the smaller pro-
the time required to take each 120 ml sameins in the milk serum, four liters of serum
ple was several minutes, these results mugkoduced in the test described above were
be considered as averages rather than instéitered, again using an Omega 300K mem-
taneous. At 1 500 RPM, it was found thatrane. In this run, the spin rate was increased
TMP increased with time when the perme+o 2 000 RPM to improve the retention of the
ate flux was held at any value greater thamrger serum proteins and the permeate flux
61 L-hrl-nT2 We take this continual increasewas increased to 88 IhnT?, in hopes of
in TMP as evidence of membrane fouling. Atincreasing the transmission of the smaller
3 000 RPM, similar fouling occurred whenserum proteins.

L2 L

,tAhte ﬁ?rmeate flux etxc]flaeded f105thLm - The transmission percentages of BSA,

all lower permeate 1uxes, 1or tNESe Spifg_ |4 ctoglobulin (18 kg-mok), anda-lac-

rates, no fouling was observed. The nonzer. ; ) : : .
transmission of fat at 1 500 RPM and, Ibumin (14 kg-mof) at various times dur

44 Lrhmi2is due t il +ng the run are shown in Table Il. As
L T™-NT7IS due 10 a SINgleé measurementy, o 1o transmission of the smallest pro-
which we assume is an experimental erro

%ein, a-lactalbumin, was largest and trans-
As shown in Table I, increasing the spinmission of the largest protein, BSA, was

rate from 1 500 to 3 000 RPM nearly dou-smallest at each time. The transmission at

bles the permeate flux that can be achieve203 minutes is nearly double that at the ear-

without fouling. The same change in spinlier times. Further work is needed to deter-

rate also cuts the transmission of serum pranine why this is the case.

teins in half. To allow a large fraction of

serum proteins to be transmitted without

risking fouling of the membrane, a spin rate 4. CONCLUSION

of 1 500 RPM and a permeate flux of

45 L-irl.nT2was chosen to produce a 10 L For a variety of solutions, we have found

batch of milk serum, using two LABGs in that the transmission rate of proteins through

parallel. Permeate flow was maintained foan ultra-filtration membrane in a LAB6
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Table Il. Transmission percentages (100 times |n particular, we have shown that milk
the ratios of permeate to feed concentrations), &lerym can be produced by filtration through

various times during the run, of BSAslac-
toglobulin, anda-lactalbumin for milk serum a 300K membrane and that the serum can

through a Pall Filtron Omega 300K PESO memP€ again fraptionated with a 300|_< mem-
branehgsoo kg-mot MWCO) in a Pall LAB6 brane at a different molecular weight cut
DMF ™ filtration device at a spin rate of 2000 off by changing the shear and permeate
RPM and permeate flux of 88 4nT2 fluxes used. From these preliminary results,

Run time
(min)

Transmission Percentage

BSA pB-lactoglobulin a-lactalbumin

21 12 25 57
109 14 24 46
203 27 51 82
Average 18 33 62

(1]

depends strongly on the shear rate and the
permeate flux. This dependence appears
be mediated by both the size and the shape
of the proteins, which allows the transmis-,
sion characteristics of a membrane to be
controlled by the shear rate and permeatg,
flux.

it appears plausible that further develop-
ment of shear separation equipment and
methods could lead to very finely controlled
separations of proteins from milk and other
biological fluids.
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