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SUMMARY

An economic analysis of preparative chromatography of proteins is
reported. We present a way to calculate and optimize the efficiency for
isolating a desired protein from a given protein mixture with regard to feed,
fractionation, product purity, throughput, and operating costs. Evaluation
of the overall efficiency for the purification in subsequent steps is also

demonstrated.

INTRODUCT ION

Performance in chromatographic systems is often measured in terms of
either theoratical plates/unit time or resolution/unit time. The concept of

"peak capacity," i.e. the maximum number of peaks that a system is
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theoretically capable of producing is also used to specify the performance of
chromatographic systems. However, it should be noted that these measures of
performance are generally applied to analytical systems where it is the
objective to resolve a large number of components in a short time.

The objectives in preparative chromatography are quite different. 1In
preparative separations, a single component is usually being purified and
resolution of a large number of components from each other is unimportant.

In general, the aim of preparative chromatography is to produce the largest
possible amount of product in the shortest possible period of time. So
throughput is the most important chromatographic variable in preparative
chromatography. The second major variable is system economics. The final
goal of most production processes is the profit, which depends strongly on
production costs. Consequently, optimization of cost parameters also should
be taken into account when setting operational variables for preparative
chromatography of proteins.

Chromatography processing costs will be a function of the cost of the
system, the loading capacity of the column and the system cycle time. For
example, commitment of extensive labor and costly equipment to a lengthy
separation on a low capacity column could be economically non-viable. This
must be reflected in evaluation of the efficiency of preparative systems.

The efficiency would depend on a wide range of system parameters and
operational variables. Because the chromatographic procedures required for
purification are sample dependent, the importance of different parameters and
variables depends on the given separation problem. In this paper we suggest
an economic model for evaluating the efficiency of preparative chromatography
columns which is based on feed, product purity, product yield, “eclean-up”
ratio, throughput and operating costs.

Purification of proteins from complex biological samples generally
requires multiple steps. In addition to evaluating the efficiency of

individual purification steps, there is also a need for the evaluation of
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complete purification processes. This issue will also be addressed in this

paper.
THEORET ICAL

Efficiency (E) of preparative chromatography will be defined here as the

profit achieved per unit time. This concept is reflected in the equation:
P

E == !

r (D

where P is the profit achieved in a chromatographic separation and t is the
time of a chromatographic cycle.

Profit may be expressed as:

P o

where V_ =

P Vpip and is the value of product, v is the specific value

p
of product and m, is the mass of product. The value of initial protein
mixture loaded (feed} (V,) is given by the equation: Vo, = vgmg,

where v, is the specific value of the mixture and m, is the mass of

initial feed. The cost of the chromatographic procedure (C) may be related
to the specific cost (value/g) of the chromatographic procedure with respect

to product (¢} and mass of product (mp) by the expression C = cm,.

In this manner, efficiency can be written:

E = Tp(vp—c) - Vo (3>

t

with Tp = mp/t; where T_ is throughput. The term (Vp—c) is the

P
specific profit separated from the price of feed and is depeadent on the
separation procedure.

It should be recognized that the mass of product (mp) from any

purification step may be larger than the total mass (my) of the desired
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protein in the initial sample. This is because resolution may not be
sufficiently great to give total purification of the product. It is well
established that the resolution of components in a chromatographic system is
a function of a number of variables such as theoretical plate number,
separation factor, solvent strength, mobile phase veloecity, gradient slope,
and column dimensions. Although eqn. 3 indicates that the throughput of a
system may be increased by increasing LY this must not be at the expense

of product purity because it reduces v  exponentially (shown later).

P
Throughput may also be increased by decreasing cycle time. It will be
shown below that cycle time is related to flow rate, gradieat slope, recycle
time, re-equilibration time and column dimensions. In the case of flow rate
and gradient slope, decreasing cycle time by manipulating these variables
will be counter-productive if product purity decreases. Obviously,
optimizing throughput may be a complex process.
Throughput can be expressed as a function of feed (m,), mass of impur-
ities removed (m,(l-pylr), and loss of desired product (mypy(1-y)} as
shown in the equation:

_m, - my(l=pylr - mypy(l-y}
Tp = mp/t = 0 o' t"Po oPot 7Y %)

t

where p, = my/m, and is the purity of initial feed, my is the mass of
desired protein in the feed, r is the clean up ratio (mass of impurities
removed/total mass of impurities in the feed) and y is the yield of desired
protein.

Cycle time in gradient elution chromatography may be expressed by the

equation:

tag * te * tre * treg/n (5}

where teq is the equilibration time, t, is the feeding and elution

time, tee is the recycle time, t is the regeneration time and n

reg

is the number of separation cycles between two regeneration steps.
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After an elution protocol which gives the desired resolution between
product and impurities has been established, only recycle time, equilibration
time and regeneration time may be manipulated to reduce cycle time [1].
Since recycling, re-equilibrating and regenerating columns are processes not
directly involved in the chromatographic process, losses in chromatographic
performance while manipulating these variables are remote.

Implementation of preparative chromatography starts with two important
steps: column selection, i.e. planning, and optimization. 1In the column
selection stage the following should be decided:

- which type of separation mechanism will be used, i.e. reversed phase,

affinity, ion-exchange, hydrophobic interaction, size-exclusion, etc.
[2,3],

- what dimension of column will be used, i.e. inner diameter, length,

ete. [4], and

- what properties should the sorbent have that will be used, i.e.

particle size, pore size, ligand density, etc. {5,6,7,8].
What is decided here determines both the limits in the optimization process
and specifications of the instrumentation.

Optimization on a given column involves finding the oprimal set of
operational (independent) variables, such as:

- feed load [9,10],

- composition of mobile phase and slope of the gradieat [10],
- flow rate,

- temperature [12], and

- fractionation.

FRACTIONATION

The complete set of engineered parameters and variables has an affect on

the resolution of the desired protein. To achieve maximum throughput and
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constant purity in a given preparative chromatography system, resolution of
the product protein from impurities should be maximized while holding cycle
time at a minimum. In order to make the relation between throughput and
and resolution less ambiguous, the clean up ratio (r) is expanded into its

component parts:
o
r=yor; (6)
i

where r; is the clean up ratio relative to the ith

impurity, and n is

the number of impurities. Figure 1 provides an illustration of a mixture in
which the desired protein (component 5} is only partially resolved from
components 4 and 6 in several of the chromatograms. The various
chromatograms in the figure represent what might happen to resolution as
particle size is increased from A to D. Although these are synthetic
chromatograms and do not represent the actual separation of componeats from a
specific mixture, it is similar to what the authors have observed on columns
packed with 10, 20, 50 and 100 um particle sizes, respectively. It is
interesting that all of the components of the mixture other than 4 and 6 are
completely resolved from component 5 by all of the columns. This means that
in the early stages of most purification procedures where one encounters very
crude samples with many components that most columns will give extensive
purification. It is also seen that the use of microparticulate columns with
large numbers of theoretical plates will not really be necessary in the
initial stages of purification.

Resolution of any two solutes in a mixture is given by the equation

Rg = 2[(tp, - tg )/ (bty, + Aty )] (7

where ty is retention time and Atg is peak width in time. When Rg >
1.3 the two components are completely resolved. Obviously this is the case

for the resolution of components 1, 2, 3, 7 and 8 from component 5.
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Figure 1. An illustration showing the relative purificatiomn of a compound
(No. 5) on columns of different resolving power. From D to A resolution is
increasing. 1In this case an increase in resolution decreases the time window

of collection, keeping yield of desired protein comstant. See future details

in text.

Calculation of the amount of components &4 and 6 coeluting with component 5
will be treated below.

The area {(A) of any peak in a chromatogram is given by the equation

A=K fccdc (8

t=0

where C, is the concentration at time t, dt is the time increment, X is a
constant relating mass of component to area, and T is the time at the end of

the peak.
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Figure 2. Tllustration showing the expansion of clean up ratio into
component parts. S is the desired protein; X and Y are impurity components;

and (A1+A7,) is the time window of collection.

An illustration of overlapping peaks is given in Figure 2. [t is seen
for component X that only a fraction (X removed) of the total mass of X is
eliminated when solute is collected between tpg — ATy and tpgo
Aty. Thus, the relative mass rewmoved of component X would be fy:

tre—AT)

fx = Ky/Ay . Coxdt (9
t

where Ay is the total area for component X. The clean up ratio for

component X (ry) would be
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ry = myfy/ (mg+my) (103

where my and my are the total mass of component X and Y.
The term ry would be computed in a similar wanner as ry using

equations 9 and 10,

tr
ry = myKy/Ay j Coydt/ (mytmy? (an
tRS+AT2

where tp is the total elution time for all components.
Combining equations 6 and 10, the clean up ratio (r) can be expressed in

the following way:

n n
r=Tr; =% my £ (6/a)
1=1 i
é%
m:
=1’
where m is the mass of the jth impurity.

To increase purification requires either an increase in resolution or
a decrease in the time window (AT; + ATy} of collection. Although
purification is increased by narrowing the collection time window, yield is
diminished. Equation 7 indicates that resolution may be increased by
increasing the ratio of the distance betwcen peak maxima to peak width. 1In
gradient elution, resolution is generally increased by decreasing gradient
slope. The most general technique for decreasing gradient slope is to
increase gradient time at a fixed flow rate. Although this is accompanied by
some increase in peak width, distance between peaks increases more than band
dispersion. Increasing mobile phase velocity at the same fixed gradient time
is a second technique for decreasing gradient slope. Increasing flow rate to
increase resolution would seem to be counter productive since band dispersion
increases with flow rate. Although this is true, there are a number of cases

where the distance between peaks increases faster than peak dispersion.



15:41 24 January 2011

Downl oaded At:

2572 MAZSAROFF AND REGNIER

The planning and optimization of system parameters and operational vari-
ables in a chromatographic system, should be done in combination with the
optimization of the specific cost components (see: Cost Amalysis). The
profit parameter must be optimized concomitantly with the specific cost.
Among all possible ways of operating chromatographic systems there exists one
which results in minimum cost and maximum profit with a given set of market
conditions [13]. Hence, not only does the throughput function have a maxi-
mum, but specific cost and specific profit show optima as a function of any
independent variable. Since the specific cost of the feed locad is indepen-
dent of the chromatographic procedure the maximum efficiency would be deter-
mined by optimization of the first term in equation 3. Therefore, the maxi-
mum efficiency as a function of all independent variables can be expressed by

the following equation:

n

z BITplvy = )1)/3Xg = 0 (12
i=1

where X; is an independent variable and n is the number of independent
variables. There are well established methods to determine the optimum

values of the variables [14].
PURIFICATION IN SUBSEQUENT STEPS

In many cases it is impossible or not cost-effective to achieve the
desired purity in a single chromatographic step, so that several
chromatographic procedures have to be applied consecutively [15].

The total efficiency of purification in subsequent steps may be

expressed as:

n
P, n
i v.m-vm
g = A= - 0% Yol > Tp; ey a3
n n i=1
>__t; t;
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th

where P; is the profit of the i chromatographic step, tj is the

cycle time of the ith chromatographic step, Tpy is the throughput of

th th

the i chromatographic step, ¢; is the specific cost of the i

chromatographic step, v, is the specific value of the product of the
ath (final) step, m, is the mass of the product of the nth

(final) step, v, is the specific value of initial feed, my, is the mass of
initial feed, and n is the number of chromatographic steps.

Eqn. 13 shows that the total efficiency of a purification in subsequent
steps depends on the difference in value of the final product and the initial
feed, the sum of cycle times and the total cost of the chromatographic
steps.

Total efficiency is independent of the values of intermediate products.
The mass difference between the initial feed and the final product, the sum
of cycle times, and the total cost of the procedures depend on the quality
of the design and optimization of the total system. If the mass of product
of the first separation step is m; (see eqn. 4):

where

mp = my[1-t1(1-py)-py {1~y )] (14)
and the purity is p; where

P1 = mpy1/my = poy1/(1-r1{1-po)=poll-y12}), (15)

then, the mass (m;} and purity {p;} of the ith product are given by

the equations

iy
mi = my § [1-C1-pod(l-rjlri-poy;(l-yi)] (162
j=1
iy
pi = T [POYjYi/(1-(1—p0)(l—rj)ri—poyj(l-yi))] an
j=1
The throughput of the ith separation step is Tpj, where
i-1
Tp; = mj/ty = my/tj qr’[1—(l—po)(l—rj)ri—poyj(l—yi)] (18)
j=1
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Eqn. 18 indicates that the throughput of subsequent steps depends on
fractionation. (As was seen earlier, fractionation depends on the resolution
of the desired protein.) Assuming that product value is exponentially
related to purity and that this reflects the cost of the purification
procedure (being generally known as an exponential function of purity), we

can write the following equation:

-1

b:p: 1

e; = ageliPi o g exp[biSl‘]‘[poyjyi/(x-<1-p0>(1-rj>ri-poyj(1-yi>>11 a9
j=

th

where c; is the specific cost of the i step and aj, b; are

constants.

The specific value of the initial feed load and the final product will depend
on the market. By keeping them constant, the maximum efficiency would be
determined by calculation of the minimum cost (second term in eqn. 13). The
minimum cost of purification in subsequent steps as a function of fraction-

ation is shown in the equation

n

2 TP n 32 TpiCi - g

i=} +Z i=] (20/a)
1 are k=l By

7™M

where n is the number of chromatographic procedures. Solution of Eqn. 20/a
results in the optimum throughput of consecutive steps. Rearranging

eqn. 20/a we may write

n n
n B'Z Tp;ci a 3.2 Tp; e
> i=t = = - 2 i=1 (20/b)
k=1 al'k k=1 Byk

Eqn. 20/b shows the simple fact that r may be increased at the expense of y
and vice versa, 1.e., in this way the fractionation has an optimum.

Furthermore, in eqn. 20/b it can be seen that the optimum for a process is
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not the sum of optima for the individual purification steps, but an overall
optimum for the total system.

In the treatment presented above for purification of proteins in
subsequent steps, Bellmann's principle of optimality was used to optimize the
overall process and to determine the maximum total efficiency {16].

To correctly set the parameters and variables mentioned above, the
specific cost components that determine the total specific cost of a given

chromatographic procedure should be examined in detail.

COST ANALYSIS

For a more convenient treatment of the cost components, the total
specific cost for processing a gram of feed mixture (ctot) will be used
instead of total specific cost for a gram of product (c}. The relationship

between these terms is expressed by the equation
Cror = (mp/mo)c (2D

The total specific cost (e ) for processing a gram of a mixture is

given by the equation

3
+ ¢ + C. + et Cap (22>

tot col sol ins

where Ceol is the cost contribution from the column, Cool is for

for the instrumentation, ¢__: is the maintenance

solvents, ¢ mai

as
contribution and Ciab is for labor. A further understanding of
processing costs may be derived by analyzing each of these variables
separately.

1.1 Column Costs. The specific column cost (Ccol) is given by the

equation

Ceol = Vg - Cy -t/ (23}
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where Vg is the volume of column required to chromatograph 1 g of the
mixture, Cy is the cost/unit volume of a column, t is chromatographic cycle

time and t; is the average lifetime of a column. The cost/unit volume of

column is given by the equation
Cy = (He + Pg + Py + Pp)/Ve + s - dyg (243

where V. is the total volume of the column, H. is the column hardware

cost, Pg is the fixed cost of packing a column (solvents and packing
equipment are in this category), P} is labor cost for packing a column,

P, is the cost of testing a packed column, s is the cost of a unit mass of
support and dg is packing density of the column in g/ml. These terms will
vary with the dimensions of the column, support particle size and the way a
column is used. For example, end fittings are a major cost that is more a
function of diameter than leagth. Two columns of the same diameter varying
3~-fold in volume will not be very different in cost because the major
contribution to cost is the machine work that goes into the flanges and
fittings at the ends of the column. Reusing columas will also diminish the

cost of column hardware; i.e.
He = Hj/np (25)

where H; is the initial cost of the column and np is the number of times

it will be packed. Assuming that a column will be reused many times, the
hardware contribution to column cost will be much less than the labor of
packing (Py) and testing (P} a column, TFor example, packing and testing
are the dominant costs in analytical columns. It has also been found in
small preparative columns (<100 ml volume) that packing a column twice as
large does not require twice the labor. As column volume increases it is
likely that Py/V. and P /V. will decrease. At the present time there

is insufficient literature on packing preparative columns for a quantitative

relationship to be established between V., P and P.
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The specific cost of packing material (s} is composed of three

components;
S = 55 ¥ 84+ §; (26}

synthesis of the basic support material (sg), derivatization of the support
matrix with stationary phase (syq) and particle sizing (s;>. It is often

the case in the synthesis of a support material that a broad range of
particle sizes is produced. Since narrow particle size distribution is
required for chromatography, support materials must be subjected to a sizing
process before use. The distribution of particle sizes within a synthetic
lot of support materials influences both sy and sj.

Particle sizing may be achieved by a variety of techniques such as
elutriation, air classification and sieving. 1t is generally accepted that
there is a disproportionate increase in the production cost of smaller
particle size supports. Although elutriation provides particles of narrow
size distribution it is a method of relatively low throughput. Air classifi-
cation is the most practical techaique for obtaining narrow particle size
distribution in the range from 5~30 um. 1In contrast, sieving is of high
throughput and low cost in the production of supports over 40 um. Beyond
60-80 pm the cost of sizing supports is almost independent of size.

Loading capacity of a support material may be specified in several ways.
The volumetric term (vg) used in equation 23 is defined here as the volume
of column required to chromatograph 1 g of sample. When peak width has
increased more than 10% beyond an analytical load, columns are considered to
be overloaded. Column geometry, equilibration kinetics, efficiency with
which the sample is distributed on the column and other operational factors
all influence Vg. In contrast, static loading capacity (L) measurements
in grams of protein adsorbed/ml of support measure the intrinsic loading
capacity of a packing material without regard to operational parameters. As

the intrinsic loading capacity (L.)increases, it is apparent that the
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volume (vg) of a support required to separate ! g of a sample will
decrease. With high performance ion exchange supports it has been found [17]
that the dynamic loading capacity of a support is approximately 10% of the

intrinsic loading capacity, i.e.:

vy = Kj/Le (273

where Ky is a constant relating vg to L.

Combining equations 24, 25 and 27 and substituting into equation 23

produces the expression

tKy \
Col = — LﬂHi/np + Pg 4+ Py + Pp)/Vg + dgsg + sq + sij

(28

1.2 Solvent Costs. Tt is now well established that the separation of
macromolecules in surface mediated modes such as ion exchange, reversed
phase, hydrophobic interaction and bioaffinity require gradient elution.
Linear gradients are the most common. Occasionally, initial and final
solvent holds and special recycling techniques are also used. In addition,
special solvent washing or cleaning steps are used at intervals in the
separation of a large number of compounds. A general expression for specific

solvent costs (c_ ;) would be
Ceol T CA* Cp * Cpp * Cpy *oCpp (293
The cost of the initial A solvent (CA) will be
ca = Fa - coalty + tg/2)vy/Ve (302

where Fp is the flow rate of A in ml/min, C,a is the average cost/unit
volume of solvent A, tj is the initial time held at pure A, and tg is

gradient time. The same general expression would apply to solvent B

cp = Fg - ¢, gltg/2 + tgdvg/V, (313
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where ty is time held at pure B at the ead of the gradient, Fg is the
flow rate of B and c g is the cost/volume of B. 1In those cases where a

linear programmed recycle of two solvents is used, the equations

eg; = F1 - &yp - (tRC/Z)vg/VC (323
and
Cpo = Fg - oy, - (£RC/23vy/Ve (333

may be used. The terms CR] and CK2 represent the costs of recycle
solvents 1 and 2 respectively while tg. is recycle time, Fy is the
flow rate of solvent 1, Fy is the flow rate of solvent 2, cv1 is

cost/volume of solvent 1 and c is the cost/volume of solvent 2.

v2

Regeneration or cleaning costs are treated with the equation
cg = Fg -+ cyclte/ndvy/Ve
(34)

where it is assumed that a column may be c¢leaned with a single solveut,
C,c is the cost/volume of solvent, Fp is flow rate of cleaning
solvent, t; is the time required to clean the column, and n is the number
of column cycles between cleaning.

1.3 Instrument Costs. Although the major cost in the acquisition of
preparative scale systems is instrumentation; column hardware, plumbing
systems, and electronic components last for many years. The specific

instrument costs (cin ) may be calculated from

s

co = 0.9 I;(t/epdvy /Y
s e (35

where I; is the initial instrument cost, t is cycle time and ty is the
lifetime of the instrument. It is assumed that 10% of the potential
operating time of the system will be spent in maintenance and repair of the
system. For example, cleaning and replacing columns is considered

maintenance and repair.



15:41 24 January 2011

Downl oaded At:

2580 MAZSAROFF AND REGNIER

1.4 Maintenance Costs. Using the value of 10% for maintenance and
repair and assuming that it may be accomplished by a single individual,
greater than 2 hr of labor a day must be charged to the system. Since it is
probable that the time required to maintain and repair systems of 100 ml and

several liters of column volume will almost be the same, one can write

Coai = W+ Ii)O.l(t/tI)vg/Vc (36)

where W is total labor cost of maintaining the system. It is possible that
larger systems will be more economical because throughput increases while
maintenance costs remain relatively the same.

1.5 Operational Costs. Labor costs for operating the system will
depend to a large extent on the degree of automation in the system. At any
rate, the amount of time required to operate both a large and small system
should be relatively the same. As in the case of €| ab? this again

favors larger systems.

DISCUSSION AND CONCLUSIONS

We have presented an economic treatment for the evaluation of a prepara-
tive chromatographic procedure in the isolation of proteins. It is based on
"efficiency” in accordance with chemical engineering sciences that takes both
technical and economic sides of production into account. The major technical
parameter, throughput, is combined with the economic parameters (cost and
profit) to produce equations that may be used to optimize a chromatographic
procedure, These equations show that the overall efficiency of a process
depends on the throughput and the cost of the individual purification steps
if the unit mass values of initial feed and final product of desired purity
are kept constant. Throughput and cost of individual purification steps are

expressed as functions of the fractionation (i.e. clean up ratioc and yield
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of desired protein) and the purity of product after each step. These expres-
sions were used to optimize the overall process using Bellmann's principle of
optimality. As expected, the optimum for the total process is not the sum of
the optima for the individual purification steps.

To facilitate the practical application of this economic treatment a
detailed cost analysis is presented. This cost analysis treats specific
column, solvent, instrument, maintenance, and labor costs for processing one
gram of feed. The economic performance of a chromatographic system was shown
to be dominated by three factors: the cycle time to column lifetime ratio
(t/ty}, the column volume required to process a gram of sample (vg), and
the total volume of the column (V.}. The cycle time to lifetime ratio
expresses the reciprocal of the number of chromatographic cycles for the
column, 1t is seen that even very expensive columns can have high economic
performance if the cycle number is sufficiently high. Obviously, with
respect to cost the most efficient system will be one which produces the
largest amount of product (with the largest clean-up ratio and yield of

desired protein} and requires the smallest specific column volume {v and

g)
cycle time (t}. The column volume (V,) seems to be inversely proportional

to the specific cost components. But the column cost, the initial instrument
cost, the labor cost of operating and maintaining the system may be dispro-
portional to column volume (or system size}, i.e. if the capacity of an
instrument is two times larger than that of another, its value is not twice

that of the other. Hence the specific cost of column, instrument, and main-

tenance can be expressed in the following way:
-8
¢ = (Ve ), where 0 < 8 <1 (37)

Good agreement was found between the results presented above and a

function

¢ = aK; (38)
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of general validity in process scale operations showing the relationship
between specific cost and production capacity (18). The term K, represents

the processing capacity of a unit operation and the terms a and 3 are

constants specific to the process.
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