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OPTIMIZING OPERATING BINDING CAPACITY FOR A MULTIPLE COLUMN 

CHROMATOGRAPHY PROCESS 

BACKGROUND OF THE INVENTION 

[0001] Column chromatographic separation typically utilizes a column having an inlet 

and an outlet and containing a sorbent for binding desired molecules (target product) present 

in a sample fluid, such that the target product is bound and separated from other molecules in 

the sample fluid as the fluid passes through the column. 

[0002]  A column chromatography cycle involves several stages conducted one after the 

other.  The !loading" stage involves loading the column by passing the sample fluid (the 

feed) through the inlet, such that the feed contacts the sorbent, and some amount of the target 

product is bound.   The amount of target product bound to the sorbent in the column is 

referred to as the binding capacity of the column.  Unbound target product, and other 

molecules (that may include contaminants), pass with fluid through the outlet.  Other stages 

in the chromatography cycle include, for example, washing the column, eluting the target 

product, regenerating the sorbent, and equilibrating the column.  

[0003] Multiple column chromatography (MCC) involves loading two or more 

chromatography columns connected in series, wherein feed sample is passed from the inlet of 

a first chromatography column (containing sorbent), through the outlet of the first column 

and into the inlet of a second chromatography column (containing sorbent), through the outlet 

of the second column, and so on, depending on how many columns are connected.  This 

allows the first column to be over-loaded and the target product passing from the first column 

(that would otherwise by lost to waste) is captured by a subsequent column.  In MCC, one 

column can be loaded while another stage in the cycle can be carried out on another column.  

When a first column is over-loaded and the target product is passed to a second column, this 

can be referred to as a !second pass" as the over-loaded target product is passing into the 

second column.  Depending on the number of columns, there can be a third pass as the 

over-loaded target product is passing into a third column, and so on.  For a complete 

chromatography cycle, each of the columns must progress through each of the stages, e.g., 

!second pass" (over-load from previous column), !load" (feed loaded directly into column), 

wash, elute, regenerate, and equilibrate. 
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[0004] However, MCC is complicated, and there is a need for improved MCC process 

development.  

BRIEF SUMMARY OF THE INVENTION 

[0005] In one embodiment, a method for optimizing operating binding capacity for a 

multiple column chromatography (MCC) process is provided, the method comprising (a) 

loading a target product on a column at a first residence time and/or at a first flow rate; (b) 

loading the target product on the column at a second residence time and/or at a second flow 

rate, wherein the first residence time and/or first flow rate is different than the second 

residence time and/or the second flow rate; (c) generating breakthrough curves for the first 

residence time and/or first flow rate and for the second residence time and/or the second flow 

rate; and (d) determining an optimum operating binding capacity for the MCC process.  

Typically, the second residence time is about double the first residence time and/or the 

second flow rate is about half the first flow rate. 

[0006] In an embodiment, the method further comprises (b#) loading the target product on 

the column at a third residence time and/or at a third flow rate, wherein the third residence 

time and/or third flow rate is different than the first and second residence times and/or the 

first and second flow rates; (c#) generating breakthrough curves for the first residence time 

and/or first flow rate, for the second residence time and/or the second flow rate, and for the 

third residence time and/or the third flow rate; and (d) determining an optimum operating 

binding capacity for the MCC.  Typically, the third residence time is about triple the first 

residence time and/or the third flow rate is about one-third the first flow rate. 

[0007] In another embodiment, a method for optimizing operating binding capacity for a 

multiple column chromatography (MCC) process comprises (a) connecting at least two 

columns of equal size in series; (b) loading target product on the columns at a constant flow 

rate to provide predetermined residence times through the columns; and (c) determining an 

optimum operating binding capacity for the MCC process.   

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S) 

[0008] Figures 1A, 1B, and 1C show, diagrammatically, flow (!load," !2
nd

 pass," and 

!rest") through 3 columns during a single MCC chromatography cycle, wherein !rest" refers 

to wash, elute, regenerate, and equilibrate. 
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[0009] Figure 2 shows an illustrative breakthrough curve generated via UV detection as 

described in Examples 1, 3, 6, and 7. 

[0010] Figure 3 shows an illustrative breakthrough curve generated via fractionation and 

quantitation as described in Examples 2, 4, 5, and 8. 

[0011] Figure 4A shows, illustratively, two interconnected columns, each connected to a 

UV detector; Figure 4B shows illustrative breakthrough curves produced by each detector. 

These curves can be used to calculate the amount bound to the first column before product 

breakthrough occurs on the last; Figure 4C shows, illustratively, a graphical representation of 

the relationship between residence time and number of columns. 

[0012] Figure 5 shows illustrative operating binding capacities versus total residence time 

for two and three columns as described in Examples 1 and 3-7. 

[0013] Figure 6 shows theoretical productivity versus total residence time for two and 

three columns as described in Examples 1 and 3-7. 

[0014] Figure 7 shows illustrative operating binding capacities versus total residence time 

for two and three columns as described in Examples 2 and 8. 

[0015] Figure 8 shows theoretical productivity versus total residence time for two and 

three columns as described in Examples 2 and 8. 

[0016] Figure 9 shows a predictive model providing optimum productivity usable to 

select a MCC process strategy, wherein the process modeling strategy is applied to 

breakthrough curves generated from 13 saturation breakthrough experiments performed on a 

single column. 

DETAILED DESCRIPTION OF THE INVENTION 

[0017] In accordance with the invention, an optimum operating binding capacity for a 

MCC process is determined.  Thus, in one embodiment of a method according to the 

invention, two or more (typically, 2 to 12) loading experiments are performed on a single 

column at different residence times and/or different flow rates to determine an optimum 

operating binding capacity for the MCC process.  Alternatively, in another embodiment, two 

or more columns of equal size can be placed in series (!daisy chained") and flow can be held 

constant to provide the desired residence times for determining the optimum operating 

binding capacity. 
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[0018] In accordance with embodiments of the invention, a column does not always have 

to be loaded with the target product to saturation.  For example, it can be sufficient to achieve 

10% or 20% breakthrough at the outlet of the column.   

[0019] Embodiments of the method can include analyzing effluent fractions for 

breakthrough, or using a detector associated with an effluent line to determine the presence of 

the target product in the effluent line. 

[0020] Advantageously, the determined optimum operating binding capacity represents, 

in a MCC process, the amount of target product bound by the first column immediately 

before breakthrough of the last column in the series. Preferably, an operational parameter 

(such as, e.g., an optimum amount of product to load in a multi-column process over a range 

of flow rates) can be determined using a few simple experiments performed on a single 

column.  Accurate prediction of the operating capacities enables estimation of many other 

multi-column process parameters such as, for example, productivity, cycle time, total number 

of columns, and/or buffer utilization.  The use of a range of flow rates provides data points 

which can be fit and interpolated to optimize one or more parameters of interest as a function 

of residence time. 

[0021] Additional advantages include, for example, if the MCC process involves rapid 

processing of a fragile protein, the user can pinpoint exactly which operating parameters are 

needed to achieve the fastest processing time.  If time is less important and a focus of the 

process is capacity utilization, capacity utilization can be optimized.  If cost is a concern, the 

process economic software can be utilized to minimize cost. If desired, anything related to a 

multi-column chromatography process within a biopharmaceutical production site can be 

optimized. 

[0022] In one embodiment, a method for optimizing operating binding capacity for a 

multiple column chromatography (MCC) process is provided, the method comprising (a) 

loading a target product on a column at a first residence time and/or at a first flow rate; (b) 

loading the target product on the column at a second residence time and/or at a second flow 

rate, wherein the first residence time and/or first flow rate is different than the second 

residence time and/or the second flow rate; (c) generating breakthrough curves for the first 

residence time and/or first flow rate and for the second residence time and/or the second flow 

rate; and (d) determining an optimum operating binding capacity for the MCC process.  

Typically, the second residence time is about double the first residence time and/or the 

second flow rate is about half the first flow rate.   
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[0023] In an embodiment, the MCC process includes N number of columns, and the first 

residence time and/or the first flow rate is determined for a single column, and the second 

residence time and/or the second flow rate equals the residence time and/or flow rate across 

the N number of columns. 

[0024] In an embodiment, the method further comprises (b#) loading the target product on 

the column at a third residence time and/or at a third flow rate, wherein the third residence 

time and/or third flow rate is different than the first and second residence times and/or the 

first and second flow rates; (c#) generating breakthrough curves for the first residence time 

and/or first flow rate, for the second residence time and/or the second flow rate, and for the 

third residence time and/or the third flow rate; and (d) determining an optimum operating 

binding capacity for the MCC.  Typically, the third residence time is about triple the first 

residence time and/or the third flow rate is about one-third the first flow rate.   

[0025] In another embodiment, a method for optimizing operating binding capacity for a 

multiple column chromatography (MCC) process comprises (a) connecting at least two 

columns of equal size in series; (b) loading target product on the columns at a constant flow 

rate to provide predetermined residence times through the columns; and (c) determining an 

optimum operating binding capacity for the MCC process.   

[0026] Using a two column system as an example, if desired, at beginning of the process, 

the first load step can have an increased load, wherein the load is X+Y, representing the 

amount bound to the first column (amount !X" in column !A") and the amount bound to the 

second column (amount !Y" in column !B").  Advantageously, this can !force" the system to 

start at steady state immediately, avoiding a transition to steady state that can be observed in 

some processes. 

[0027] In order to provide a framework for understanding the invention, and using Figure 

1 for reference, it is desirable to operate MCC in steady-state such that each column is treated 

identically, and each cycle is the same.  This ensures that productivity and product quality 

remains constant.  In Figure 1, when the B column moves out of the load zone, an amount of 

target product that is bound to the column is removed from the system as the column enters 

the rest stage (and is subsequently eluted).  For operation to be at steady state, the same 

amount of target product from the feed sample must be added back to the system in the next 

load cycle.  This identifies the binding capacity that the process is operated at, i.e., the 

operating binding capacity.  The operating capacity is defined as gram of target product 

bound per liter of sorbent.  The ideal operating binding capacity occurs when the second 
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column in the series (receiving the second pass) is loaded until just before product 

breakthrough.  At the ideal operating binding capacity as much target product as possible will 

be bound within the column receiving the feed sample load directly without any product loss. 

[0028] Following flow through a single column and its time in the load zone, initially a 

column (column A in Figures 1A-1C) starts as the second column in the series.  As such, the 

column A receives the flow-through from the first column in series, the load column (directly 

receiving feed), column B.  Initially the load column will bind all of the target product, so 

that the load onto column A (the second pass) will not contain target product.  As the load 

column approaches and then exceeds its dynamic binding capacity, target product will begin 

to flow through the load column.  Thus the second pass column will initially receive product 

at zero concentration, but after a time the load concentration will begin to increase as more 

and more target product breaks-through the first column. After this phase is complete the 

column that was in the second pass becomes the load column and it receives load directly.  

The target product concentration loaded onto the column is relatively high and constant.  

[0029] The desire is to apply as much target product to the load column as possible, 

without losing any target product.  Accordingly, loading is stopped well before break-through 

of target from the second pass column (or if there are more than two columns in the series, 

the last column connected in the series).  Determining the amount to load in a MCC process 

is complicated because of the multiple-step loading, i.e., a column will be in the second pass 

before being loaded directly.  This makes it challenging to understand at what operating 

binding capacity a process should be performed.  The challenge becomes even more complex 

in view of residence time.  Increasing residence time can increase capacity and lowering 

residence time may decrease capacity.  However, increasing residence time is achieved by 

slowing the flow rate over the column and this requires increased time for the load step.   

[0030] Since productivity can be understood as capacity/cycle time, long residence times 

that result in increased capacity also increase cycle time.  The inventors have recognized that 

these two factors, capacity and cycle time, are both affected by the residence time, and 

realized that there is an optimum residence time to perform a MCC process to operate at 

optimum productivity.  The inventors surprisingly and unexpectedly found that this multi-

phase load did not have an effect on the capacity of the column or upon breakthrough of the 

target product from the column.  Thus, the inventors realized that if columns are connected in 

series (and loaded straight through to saturation (in the absence of valve switching to simulate 

countercurrent movement of the columns), the amount of target product bound by the first 
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column immediately before breakthrough of the last column in the series is the ideal 

operating binding capacity.  The process is optimized:  loading more target product results in 

target product loss, loading less target product results in less than optimal column utilization. 

[0031] The following definitions are used in accordance with the invention. 

[0032] Batch chromatography $ traditional chromatography processes performed on a 

single column to saturation and producing a binding profile within the column that is almost 

identical to the binding profile of columns (connected in series) that are loaded iteratively in a 

multi-column capture process. 

[0033] Binding capacity or capacity $ mg of target or product bound per milliliter of 

sorbent.  

[0034] Breakthrough curve ! a plot of product concentration at the outlet of a column as 

the column is being loaded with fluid at its inlet (can be plotted vs. time, mass loaded, or 

volume loaded). 

[0035] Breakthrough experiment ! an experiment wherein a column is overloaded with 

product in order to ensure product breakthrough at the outlet so that a plot of the 

breakthrough curve can be obtained (column is typically loaded to 100% of its dynamic 

binding capacity). 

[0036] Capture efficiency $ percent of product loaded at the inlet of the column that is 

bound by the sorbent. 

[0037] Column saturation ! a point where the column is close 100% of its dynamic 

binding capacity and loading additional product at the inlet would not result in more capacity. 

[0038] Cycle time $ amount of time required for one column to complete an entire set 

(load, wash, elution, regeneration, and equilibration) of chromatography unit operations. 

[0039] Dynamic binding capacity $ mg of product bound per milliliter of sorbent under 

conditions where product in the mobile phase is flowing past the stationary phase. 

[0040] Flow-through ! the sum of product that has exited the outlet of column 

undergoing loading with feed material. 

[0041] Load residence time $ the residence time condition at which feed material 

(containing product) is loaded onto the column. 

[0042] Load time $ amount of time required to load the first column in the load phase of 

a multi-column chromatography process. 

[0043] Load zone ! the load phase of a multi-column chromatography process where two 

or more columns (connected in series) receive feed material either directly or indirectly. 
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[0044] Number of columns $ total columns (filled with a given amount of sorbent 

volume) required to operate a multi-column chromatography process. 

[0045] Operating binding capacity $ amount of product that is loaded divided by the 

column volume.  

[0046] Productivity $ grams of product processed per liter of sorbent per hour (operating 

binding capacity/cycle time). 

[0047] Residence time $ the amount of time it takes for a non-interacting particle in the 

mobile phase to pass through the volume of stationary phase (sorbent volume/flow rate). 

[0048] Rest or resting process $ all of the steps within a chromatography cycle which do 

not involve loading product onto the sorbent (wash, elution, regeneration, equilibration). 

[0049] Rest residence time $ the residence time condition at which the rest process. 

[0050] Sorbent/resin ! a material composed of small porous polymer beads coated with 

ligands that have the desired chemistry necessary to capture product from the mobile phase in 

a chromatography process. 

[0051] Static binding capacity $ amount of product that stationary phase is capable of 

binding under the condition of no flow. 

[0052] Start-up binding capacity $ amount of product that is required to load in order to 

commence a multi-column process in steady state. 

[0053] Steady state $ an unvarying condition within a multi-column process where 

capacity, purity, and productivity are constant cycle after cycle. 

[0054] 80% of 10% DBC ! 80% of the volume required to achieve 10% of the feed 

concentration at the outlet of a column (typically used as an estimate of 0% dynamic binding 

capacity where no product is measureable at the outlet of the column). 

[0055] Further to the framework for understanding the invention outlined above, in a 

MCC process with two columns, measuring the amount bound to the first column before 

breakthrough of product from the second (last) column in series can be accomplished using 

two columns connected in series with a detector for product at the end of each column.  This 

allows one to follow the product breakthrough of the first column using the detector placed 

between the two columns.  The product breakthrough can be represented as a graph of 

product concentration in the flowthrough versus time (or load amount of product loaded).  

With such a graph, called a break-through curve, an initial phase is normally seen where the 

entire target is bound, so the concentration at the detector is zero. When the product breaks-

through and plotted a graph, the shape often approaches sigmoidal.  The area in the graph 
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above the breakthrough curve represents the amount of material bound to the column. The 

area below the curve represents the amount of material that has flowed through the column.  

This single breakthrough shows the optimum time to stop loading for a single column 

operation, i.e., just before product breakthrough.   

[0056] However, with a multi-column operation, the first column is loaded in series until 

the product starts to break-through the last column in series.  Thus, a detector is needed after 

the last column in series to identify the time (or volume or amount of product loaded) when 

product breaks through.  This information is used to constrain the area of the first columns 

breakthrough by limiting the time (and therefore the amount loaded) on the chart of 

concentration of target vs time.  This allows determination of operating capacity which is the 

amount of target bound to the first column before breakthrough of the second column. 

[0057] Alternatively (i) the breakthrough curve of the load column could be measured by 

using a single column with a detector after it, and (ii) the other breakthrough curve could be 

determined by connecting two or more columns in series with a single detector at the end of 

the columns. 

[0058] Unexpectedly, another option for generating break-through curves is found, based 

on the realization that the shape of the product breakthrough curve is almost completely 

dependent on the residence time applied when loading a column.  This surprising result 

enables generation of the two breakthrough curves with just a single column and single 

detector after the column, rather than with two columns, each having a detector after each 

column.  To mimic the MMC situation one breakthrough curve is performed at a chosen 

residence time, and to mimic two columns in series, another breakthrough curve is performed 

at double the chosen residence time.  The breakthrough curve at the chosen residence time is 

used to calculate the amount bound to what would be the first column in series, where the 

area above the breakthrough curve is representative of the amount bound to the column.  The 

break-through at double the residence time is representative of the second column in series 

and is necessary to inform how much product could be loaded in MCC without incurring 

product loss to the flow through.  This breakthrough information is used to determine a limit 

as to how much product is loaded, and calculate a loading time or amount limit to the initial 

breakthrough curve.  With these two breakthrough curves it is possible to determine the 

amount bound to the first column before breakthrough of the second column, which is the 

operating binding capacity.  This can be extended to three or more columns in series.  
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Illustratively, for three columns in series the second breakthrough curve would be performed 

at three times the chosen residence time, and so on. 

[0059] With this framework in mind, optimizing productivity of an MCC process can be 

described.  The framework above describes determining the operating binding capacity at a 

single residence time.  However, to better optimize an MCC process, a series of residence 

times should be investigated.  This is because longer residence times may lead to higher 

column capacity.  However, longer residence times are at the cost of lower load flow-rates, 

which increase cycle times.  Since productivity equals capacity divided by cycle time, 

residence time changes the numerator (capacity) and the denominator (cycle time).  

Additionally, it is advantageous to determine if there are benefits of adding more columns to 

the load zone. Adding more columns may also lead to higher capacity, since the first column 

in series can be loaded for even longer as there are additional columns in the series to capture 

the product in the flow-through.  However, adding more columns to the load zone results in 

an increased cycle time.  Accordingly, residence time as well as the number of columns in the 

load zone should be evaluated to determine the productivity maxima (optimized MCC 

process). 

[0060] In accordance with a preferred embodiment of a method according to the 

invention, the capacity is measured for at least two, and preferably three or more, residence 

times. This allows a model to be created for capacity versus residence time. 

[0061] To understand the advantages of two versus three (or more) columns in series, 

breakthrough curves can be provided to model these scenarios.  

[0062] For example, looking at a single column, breakthrough curves could be performed 

with residence times of 0.5, 1, and 1.5 minutes.  The amount bound to the column would be 

represented by the area above the breakthrough curve.  However, a second breakthrough 

curve representing product breakthrough of the last column (in a MCC process) is required to 

limit the load, otherwise, when transferring the single column breakthrough amount to a 

MCC process, product would be lost.   

[0063] To determine the point where product would break-through, breakthrough curves 

corresponding to two columns in series would be performed at double the chosen residence 

times (in the example above, 0.5, 1, and 1.5 minutes) to give break-through curves at 1, 2 and 

3 minutes residence time.  To model the corresponding three columns in series, breakthrough 

curves would be performed at triple the residence times (1.5 minutes (3 x 0.5 minutes), 3 

minutes (3 x 1 minute) and 4.5 minutes (3 x 1.5 minutes) times, and so on. 
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[0064]  By choosing residence times (0.5 minutes (1X), 1 minute (2X) and 1.5 minutes 

(3X)) it is possible to limit the total number of breakthrough curves required to model the 

experimental space to six, as there can be overlap or redundancy in residence times 

(highlighted in bold in this section).  Further to the example above, in order to determine how 

product is bound to the first column in an MCC process, breakthrough curves could be 

generated at 0.5 minutes, 1 minute, and 1.5 minutes.  Thus, the area above the curve is equal 

to the amount bound by the column. However, additional breakthrough curves are required to 

determine the point at which to stop loading so that product does not breakthrough on the last 

column.  For two column loading, this means generating an additional set of breakthrough 

curves at 1 minute (2 x 0.5), 2 minutes (2 x 1) and 3 minutes (2 x 1.5).  For three column 

loading, another set of breakthrough curves at 1.5 minutes (3 x 0.5), 3 minutes (3 x 1) and 

4.5 minutes (3 x 1.5) residence times are required.  Since the 1 minute, 1.5 minutes, and 3 

minutes residence time breakthrough curves are repetitive, the experiment can be performed 

once but the results can be applied to more than one scenario.  As a result, only six single 

column breakthrough curves are required. 

[0065] For each breakthrough experiment, the column is loaded until it reaches a 

saturation point.  The rest of the process cycle (such as, e.g., wash, elution, regeneration, and 

equilibration) are performed on the column using conditions specified by the technician. 

[0066] If no specific detector exists to detect target breakthrough, the effluent exiting the 

column during the loading step is fractionated.  Typically, about 25-50 fractions result in a 

sample set large enough to get a good representation of a breakthrough curve.  Concentration 

of the target in the fractions is quantified using an analytical technique suited for that 

application.   

[0067] From this data it is possible to observe the dependence of operating binding 

capacity on residence time.  The optimum residence time and productivity can be determined 

by employing a series of standard equations:  

1. Load time = operating binding capacity multiplied by residence time divided by titer 

2. Cycle time = Load time plus rest time 

3. Productivity = operating binding capacity divided by cycle time. 

[0068] To determine loading capacity for a multi-column process with N columns 

connected in series which are receiving feed, a pair of breakthrough curves attained using the 

given residence time and N times that residence time are used. The pair of curves is plotted 

together with time as the x-axis and concentration as the y-axis. The breakthrough curve with 
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the larger residence time estimates the progression of product breakthrough at the outlet of 

the last column in an N column process versus time. This curve is used to select a point in 

time, T, where product is about to break through the outlet of the column.  

[0069] The curve can be used to: (i) determine the time T10% at which the product 

concentration is reaching 10% of the product concentration in the feed sample and (ii) 

calculate T as being 80% of T10%.  Alternatively, the curve can be used to: (i) determine the 

time T5% at which the product concentration is reaching 5% of the product concentration in 

the feed sample and (ii) calculate T as being 75% of T10%.  T is used as an upper integration 

limit on the second breakthrough out of the pair (the one at lower residence time). This 

breakthrough curve is integrated from zero to the predefined upper limit T and represents the 

amount of product present in the flow through. The loading capacity is equal to:  {[(mass of 

product loaded)-(mass of product in the flow-through)]/(column volume)}.  The calculation 

for mass of product loaded is given by {(concentration of the feed)*(volume loaded $ void 

volume)}. 

[0070] This procedure can be applied to every pair of breakthrough curves associated 

with two column loading so that three loading capacities associated with the three given 

residence times.  The capacities are can be plotted against residence time and fit using a 2
nd

 

order polynomial in order to interpolate capacity values in between the fitted points.  These 

steps are repeated to generate the same curve for a three column loading resulting in two 

capacities versus residence time plots.  The interpolated capacities are used to calculate load 

time which is equal to:  {(capacity*residence time)/(feed titer)}. 

[0071] The load time is used to calculate the cycle time which equals {(load time) + (time 

to perform wash/elution/regeneration/equilibration steps)}. The cycle time is calculated for 

the range of interpolated capacities. 

[0072] The productivity associated with each residence time is equal to {(capacity)/(cycle 

time)} and is calculated for the range of interpolated capacities resulting in a plot of 

theoretical productivity versus residence time.  

[0073] The number of total columns required to run the process is the sum of the number 

of columns that are being loaded plus the number of columns required in the rest of the cycle 

(wash/elute/regeneration) such that loading is continuous and uninterrupted.   This is equal to 

{(cycle time)/(load time)} and generates an indiscrete set of values for the number of total 

columns required. 
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[0074] To make the calculated total number of columns a discrete single digit value, idle 

time is added to cycle time by rounding the calculated values for total number of columns up 

and factoring them back into the equation for productivity {(productivity)*(total& 

columns)/[roundup(total & columns)]}. This converts the calculation for theoretical 

productivity into actual productivity. 

[0075] Thus, by measuring the operating binding capacity at a series of residence times, 

an optimum productivity for operating MCC can be calculated along with various parameters 

for operating at that productivity.  Parameters of importance include, for example, operating 

binding capacity, residence time, number of columns in the load zone, and cycle time.  This 

approach can be applied to different product titers.  Advantageously, the robustness of the 

productivity can be determined.  Alternatively, or additionally, advantages in improving the 

upstream process to produce higher titers can also be ascertained.  

[0076] A wide variety of chromatography columns including a variety of sorbents (e.g., 

beads) are suitable for use in the invention, and are known in the art.   

[0077] In some embodiments, the chromatography columns are preassembled columns, 

e.g., wherein the sorbent(s) is/are sealed in the housings by the device manufacturer.  In some 

other embodiments, the sorbent(s) is/are sealed in the housings by the end user.  The devices 

can be suitable for treating a variety of fluids, e.g., to purify and/or concentrate one or more 

desired materials present in the fluids.  For example, the devices can be suitable for treating 

process fluids such as fluids used in the biopharmaceutical industry, e.g., fluids including 

desirable material such as proteinaceous material, for example, antibodies (e.g., monoclonal 

antibodies), or recombinant proteins such as growth factors.   

[0078] The sorbent(s) can have any desired characteristics, e.g., chromatography type, 

and a variety of beads, including commercially available beads can be used in accordance 

with the invention, and are known in the art.  For example, a variety of ion-exchange beads 

can be used.  In some embodiments, the sorbents can function under physiological pH and/or 

ionic strength.  Suitable sorbents (e.g., resins) include charged (e.g., a positively charged or a 

negatively charged media),  mixed-mode chromatography media, hydrophobic interactive 

chromatography (HIC) media, affinity chromatography (e.g., immobilized metal affinity 

chromatography (IMAC)) media, biospecific (e.g., immobilized Protein A) affinity 

chromatography media,  hydrophobic charge induction chromatography (HCIC) media, and a 

thiophilic chromatography (TC) media.    
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[0079] The following examples further illustrate the invention but, of course, should not 

be construed as in any way limiting its scope. 

[0080] In each of the following examples, the lowest residence time is chosen based on 

the physical limitations of the sorbent. The highest residence time is chosen based on the 

assumption that residence times above 1.5 minutes will not provide significant advantages in 

productivity. 

[0081] In Examples 1-9, the sets of (three) operating capacities are plotted against total 

residence time and fit using a 2
nd

 order polynomial in order to interpolate OBC values in 

between the fitted points.  OBC values can be fit using a variety of equations, including 

exponential functions of the form  which would provide the most accurate fit but 

may require more experimentation effort to properly implement. 

[0082] Alternatively, users can perform more breakthrough experiments and find the true 

OBC over the range of total residence times rather than approximating the OBC values 

through interpolation with a 2
nd

 order polynomial. 

[0083] A process scenario is selected from the set of calculated multi-column processes 

(across the range of residence times) based on productivity. Alternatively, each scenario that 

is modeled using an embodiment of the method can be input into any specialized software to 

estimate process cost of goods and optimize for cost savings. 

[0084] Examples 1-4 and 9 utilize a single column, and Examples 5-8 utilize multiple 

daisy-chained columns. 

EXAMPLE 1 

[0085] This example demonstrates determining OBC according to an embodiment of the 

invention, utilizing one column (MabSelect SuRe pre-packed Hi-Trap columns (0.962 mL)); 

using purified IgG2 monoclonal antibody (2 mg/mL concentration)) and one in-line UV 

detector.  

[0086] (1) Three breakthrough experiments are performed on a single column at load 

residence times of 0.5 minutes, 1 minute, and 1.5 minutes.  (2) An additional three 

experiments are performed at 2 minutes, 3 minutes, and 4.5 minutes residence time. 

[0087] Typically, in modeling two and three columns in the load zone, batch 

breakthrough experiments are also performed at double and triple the residence times 

specified in (1) for a total of 9 experiments. However, there is overlap or redundancy (Table 
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demonstrating overlap time below) among the residence times selected so that only three 

breakthrough experiments are performed in addition to those performed in (2). 

Residence Times 

chosen 2 column load zones 3 column load zones 

0.5 1 1.5 

1 2 3 

1.5 3 4.5 

 

[0088] To model N columns in load zone, batch breakthrough experiments are performed 

at N times the residence times specified in (1).  

[0089] The columns are subjected to wash, elution, regeneration, and equilibration 

(collectively referred to as the !rest" process) in between each loading step as outlined in the 

following table. 

 

  Buffer / solution 
Step length Residence Time 

(CV) (minutes) 

Wash 1 1X PBS 5 0.5 

Wash 2 1X PBS + 0.5M NaCl 10 0.5 

Wash 3 1X PBS 5 0.5 

Elution 

buffer 

100 mM acetic acid 

pH 3.0 
10 0.5 

CIP 0.1M NaOH 10  1 

Re-equil. 1X PBS 10 0.5 

 

[0090] For the loading step in each batch breakthrough experiment, the column is loaded 

until it reaches saturation (i.e., conditions where the concentration of product coming out of 

the column equals the concentration of product entering the column). 

[0091] The concentration at the outlet of the column is measured using an in-line UV 

detector.  The product breakthrough vs. time is recorded by the software and exported for the 
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purpose of calculating the operating binding capacity.  An illustrative curve is shown in 

Figure 2. 

[0092] Breakthrough curves are paired according to residence time in order to understand 

product breakthrough for a process with two columns in the load zone.  For example, a 

breakthrough curve corresponding to the chosen residence time of 0.5 minutes is paired with 

a breakthrough curve corresponding to a 1 minute residence time. At double the residence 

time it is possible to mimic how product breaks through over time in a multi-column process 

with two columns in the load zone.  This is done for all the chosen residence times listed in 

(1). 

[0093] Breakthrough curves are paired according to residence time in order to mimic a 

process with three columns in the load zone.  For example, a breakthrough curve 

corresponding to the chosen residence time of 0.5 minutes is paired with a breakthrough 

curve corresponding to a 1.5 minute residence time. At triple the residence time it is possible 

to mimic how product breaks through over time in a multi-column process with three 

columns in the load zone. 

[0094] The ideal operating binding capacity for a multi-column process with N columns 

in the load zone is the amount bound to the first column immediately before breakthrough 

occurs at the outlet of the Nth column.  In the previous two paragraphs, residence time is used 

to mimic a breakthrough curve that would normally be generated by daisy-chaining two 

columns and employing two UV detectors to trace product breakthrough (as depicted in 

Figures 4A and 4B).  By varying residence time on a single column, it is possible to mimic 

product breakthrough across multiple columns (as depicted in Figure 4C).  

[0095] Each breakthrough curve corresponding to the larger residence time out of the pair 

identified above is used to determine a time, tDBC, where product is about to breakthrough.  

[0096] tDBC is calculated by identifying the time where 80% of the product mass required 

to produce 10% product breakthrough has been loaded. 

[0097] tDBC is used as an upper integration limit on the second breakthrough out of each 

pair (the one corresponding to the lower residence time). This breakthrough curve is 

integrated from zero to the predefined upper limit  tDBC  to determine the amount of 

product present in the flow through as shown in equation 1 where  is the amount of 

product in the flow-through and  represents the breakthrough curve corresponding to the 

lower residence time out of the pair identified above.  

Equation 1:                                           
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[0098] The amount of product loaded,  is calculated by applying the formula shown in 

equation 2 where  is the feed concentration,  is the volume that was loaded, and  is the 

void volume within the column.  

Equation 2:                                          

[0099] The ideal operating binding capacity (OBC) was calculated by applying the 

formula in equation 3. 

Equation 3:                                      

[00100] The process described above is applied to every pair of breakthrough curves to 

generate three operating binding capacities corresponding to a process with two columns in 

the load zone and three operating binding capacities corresponding to a process with three 

columns in the load zone. 

[00101] Each set of (three) operating capacities are plotted against total residence time and 

fit using a 2
nd

 order polynomial in order to interpolate OBC values in between the fitted 

points.  OBC values can be fit using a variety of equations, including exponential functions of 

the form  which would provide the most accurate fit but require more 

experimentation effort to properly implement. An example of operating binding capacity 

versus total residence time is shown in Figure 5. 

[00102] The interpolated operating binding capacities are used to calculate load time over 

a range of total residence times by applying the formula in equation 4 where RT is the 

residence time across one column (not the total residence time) and  is the feed 

concentration. 

Equation 4:                                             

[00103] The load time is used to calculate the cycle times over the range of total residence 

times. The calculation shown in equation 5 (below) is applied to each residence time where 

 equals cycle time, equals load time,  equals the number of columns in the load zone, 

and  equals rest time or time to perform the wash, elution, and regeneration. 

Equation 5:                                           

[00104] The productivity associated with each residence time is calculated using equation 

6 (below) where P is productivity.  

Equation 6:                                              

[00105] A plot of theoretical productivity versus total residence time is shown in Figure 6. 

[00106] The number of total columns required to run the process is the sum of the number 

of columns that are being loaded plus the number of columns required in the rest 
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(wash/elute/regeneration) such that loading is continuous and uninterrupted. This is 

calculated using equation 7 (below) where  is the total number of columns. 

Equation 7:                                             

[00107] The cycle time must be divisible by the number of columns. For situations where 

it is not divisible, idle time is added to cycle time.  Increasing cycle time reduces 

productivity. The actual productivity is calculated using equation 8 (below).  

Equation 8:                                         

[00108] A process scenario is selected from the set of calculated multi-column processes 

(across the range of residence times listed in (1)) based on productivity. Alternatively, each 

scenario that is modeled using this embodiment of the method can be input into any 

specialized software to estimate process cost of goods and optimize for cost savings. 

EXAMPLE 2 

[00109] This example demonstrates determining OBC according to an embodiment of the 

invention, utilizing one column (MabSelect SuRe pre-packed Hi-Trap columns (0.962 mL)); 

using purified monoclonal IgG2 antibody (about 2.2 mg/mL concentration in CHO 

feedstock)) and quantification of fractionation using a commercially available biosensor.  

[00110] (1) Three breakthrough experiments are performed on a single column at load 

residence times of 0.5 minutes, 1 minute, and 1.5 minutes.  (2) An additional three 

experiments are performed at 2 minutes, 3 minutes, and 4.5 minutes residence time. 

[00111] Typically, in modeling two and three columns in the load zone, batch 

breakthrough experiments are also performed at double and triple the residence times 

specified in (1) for a total of 9 experiments. However, there is overlap or redundancy (Table 

demonstrating overlap time below) among the residence times selected so that only three 

breakthrough experiments are performed in addition to those performed in (2). 

Residence Times 

chosen 2 column load zones 3 column load zones 

0.5 1 1.5 

1 2 3 

1.5 3 4.5 

 

[00112] To model N columns in load zone, batch breakthrough experiments are performed 

at N times the residence times specified in (1).  
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[00113] The columns are subjected to wash, elution, regeneration, and equilibration 

(collectively referred to as the !rest" process) in between each loading step as outlined in the 

following table. 

 

  Buffer / solution 
Step length Residence Time 

(CV) (minutes) 

Wash 1 1X PBS 5 0.5 

Wash 2 1X PBS + 0.5M NaCl 10 0.5 

Wash 3 1X PBS 5 0.5 

Elution 

buffer 

100 mM acetic acid 

pH 3.0 
10 0.5 

CIP 0.1M NaOH 10  1 

Re-equil. 1X PBS 10 0.5 

 

[00114] For the loading step in each batch breakthrough experiment, the column is loaded 

until it reaches saturation (i.e., conditions where the concentration of product coming out of 

the column equals the concentration of product entering the column), or about 120 mg/mL of 

sorbent. 

[00115] The concentration at the outlet of the column is fractionated into 60 1 mL 

fractions using an AKTA
'

 Avant (GE Healthcare Lifesciences).  Each fraction is diluted 10x 

using a diluent (Pall ForteBio LLC, Menlo Park, CA)  and the concentration is quantified 

using protein A biosensors (Pall ForteBio LLC, Menlo Park, CA).  Concentration values are 

plotted against time for the purpose of calculating the operating binding capacity, and an 

illustrative exported breakthrough curve is shown in Figure 3. 

[00116] Breakthrough curves are paired according to residence time in order to understand 

product breakthrough for a process with two columns in the load zone.  For example, a 

breakthrough curve corresponding to the chosen residence time of 0.5 minutes is paired with 

a breakthrough curve corresponding to a 1 minute residence time. At double the residence 

time it is possible to mimic how product breaks through over time in a multi-column process 
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with two columns in the load zone.  This is done for all the chosen residence times listed in 

(1). 

[00117] Breakthrough curves are paired according to residence time in order to mimic a 

process with three columns in the load zone.  For example, a breakthrough curve 

corresponding to the chosen residence time of 0.5 minutes is paired with a breakthrough 

curve corresponding to a 1.5 minute residence time. At triple the residence time it is possible 

to mimic how product breaks through over time in a multi-column process with three 

columns in the load zone. 

[00118] The ideal operating binding capacity for a multi-column process with N columns 

in the load zone is the amount bound to the first column immediately before breakthrough 

occurs at the outlet of the Nth column.  In the previous two paragraphs, residence time is used 

to mimic a breakthrough curve that would normally be generated by daisy-chaining two 

columns and employing two UV detectors to trace product breakthrough as depicted in 

Figures 4A and 4B.  By varying residence time on a single column, it is possible to mimic 

product breakthrough across multiple columns as depicted in Figure 4C.  

[00119] Each breakthrough curve corresponding to the larger residence time out of the pair 

identified above is used to determine a time, tDBC, where product is about to breakthrough.  

[00120] tDBC is calculated by identifying the time where 80% of the product mass required 

to produce 10% product breakthrough has been loaded. 

[00121] tDBC is used as an upper integration limit on the second breakthrough out of each 

pair (the one corresponding to the lower residence time). This breakthrough curve is 

integrated from zero to the predefined upper limit  tDBC  to determine the amount of 

product present in the flow through as shown in equation 1 where  is the amount of 

product in the flow-through and  represents the breakthrough curve corresponding to the 

lower residence time out of the pair identified above.  

Equation 1:                                           

[00122] The amount of product loaded,  is calculated by applying the formula shown in 

equation 2 where  is the feed concentration,  is the volume that was loaded, and  is the 

void volume within the column.  

Equation 2:                                          

[00123] The ideal operating binding capacity (OBC) was calculated by applying the 

formula in equation 3. 
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Equation 3:                                      

[00124] The process described above is applied to every pair of breakthrough curves to 

generate three operating binding capacities corresponding to a process with two columns in 

the load zone and three operating binding capacities corresponding to a process with three 

columns in the load zone. 

[00125] Each set of (three) operating capacities are plotted against total residence time and 

fit using a 2
nd

 order polynomial in order to interpolate OBC values in between the fitted 

points.  OBC values can be fit using a variety of equations, including exponential functions of 

the form  which would provide the most accurate fit but require more 

experimentation effort to properly implement. An example of operating binding capacity 

versus total residence time is shown in Figure 7.  

[00126] The interpolated operating binding capacities are used to calculate load time over 

a range of total residence times by applying the formula in equation 4 where RT is the 

residence time across one column (not the total residence time) and  is the feed 

concentration. 

Equation 4:                                             

[00127] The load time is used to calculate the cycle times over the range of total residence 

times. The calculation shown in equation 5 (below) is applied to each residence time where 

 equals cycle time, equals load time,  equals the number of columns in the load zone, 

and  equals rest time or time to perform the wash, elution, and regeneration. 

Equation 5:                                           

[00128] The productivity associated with each residence time is calculated using equation 

6 (below) where P is productivity.  

Equation 6:                                              

[00129] A plot of theoretical productivity versus total residence time is shown in Figure 8. 

[00130] The number of total columns required to run the process is the sum of the number 

of columns that are being loaded plus the number of columns required in the rest 

(wash/elute/regeneration) such that loading is continuous and uninterrupted. This is 

calculated using equation 7 (below) where  is the total number of columns. 

Equation 7:                                             

[00131] The cycle time must be divisible by the number of columns. For situations where 

it is not divisible, idle time is added to cycle time.  Increasing cycle time reduces 

productivity. The actual productivity is calculated using equation 8 (below).  
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Equation 8:                                         

EXAMPLE 3 

[00132] This example demonstrates determining OBC according to an embodiment of the 

invention, utilizing one column (MabSelect SuRe pre-packed Hi-Trap columns (0.962 mL)); 

using purified IgG2 monoclonal antibody (2 mg/mL concentration)) and quantification of 

elution (wherein the elution is collected in a fraction, diluted, and measured using an off-line 

detector) instead of integration of breakthrough curves.  

[00133]   (1) Three load experiments are performed on a single column at load residence 

times of 0.5 minutes, 1 minute, and 1.5 minutes.  (2) Five breakthrough experiments are 

performed at 1 minute, 1.5 minutes, 2 minutes, 3 minutes, and 4.5 minutes residence time. 

[00134] For the loading step in each batch breakthrough experiment, the column is loaded 

until it reaches saturation (i.e., conditions where the concentration of product coming out of 

the column equals the concentration of product entering the column). 

[00135] The concentration at the outlet of the column is measured using an in-line UV 

detector.  The product breakthrough vs. time is recorded by the software and exported for the 

purpose of calculating the operating binding capacity.  An illustrative curve is shown in 

Figure 2. 

[00136] The load time, tDBC, is calculated using breakthrough curves from each 

breakthrough experiment by identifying the time where 80% of the product mass required to 

produce 10% product breakthrough has been loaded. 

[00137] To determine the operating binding capacity (OBC) for a process with two 

columns in the load zone, the column is loaded at a chosen residence time (for example, 0.5 

minutes) using the load time determined by taking 80% of the 10% breakthrough of a curve 

generated by loading the column at double the chosen load residence time above (for 

example, 0.5*2 = 1 minutes residence time). This is repeated for the set of chosen load 

residence times specified in (1) for a total of three single column experiments. 

[00138] After loading, the column is eluted using a buffer that guarantees 95% to 100% 

recovery of bound material and the elution is measured to determine how much was bound to 

the column.  The amount that is bound is equal to the operating binding capacity for an MCC 

process with two columns in the load zone.  

[00139] The ideal operating binding capacity for a multi-column process with N columns 

in the load zone is the amount bound to the first column immediately before breakthrough 
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occurs at the outlet of the Nth column.  In the previous two paragraphs, residence time is used 

to mimic a breakthrough curve that would normally be generated by daisy-chaining two 

columns and employing two UV detectors to trace product breakthrough as depicted in 

Figure 4B (lower curve).  This breakthrough curve is used to determine the amount to inject 

(X in the first column plus Y in the second column in Figure 4A) through the first column in 

the series. The residence time is reduced by a factor of two and the column is loaded by this 

amount (X+Y). The amount that flows through is equal to Y, the amount that is bound is 

equal to X and represents the operating binding capacity or OBC. 

[00140] Quantifying the elution for each of the three experiments generates three OBCs, 

each corresponding to a chosen residence time which can plotted and fit using a 2
nd

 order 

polynomial in order to interpolate OBC values in between the fitted points. 

[00141] OBC values can be fit using a variety of equations, including exponential 

functions of the form  which would provide the most accurate fit but require more 

experimentation effort to properly implement. An example of operating binding capacity 

versus total residence time is shown in Figure 5.  

[00142] The experiments for the sets of chosen load residence times are repeated using 

load times calculated from breakthrough curves corresponding to triple the chosen residence 

times in order to model processes with three columns in the load zone. 

[00143] Eluting and quantifying the elution are applied to the repeated experiments in 

order to plot OBCs against residence times that correspond to three columns in the load zone. 

[00144] The interpolated operating binding capacities from the graph above can be used to 

calculate load time over a range of total residence times by applying the formula in equation 

1 (below) where RT is the residence time across one column (not the total residence time) 

and  is the feed concentration. 

Equation 1:                                             

[00145] The load time can be used to calculate the cycle times over the range of total 

residence times. The calculation shown in equation 2 (below) is applied to each residence 

time where  equals cycle time, equals load time,  equals the number of columns in the 

load zone, and  equals rest time or time to perform the wash, elution, and regeneration. 

Equation 2:                                           

[00146] The productivity associated with each residence time was calculated using 

equation 3 (below) where P is productivity. A plot of theoretical productivity versus total 

residence time is shown in Figure 6. 
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Equation 3:                                              

[00147] The number of total columns required to run the process is the sum of the number 

of columns that are being loaded plus the number of columns required in the rest 

(wash/elute/regeneration) such that loading is continuous and uninterrupted. This was 

calculated using equation 4 (below) where  is the total number of columns. 

Equation 4:                                             

[00148] The cycle time must be divisible by the number of columns. For situations where 

it was not divisible, idle time was added to cycle time. Increasing cycle time reduces 

productivity. The actual productivity is calculated using equation 5 (below).  

Equation 5:                                         

EXAMPLE 4 

[00149] This example demonstrates determining OBC according to an embodiment of the 

invention, utilizing one column (MabSelect SuRe pre-packed Hi-Trap columns (0.962 Ml)); 

using purified monoclonal antibody (2 mg/mL concentration)) and quantification of elution 

via fractionation using a commercially available biosensor.  

[00150] (1) Three load experiments are performed on a single column at load residence 

times of 0.5 minutes, 1 minute, and 1.5 minutes.  (2) Five breakthrough experiments are 

performed at 1 minute, 1.5 minutes, 2 minutes, 3 minutes, and 4.5 minutes residence time. 

[00151] For the loading step in each batch breakthrough experiment, the column is loaded 

until it reaches saturation (i.e., conditions where the concentration of product coming out of 

the column equals the concentration of product entering the column). 

[00152] The concentration at the outlet of the column is fractionated into 60 1 mL 

fractions using an AKTA
'

 Avant (GE Healthcare Lifesciences).  Each fraction is diluted 10x 

using a diluent (Pall ForteBio LLC, Menlo Park, CA) and the concentration is quantified 

using protein A biosensors (Pall ForteBio LLC, Menlo Park, CA).  Concentration values are 

plotted against time for the purpose of calculating the operating binding capacity, and an 

illustrative exported breakthrough curve is shown in Figure 3.  

[00153] The load time, tDBC, is calculated using breakthrough curves from each 

breakthrough experiment by identifying the time where 80% of the product mass required to 

produce 10% product breakthrough has been loaded. 

[00154] To determine the operating binding capacity (OBC) for a process with two 

columns in the load zone, the column is loaded at a chosen residence time (for example, 0.5 
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minutes) using the load time determined by taking 80% of the 10% breakthrough of a curve 

generated by loading the column at double the chosen load residence time above (for 

example, 0.5*2 = 1 minutes residence time). This is repeated for the set of chosen load 

residence times specified in (1) for a total of three single column experiments. 

[00155] After loading, the column is eluted using a buffer that guarantees 95% to 100% 

recovery of bound material and the elution is measured to determine how much was bound to 

the column.  The amount that is bound is equal to the operating binding capacity for an MCC 

process with two columns in the load zone.  

[00156] The ideal operating binding capacity for a multi-column process with N columns 

in the load zone is the amount bound to the first column immediately before breakthrough 

occurs at the outlet of the Nth column.  In the previous two paragraphs, residence time is used 

to mimic a breakthrough curve that would normally be generated by daisy-chaining two 

columns and employing two UV detectors to trace product breakthrough as depicted in 

Figure 4B (lower curve).  This breakthrough curve is used to determine the amount to inject 

(X in the first column plus Y in the second column in Figure 4A) through the first column in 

the series. The residence time is reduced by a factor of two and the column is loaded by this 

amount (X+Y). The amount that flows through is equal to Y, the amount that is bound is 

equal to X and represents the operating binding capacity or OBC. 

[00157] Quantifying the elution for each of the three experiments generates three OBCs, 

each corresponding to a chosen residence time which can plotted and fit using a 2
nd

 order 

polynomial in order to interpolate OBC values in between the fitted points. 

[00158] OBC values can be fit using a variety of equations, including exponential 

functions of the form  which would provide the most accurate fit but require more 

experimentation effort to properly implement. An example of operating binding capacity 

versus total residence time is shown in Figure 5.  

[00159] The experiments for the sets of chosen load residence times are repeated using 

load times calculated from breakthrough curves corresponding to triple the chosen residence 

times in order to model processes with three columns in the load zone. 

[00160] Eluting and quantifying the elution are applied to the repeated experiments in 

order to plot OBCs against residence times that correspond to three columns in the load zone. 

[00161] The interpolated operating binding capacities from the graph above can be used to 

calculate load time over a range of total residence times by applying the formula in equation 
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1 (below) where RT is the residence time across one column (not the total residence time) 

and  is the feed concentration. 

Equation 1:                                             

[00162] The load time can be used to calculate the cycle times over the range of total 

residence times. The calculation shown in equation 2 (below) is applied to each residence 

time where  equals cycle time, equals load time,  equals the number of columns in the 

load zone, and  equals rest time or time to perform the wash, elution, and regeneration. 

Equation 2:                                           

[00163] The productivity associated with each residence time was calculated using 

equation 3 (below) where P is productivity. A plot of theoretical productivity versus total 

residence time is demonstrated in Figure 6. 

Equation 3:                                              

[00164] The number of total columns required to run the process is the sum of the number 

of columns that are being loaded plus the number of columns required in the rest 

(wash/elute/regeneration) such that loading is continuous and uninterrupted. This was 

calculated using equation 4 (below) where  is the total number of columns. 

Equation 4:                                             

[00165] The cycle time must be divisible by the number of columns. For situations where 

it was not divisible, idle time was added to cycle time. Increasing cycle time reduces 

productivity. The actual productivity is calculated using equation 5 (below).  

Equation 5:                                         

EXAMPLE 5 

[00166] This example demonstrates determining OBC according to an embodiment of the 

invention, utilizing two and three columns (MabSelect SuRe pre-packed Hi-Trap columns 

(0.962 mL)); using purified IgG2 monoclonal antibody (2 mg/mL concentration)) daisy 

chained together and quantification of elution via fractionation using a commercially 

available biosensor.  

[00167] (1a) Three breakthrough experiments are performed on two columns 

daisy-chained together  at load residence times of 0.5 minutes, 1 minute, and 1.5 minutes 

across a single column in the chain.  (1b) Three breakthrough experiments are performed on 

three columns daisy-chained together at load residence times of 0.5 minutes, 1 minute, and 

1.5 minutes. 
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[00168] The concentration at the outlet of the daisy-chained columns is fractionated into 

60 1 mL fractions using an AKTA
'

 Avant (GE Healthcare Lifesciences).  Each fraction is 

diluted 10x using a diluent including Tween 20 and bovine serum albumin (BSA) (Pall 

ForteBio LLC, Menlo Park, CA) and the concentration is quantified using protein A 

biosensors (Pall ForteBio LLC, Menlo Park, CA).  Concentration values are plotted against 

time for the purpose of calculating the operating binding capacity, and an illustrative exported 

breakthrough curve is shown in Figure 3.  

[00169] The load time, tDBC, is calculated using breakthrough curves from each 

breakthrough experiment (1a; 1b) by identifying the time where 80% of the product mass 

required to produce 10% product breakthrough has been loaded. 

[00170] To determine the operating binding capacity (OBC) for a process with two 

columns in the load zone, a single column is loaded at a chosen residence time (for example, 

0.5 minutes) using the load time determined by taking 80% of the 10% breakthrough of a 

curve generated by loading two daisy-chained columns (that have the same individual 

residence time).  This is repeated for the set of chosen load residence times specified in (1a) 

for a total of three single column experiments. 

[00171] To determine the operating binding capacity (OBC) for a process with three 

columns in the load zone, a single column is loaded at a chosen residence time (for example, 

0.5 minutes) using the load time determined by taking 80% of the 10% breakthrough of a 

curve generated by loading three daisy-chained columns (that have the same individual 

residence time).  This is repeated for the set of chosen load residence times specified in (1b) 

for a total of three single column experiments. 

[00172] After loading, the column is eluted using a buffer that guarantees 95% to 100% 

recovery of bound material and the elution is measured to determine how much was bound to 

the column.  The amount that is bound is equal to the operating binding capacity for an MCC 

process with two columns in the load zone, and three columns in the load zone.  

[00173] The ideal operating binding capacity for a multi-column process with N columns 

in the load zone is the amount bound to the first column immediately before breakthrough 

occurs at the outlet of the Nth column.  In (1a) and (1b), breakthrough curves are generated 

by daisy-chaining two columns and three columns and employing one UV detector to trace 

product breakthrough as depicted in Figure 4A and Figure 4B (lower curve).  Then, in a 

separate experiment, the columns are disconnected and loaded to the point in time when 

product would break through the last column in the daisy chain configuration. After loading, 
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the amount of material that binds to the column is determined by quantifying the elution. This 

is the amount X bound to the first column before breakthrough occurs on the last column.  

[00174] Quantifying the elution for each of the two sets of three experiments generates 

three OBCs, each corresponding to a chosen residence time which can plotted and fit using a 

2
nd

 order polynomial in order to interpolate OBC values in between the fitted points. 

[00175] OBC values can be fit using a variety of equations, including exponential 

functions of the form  which would provide the most accurate fit but require more 

experimentation effort to properly implement. An example of operating binding capacity 

versus total residence time is shown in Figure 5.  

[00176] The experiments are repeated using load times calculated from breakthrough 

curves corresponding to three daisy-chained columns in order to model processes with three 

columns in the load zone.  Eluting and quantifying the elution are applied to the repeated 

experiments in order to plot OBCs against residence times that correspond to three columns 

in the load zone. 

[00177] The interpolated operating binding capacities from the graph above can be used to 

calculate load time over a range of total residence times by applying the formula in equation 

1 (below) where RT is the residence time across one column (not the total residence time) 

and  is the feed concentration. 

Equation 1:                                             

[00178] The load time can be used to calculate the cycle times over the range of total 

residence times. The calculation shown in equation 2 (below) is applied to each residence 

time where  equals cycle time, equals load time,  equals the number of columns in the 

load zone, and  equals rest time or time to perform the wash, elution, and regeneration. 

Equation 2:                                           

[00179] The productivity associated with each residence time was calculated using 

equation 3 (below) where P is productivity. A plot of theoretical productivity versus total 

residence time is demonstrated in Figure 5. 

Equation 3:                                              

[00180] The number of total columns required to run the process is the sum of the number 

of columns that are being loaded plus the number of columns required in the rest 

(wash/elute/regeneration) such that loading is continuous and uninterrupted. This was 

calculated using equation 4 (below) where  is the total number of columns. 

Equation 4:                                             

███████



720405 

 

29 

[00181] The cycle time must be divisible by the number of columns. For situations where 

it was not divisible, idle time was added to cycle time. Increasing cycle time reduces 

productivity. The actual productivity is calculated using equation 5 (below).  

Equation 5:                                         

EXAMPLE 6 

[00182] This example demonstrates determining OBC according to an embodiment of the 

invention, utilizing two and three columns (MabSelect SuRe pre-packed Hi-Trap columns 

(0.962 mL); using purified IgG2 monoclonal antibody (2 mg/mL concentration)) 

daisy-chained together and quantification of elution (using an off-line UV detector) instead of 

integration of breakthrough curves.  

[00183]  (1a) Three breakthrough experiments are performed on two columns 

daisy-chained together at load residence times of 0.5 minutes, 1 minute, and 1.5 minutes.  

(1b) Three breakthrough experiments are performed on three columns daisy-chained together 

at load residence times of 0.5 minutes, 1 minute, and 1.5 minutes. 

[00184] The concentration at the outlet of the daisy-chained columns is measured using an 

in-line UV detector.  The product breakthrough vs. time is recorded by the software and 

exported for the purpose of calculating the operating binding capacity.  An illustrative curve 

is shown in Figure 2. 

[00185] The load time, tDBC, is calculated using breakthrough curves from each 

breakthrough experiment ((1a); (1b)) by identifying the time where 80% of the product mass 

required to produce 10% product breakthrough has been loaded. 

[00186] To determine the operating binding capacity (OBC) for a process with two 

columns in the load zone, a single column is loaded at a chosen residence time (for example, 

0.5 minutes) using the load time determined by taking 80% of the 10% breakthrough of a 

curve generated by loading two daisy-chained columns (that have the same individual 

residence time).  This is repeated for the set of chosen load residence times specified in (1a) 

for a total of three single column experiments. 

[00187] To determine the operating binding capacity (OBC) for a process with three 

columns in the load zone, a single column is loaded at a chosen residence time (for example, 

0.5 minutes) using the load time determined by taking 80% of the 10% breakthrough of a 

curve generated by loading three daisy-chained columns (that have the same individual 
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residence time).  This is repeated for the set of chosen load residence times specified in (1b) 

for a total of three single column experiments. 

[00188] After loading, the column is eluted using a buffer that guarantees 95% to 100% 

recovery of bound material and the elution is measured to determine how much was bound to 

the column.  The amount that is bound is equal to the operating binding capacity for an MCC 

process with two columns in the load zone, and three columns in the load zone.  

[00189] The ideal operating binding capacity for a multi-column process with N columns 

in the load zone is the amount bound to the first column immediately before breakthrough 

occurs at the outlet of the Nth column.  In (1a) and (1b), breakthrough curves are generated 

by daisy-chaining two columns and three columns and employing one UV detector to trace 

product breakthrough as depicted in Figures 4A and 4B (lower curve).  Then, in a separate 

experiment, the columns are disconnected and loaded to the point in time when product 

would break through the last column in the daisy chain configuration. After loading, the 

amount of material that binds to the column is determined by quantifying the elution. This is 

the amount X bound to the first column before breakthrough occurs on the last column.  

[00190] Quantifying the elution for each of the two sets of three experiments generates 

three OBCs, each corresponding to a chosen residence time which can plotted and fit using a 

2
nd

 order polynomial in order to interpolate OBC values in between the fitted points. 

[00191] OBC values can be fit using a variety of equations, including exponential 

functions of the form  which would provide the most accurate fit but require more 

experimentation effort to properly implement. An example of operating binding capacity 

versus total residence time is shown in Figure 5.  

[00192] The experiments are repeated using load times calculated from breakthrough 

curves corresponding to three daisy-chained columns in order to model processes with three 

columns in the load zone.  Eluting and quantifying the elution are applied to the repeated 

experiments in order to plot OBCs against residence times that correspond to three columns 

in the load zone. 

[00193] The interpolated operating binding capacities from the graph above can be used to 

calculate load time over a range of total residence times by applying the formula in equation 

1 (below) where RT is the residence time across one column (not the total residence time) 

and  is the feed concentration. 

Equation 1:                                             
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[00194] The load time can be used to calculate the cycle times over the range of total 

residence times. The calculation shown in equation 2 (below) is applied to each residence 

time where  equals cycle time, equals load time,  equals the number of columns in the 

load zone, and  equals rest time or time to perform the wash, elution, and regeneration. 

Equation 2:                                           

[00195] The productivity associated with each residence time was calculated using 

equation 3 (below) where P is productivity. A plot of theoretical productivity versus total 

residence time is demonstrated in Figure 6. 

Equation 3:                                              

[00196] The number of total columns required to run the process is the sum of the number 

of columns that are being loaded plus the number of columns required in the rest 

(wash/elute/regeneration) such that loading is continuous and uninterrupted. This was 

calculated using equation 4 (below) where  is the total number of columns. 

Equation 4:                                             

[00197] The cycle time must be divisible by the number of columns. For situations where 

it was not divisible, idle time was added to cycle time. Increasing cycle time reduces 

productivity. The actual productivity is calculated using equation 5 (below).  

Equation 5:                                         

EXAMPLE 7 

[00198] This example demonstrates determining OBC according to an embodiment of the 

invention, utilizing two and three daisy-chained columns (MabSelect SuRe pre-packed Hi-

Trap columns (0.962 mL)); using purified IgG2 monoclonal antibody (2 mg/mL 

concentration)) and one in-line UV detector.  

[00199] (1a) Three breakthrough experiments are performed on a single column 

daisy-chained together  at load residence times of 0.5 minutes, 1 minute, and 1.5 minutes. 

(1b) Three breakthrough experiments are performed on two columns daisy-chained together  

at load residence times of 0.5 minutes, 1 minute, and 1.5 minutes (i.e., the flow rate is kept 

the same, residence time across each column is kept the same, total combined residence time 

is doubled).  (1c) Three breakthrough experiments are performed on three columns 

daisy-chained together at load residence times of 0.5 minutes, 1 minute, and 1.5 minutes (i.e., 

the flow rate is kept the same, residence time across each column is kept the same, total 

combined residence time is tripled).  
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[00200] To model N columns in load zone, batch breakthrough experiments are performed 

at N daisy-chained columns using the residence times specified in (1a).  

[00201] The columns are subjected to wash, elution, regeneration, and equilibration 

(collectively referred to as the !rest" process) in between each loading step as outlined in the 

following table. 

 

  Buffer / solution 
Step length Residence Time 

(CV) (minutes) 

Wash 1 1X PBS 5 0.5 

Wash 2 1X PBS + 0.5M NaCl 10 0.5 

Wash 3 1X PBS 5 0.5 

Elution 

buffer 

100 mM acetic acid 

pH 3.0 
10 0.5 

CIP 0.1M NaOH 10  1 

Re-equil. 1X PBS 10 0.5 

 

[00202] For the loading step in each batch breakthrough experiment, the column is loaded 

until it reaches saturation (i.e., conditions where the concentration of product coming out of 

the column equals the concentration of product entering the column). 

[00203] The concentration at the outlet of the column is measured using an in-line UV 

detector.  The product breakthrough vs. time is recorded by the software and exported for the 

purpose of calculating the operating binding capacity.  An illustrative curve is shown in 

Figure 2. 

[00204] Breakthrough curves generated using one column and two daisy-chained columns 

are paired with one another (share the same load flow rate) in order to mimic product 

breakthrough for a process with two columns in the load zone. For example, a breakthrough 

curve generated using one column and a load flow rate of 1 ml/min can be paired with a 

breakthrough curve generated using two columns and a load flow rate of 1 ml/min. This is 

done for all load flow rates associated with the residence times chosen in (1a). 
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[00205] Breakthrough curves generated using one column and three daisy-chained 

columns are paired with one another (share the same load flow rate) in order to mimic 

product breakthrough for a process with three columns in the load zone. For example, a 

breakthrough curve generated using one column and a load flow rate of 1 ml/min can be 

paired with a breakthrough curve generated using two columns and a load flow rate of 1 

ml/min. This is done for all load flow rates associated with the residence times chosen in (1a). 

[00206] The ideal operating binding capacity for a multi-column process with N columns 

in the load zone is the amount bound to the first column immediately before breakthrough 

occurs at the outlet of the Nth column.  In the previous two paragraphs, breakthrough curves 

are generated by daisy-chaining two columns and three columns and employing one UV 

detector to trace product breakthrough as depicted in Figures 4A and 4B (lower curve).  

Then, in a separate experiment, the columns are disconnected and the experiment is 

performed on a single unit column in order to mimic product breakthrough across the very 

first column in the series to generate the curve depicted in Figure 4B (upper curve). 

[00207] The breakthrough curves corresponding to two or three columns identified above 

can be used to determine a time, tDBC, where product is about to breakthrough. 

[00208] tDBC is calculated by identifying the time where 80% of the product mass required 

to produce 10% product breakthrough has been loaded. 

[00209] tDBC is used as an upper integration limit on the breakthrough generated by loading 

a single unit column.  This breakthrough curve is integrated from zero to the upper limit  

tDBC to determine the amount of product present in the flow through as shown in equation 1 

where  is the amount of product in the flow-through and  represents the 

breakthrough curve corresponding to single unit column at a given load flow rate.  

Equation 1:                                           

[00210] The amount of product loaded,  is calculated by applying the formula shown in 

equation 2 where  is the feed concentration,  is the volume that was loaded, and  is the 

void volume within the column.  

Equation 2:                                          

[00211] The ideal operating binding capacity (OBC) is calculated by applying the formula 

in equation 3. 

Equation 3:                                      
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[00212] The process described above is applied to every pair of breakthrough curves to 

generate three operating binding capacities corresponding to a process with two columns in 

the load zone and three operating binding capacities corresponding to a process with three 

columns in the load zone. 

[00213] Each set of (three) operating capacities are plotted against total residence time and 

fit using a 2
nd

 order polynomial in order to interpolate OBC values in between the fitted 

points.  OBC values can be fit using a variety of equations, including exponential functions of 

the form  which would provide the most accurate fit but require more 

experimentation effort to properly implement. An example of operating binding capacity 

versus total residence time is shown in Figure 5.  

[00214] The interpolated operating binding capacities are used to calculate load time over 

a range of total residence times by applying the formula in equation 4 where RT is the 

residence time across one column (not the total residence time) and  is the feed 

concentration. 

Equation 4:                                             

[00215] The load time is used to calculate the cycle times over the range of total residence 

times. The calculation shown in equation 5 (below) is applied to each residence time where 

 equals cycle time, equals load time,  equals the number of columns in the load zone, 

and  equals rest time or time to perform the wash, elution, and regeneration. 

Equation 5:                                           

[00216] The productivity associated with each residence time is calculated using equation 

6 (below) where P is productivity.  

Equation 6:                                              

[00217] A plot of theoretical productivity versus total residence time is demonstrated in 

Figure 6. 

[00218] The number of total columns required to run the process is the sum of the number 

of columns that are being loaded plus the number of columns required in the rest 

(wash/elute/regeneration) such that loading is continuous and uninterrupted. This is 

calculated using equation 7 (below) where  is the total number of columns. 

Equation 7:                                             

[00219] The cycle time must be divisible by the number of columns. For situations where 

it is not divisible, idle time is added to cycle time.  Increasing cycle time reduces 

productivity. The actual productivity is calculated using equation 8 (below).  
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Equation 8:                                         

EXAMPLE 8 

[00220] This example demonstrates determining OBC according to an embodiment of the 

invention, utilizing two and three daisy-chained column (MabSelect SuRe pre-packed Hi-

Trap columns (0.962 mL)); using purified IgG2 monoclonal antibody (about 2.2 mg/mL 

concentration in CHO feedstock)) and fractionation using a commercially available 

biosensor.  

[00221] (1a) Three breakthrough experiments are performed on a single column 

daisy-chained together  at load residence times of 0.5 minutes, 1 minute, and 1.5 minutes. 

(1b) Three breakthrough experiments are performed on two columns daisy-chained together  

at load residence times of 0.5 minutes, 1 minute, and 1.5 minutes (i.e., the flow rate is kept 

the same, residence time across each column is kept the same, total combined residence time 

is doubled).  (1c) Three breakthrough experiments are performed on three columns 

daisy-chained together at load residence times of 0.5 minutes, 1 minute, and 1.5 minutes (i.e., 

the flow rate is kept the same, residence time across each column is kept the same, total 

combined residence time is tripled).  

[00222] To model N columns in load zone, batch breakthrough experiments are performed 

at N daisy-chained columns using the residence times specified in (1a).  

[00223] The columns are subjected to wash, elution, regeneration, and equilibration 

(collectively referred to as the !rest" process) in between each loading step as outlined in the 

following table. 

 

  Buffer / solution 
Step length Residence Time 

(CV) (minutes) 

Wash 1 1X PBS 5 0.5 

Wash 2 1X PBS + 0.5M NaCl 10 0.5 

Wash 3 1X PBS 5 0.5 

Elution 

buffer 

100 mM acetic acid 

pH 3.0 
10 0.5 
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CIP 0.1M NaOH 10  1 

Re-equil. 1X PBS 10 0.5 

 

[00224] For the loading step in each batch breakthrough experiment, the column is loaded 

until it reaches saturation (i.e., conditions where the concentration of product coming out of 

the column equals the concentration of product entering the column). 

[00225] The concentration at the outlet of the column is fractionated into 60 1 mL 

fractions using an AKTA
'

 Avant (GE Healthcare Lifesciences).  Each fraction is diluted 10x 

using a diluent (Pall ForteBio LLC, Menlo Park, CA) and the concentration is quantified 

using protein A biosensors (Pall ForteBio LLC, Menlo Park, CA).  Concentration values are 

plotted against time for the purpose of calculating the operating binding capacity, and an 

illustrative exported breakthrough curve is shown in Figure 3.  

[00226] Breakthrough curves generated using one column and two daisy-chained columns 

are paired with one another (share the same load flow rate) in order to mimic product 

breakthrough for a process with two columns in the load zone. For example, a breakthrough 

curve generated using one column and a load flow rate of 1 ml/min can be paired with a 

breakthrough curve generated using two columns and a load flow rate of 1 ml/min. This is 

done for all load flow rates associated with the residence times chosen in (1a). 

[00227] Breakthrough curves generated using one column and three daisy-chained 

columns are paired with one another (share the same load flow rate) in order to mimic 

product breakthrough for a process with three columns in the load zone. For example, a 

breakthrough curve generated using one column and a load flow rate of 1 ml/min can be 

paired with a breakthrough curve generated using two columns and a load flow rate of 1 

ml/min. This is done for all load flow rates associated with the residence times chosen in (1a). 

[00228] The ideal operating binding capacity for a multi-column process with N columns 

in the load zone is the amount bound to the first column immediately before breakthrough 

occurs at the outlet of the Nth column.  In the previous two paragraphs, breakthrough curves 

are generated by daisy-chaining two columns and three columns and employing one UV 

detector to trace product breakthrough as depicted in Figure 4A and Figure 4B (lower curve).  

Then, in a separate experiment, the columns are disconnected and the experiment is 

performed on a single unit column in order to mimic product breakthrough across the very 

first column in the series to generate the curve depicted in Figure 4B (upper curve). 
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[00229] The breakthrough curves corresponding to two or three columns identified above 

can be used to determine a time, tDBC, where product is about to breakthrough. 

[00230] tDBC is calculated by identifying the time where 80% of the product mass required 

to produce 10% product breakthrough has been loaded. 

[00231] tDBC is used as an upper integration limit on the breakthrough generated by loading 

a single unit column.  This breakthrough curve is integrated from zero to the upper limit  

tDBC to determine the amount of product present in the flow through as shown in equation 1 

where  is the amount of product in the flow-through and  represents the 

breakthrough curve corresponding to single unit column at a given load flow rate.  

Equation 1:                                           

[00232] The amount of product loaded,  is calculated by applying the formula shown in 

equation 2 where  is the feed concentration,  is the volume that was loaded, and  is the 

void volume within the column.  

Equation 2:                                          

[00233] The ideal operating binding capacity (OBC) is calculated by applying the formula 

in equation 3. 

Equation 3:                                      

[00234] The process described above is applied to every pair of breakthrough curves to 

generate three operating binding capacities corresponding to a process with two columns in 

the load zone and three operating binding capacities corresponding to a process with three 

columns in the load zone. 

[00235] Each set of (three) operating capacities are plotted against total residence time and 

fit using a 2
nd

 order polynomial in order to interpolate OBC values in between the fitted 

points.  OBC values can be fit using a variety of equations, including exponential functions of 

the form  which would provide the most accurate fit but require more 

experimentation effort to properly implement. An example of operating binding capacity 

versus total residence time is shown in Figure 7.  

[00236] The interpolated operating binding capacities are used to calculate load time over 

a range of total residence times by applying the formula in equation 4 where RT is the 

residence time across one column (not the total residence time) and  is the feed 

concentration. 

Equation 4:                                             
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[00237] The load time is used to calculate the cycle times over the range of total residence 

times. The calculation shown in equation 5 (below) is applied to each residence time where 

 equals cycle time, equals load time,  equals the number of columns in the load zone, 

and  equals rest time or time to perform the wash, elution, and regeneration. 

Equation 5:                                           

[00238] The productivity associated with each residence time is calculated using equation 

6 (below) where P is productivity.  

Equation 6:                                              

[00239] A plot of theoretical productivity versus total residence time is demonstrated in 

Figure 8. 

[00240] The number of total columns required to run the process is the sum of the number 

of columns that are being loaded plus the number of columns required in the rest 

(wash/elute/regeneration) such that loading is continuous and uninterrupted. This is 

calculated using equation 7 (below) where  is the total number of columns. 

Equation 7:                                             

[00241] The cycle time must be divisible by the number of columns. For situations where 

it is not divisible, idle time is added to cycle time.  Increasing cycle time reduces 

productivity. The actual productivity is calculated using equation 8 (below).  

Equation 8:                                         

EXAMPLE 9 

[00242] This example demonstrates accurately predicting capture efficiency using an 

embodiment of the invention. 

[00243] Four MCC processes (wherein two columns are in the load zone and two are in 

the rest of the process) are carried out at five operating capacities.  The results are as follows: 

Amount loaded (OBC) 

(mg/mL resin) 

Predicted capture efficiency 

(%) 

Actual capture efficiency (%)

31.8 99.8 99.7 

39.6 99.3 99.3 

42.1 98.3 98 

46.6 95 94.8 

50.5 90 91.6 
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[00244] All measured capture efficiencies are within 2% of predicted capture efficiencies. 

This confirms that the approach used to calculate OBC is closely approximating the true OBC 

within an MCC process. 

 

[00245] All references, including publications, patent applications, and patents, cited 

herein are hereby incorporated by reference to the same extent as if each reference were 

individually and specifically indicated to be incorporated by reference and were set forth in 

its entirety herein. 

[00246] The use of the terms !a" and !an" and !the" and !at least one" and similar 

referents in the context of describing the invention (especially in the context of the following 

claims) are to be construed to cover both the singular and the plural, unless otherwise 

indicated herein or clearly contradicted by context.  The use of the term !at least one" 

followed by a list of one or more items (for example, !at least one of A and B") is to be 

construed to mean one item selected from the listed items (A or B) or any combination of two 

or more of the listed items (A and B), unless otherwise indicated herein or clearly 

contradicted by context.  The terms !comprising," !having," !including," and !containing" 

are to be construed as open-ended terms (i.e., meaning !including, but not limited to,") unless 

otherwise noted.  Recitation of ranges of values herein are merely intended to serve as a 

shorthand method of referring individually to each separate value falling within the range, 

unless otherwise indicated herein, and each separate value is incorporated into the 

specification as if it were individually recited herein.  All methods described herein can be 

performed in any suitable order unless otherwise indicated herein or otherwise clearly 

contradicted by context.  The use of any and all examples, or exemplary language (e.g., !such 

as") provided herein, is intended merely to better illuminate the invention and does not pose a 

limitation on the scope of the invention unless otherwise claimed.  No language in the 

specification should be construed as indicating any non-claimed element as essential to the 

practice of the invention. 

[00247] Preferred embodiments of this invention are described herein, including the best 

mode known to the inventors for carrying out the invention.  Variations of those preferred 

embodiments may become apparent to those of ordinary skill in the art upon reading the 

foregoing description.  The inventors expect skilled artisans to employ such variations as 

appropriate, and the inventors intend for the invention to be practiced otherwise than as 
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specifically described herein.  Accordingly, this invention includes all modifications and 

equivalents of the subject matter recited in the claims appended hereto as permitted by 

applicable law.  Moreover, any combination of the above-described elements in all possible 

variations thereof is encompassed by the invention unless otherwise indicated herein or 

otherwise clearly contradicted by context. 
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