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Small-molecule impurities that 
bind to and copurify with 
protein biopharmaceuticals 
traditionally have been removed 

using bind-and-elute (BE) 
chromatography. However, that 
approach may be undesirable for a 
number of reasons. For instance, it 
may present a facility-fit challenge or 
provide a lower process yield than 
what is acceptable.

A common scenario in which BE 
chromatography may be undesirable is 
in removal of unreacted conjugation 
reagents. Bioconjugates represent an 
important and growing class of 
pharmaceuticals that include 
PEGylated proteins, vaccines, and 
antibody–drug conjugates (ADCs) 
(1–8). The latter, for example, are 
produced by combining a monoclonal 
antibody (MAb) or MAb-like 
molecule with a reactive payload 
reagent to form a conjugate (9). 
Following that reaction, unreacted 
payload molecules (“free drug”) must 
be removed from the process stream to 
very low levels because they are highly 

toxic. That is typically achieved using 
diafiltration, which exploits the size 
difference between MAbs (and 
ADCs) and free drug molecules for 
separation. In some instances, the free 
drug may interact with or bind to 
some antibodies (but not conjugating) 
and thus copurify with them.

Small-molecule affinity ligands used 
in early processing steps also can 
copurify with product. Leached affinity 
ligands often must be controlled to low 
levels due to concerns over potential 
toxicity. For example, dye affinity 
ligands have found use for commercial 
manufacture of recombinant albumin 
and have shown potential for antibody 
purification (10–12).

Copurifying fermentation and cell 
culture reagents represent yet another 
case in which BE chromatography 
may not be the downstream unit 
operation of choice. These substances 
can interfere with some column 
chromatography steps by reducing the 
capacity, selectivity, or lifetime of 
resins. So it may be desirable to reduce 
or remove them early in a process 
before the capture column.

Finally, detergents and surfactants 
are known to bind to proteins and 
copurify with them. Removal is 
further complicated by the fact that 

such substances tend to form micelles, 
which can have low ultrafiltration/
diafiltration (UF/DF) sieving 
coefficients under ordinary conditions.

Here we describe three different 
approaches to removing persistent 
small-molecule impurities that can 
bind to protein products. Using an 
antibody and Cibacron blue (CB) 
F3GA dye as a model system, we 
evaluate two-stage diafiltration, f low-
through chromatography, and carbon 
filtration systems. A mathematical 
model incorporating binding of the 
dye to the antibody simulates 
diafiltration behavior. Also, you can 
find supplementary material online: 
MATLAB source code that can be 
used to perform simulations similar to 
those described herein (www.
bioprocessintl.com/download/matlab-
cv-diafiltration-bound-impurity). 

Materials and Methods
Chemicals: Propylene glycol came 
from Alfa Aesar. Sodium chloride and 
l-arginine came from JT Baker. 
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Test MAb Properties

pI: 9.4 (measured by capillary isoelectric 
focusing)

Molecular Weight: 148,000 Da

Extinction Coefficient:  
1.470 mg/mL–1cm–1 at 280 nm
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Bis-tris and bis-tris HCl came from 
Sigma-Aldrich. And Cibacron blue 
F3GA dye came from Polysciences. 

Protein Preparation and Dye 
Addition: A MAb expressed by 
Chinese hamster ovary (CHO) cells 
using standard techniques was purified 
using protein A chromatography. We 
concentrated the purified protein and 
buffer exchanged it into pH 6.0 bis-tris 
buffer or pH 6.0 bis-tris with 50 mM 
NaCl for use in subsequent small-
molecule clearance studies. The “Test 
MAb” box summarizes the properties 
of this MAb.

We prepared mixtures of the MAb 
with CB dye by mixing stock MAb 
solutions at 20 g/L in bis-tris buffers 
at pH 6.0 with a stock solution of 
Cibacron blue dye (1 g/L in bis-tris 
buffers at pH 6.0).

Protein and Dye Concentration 
Measurements: We measured protein 
concentrations by absorbance at 
280 nm using a NanoDrop 2000c 
UV-vis spectrophotometer from 
Thermo Scientific. Using the same 
instrument, we measured Cibacron 
blue dye concentrations by absorbance 
at 620 nm. 

UF/DF Experiments: To perform 
single-stage diafiltration experiments, 
we prepared solutions in 50 mM bis-
tris at pH 6.0 with three different 
MAb concentrations (2.5 g/L, 10 g/L, 
and 20 g/L) and an initial dye 
concentration of either 0.25 g/L or 

0.5 g/L. Diafiltration was carried out 
against 50 mM bis-tris at pH 6.0. We 
used Pellicon 3 UltraCel membranes 
from EMD Millipore for all 
experiments, with a feed f low rate of 
360 LMH and a target 
transmembrane pressure (TMP) of 
20 psi. And we measured retentate CB 
dye concentration directly by 
absorbance at 620 nm.

For two-stage diafiltration 
experiments, we first diafiltered against 
a buffer containing a salt or modulator 
to disrupt the dye–protein interaction, 
then switched to a diafiltration buffer 
free of salt or modulator. The first 
stage was two to four diafiltration 
volumes (DV), and the second stage 
was performed for an additional 
4–6 DV. For these experiments, the 
starting protein concentration was 
10 g/L, and the initial CB dye 
concentration was 0.25–0.5 g/L.

Flow-Through Chromatography 
Experiments: Using Amberchrom 
CG161M resin from Dow Chemical 
packed into Tricorn columns (5-mm 

diameter, 20-cm height) from GE 
Healthcare, we carried out f low-
through chromatography on an 
ÄKTA Explorer liquid 
chromatography system from GE 
Healthcare. After equilibrating the 
column with 50 mM bis-tris and 
50 mM NaCl at pH 6, we applied a 
sample containing 10 g/L MAb and 
0.5 g/L CB dye to the column for a 
target load challenge of ~500 g/L of 
column, followed by an equilibration 
buffer chase. We collected column 
flow-through in fractions and tested it 
for protein and small-molecule 
impurity concentrations. Fractions 
containing protein were pooled 
together so we could calculate overall 
product yield and impurity 
concentration.

Carbon-Filtration Experiments: For 
activated carbon filtration, we used 
Millistak+ CR filters from EMD 
Millipore. After equilibrating a filter 
with 50 mM bis-tris and 50 mM NaCl 
at pH 6, we applied a sample 
containing 10 g/L MAb and 0.5 g/L 

Table 2:  Results of two-stage diafiltration experiments

Diafiltration Volumes
First-Stage Buffer1

Dye Concentration 
in Final Retentate2First Stage Second Stage

0 8 None3 0.153 g/L

2 6 50 mM bis-tris buffer,  
0.5 M l-arginine (pH 6.0) 0.020 g/L

4 4 50 mM bis-tris buffer,  
0.5 M l-arginine (pH 6.0) 0.010 g/L

4 4 50 mM bis-tris buffer,  
1 M l-arginine (pH 6.0) 0.007 g/L

2 6 50 mM bis-tris buffer, 0.5 M NaCl, 
50% propylene glycol (pH 6.0) 0.018 g/L

4 4 50 mM bis-tris buffer, 0.5 M NaCl, 
50% propylene glycol (pH 6.0) 0.007 g/L

1 Second-stage buffer is 50 mM bis-tris buffer at pH 6.0.
2 Initial Cibacron blue dye concentration is 0.5 g/L.
3 Single-stage control experiment with 8 DV of 50 mM bis-tris, pH 6.0 only.

Table 1:  Parameters used with numerical solution of Equation 5 to obtain results shown in Figure 1b

Cp (mol/L) Ci,0 (mol/L) Si n K (M–1)
0 5.95 × 10–4 0.966 35 2,600

1.69 × 10–5 2.98 × 10–4 0.966 35 2,600
6.76 × 10–5 5.95 × 10–4 0.966 35 2,600
1.35 × 10–4 5.95 × 10–4 0.966 35 2,600

Equation 1
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CB dye to a target load challenge of 
~300 L/m2 of filter area, followed by an 
equilibration buffer chase. We collected 
filtrate in fractions and tested it for 
protein and dye concentrations. 
Fractions containing protein were 
pooled together so we could calculate 
overall product yield and impurity 
concentration.

Computer Simulations and 
Software: We used a Microsoft Excel 
spreadsheet to evaluate a mass balance 
equation for diafiltration, assuming no 
impurity binding. Under conditions of 
impurity binding, we integrated the 
mass-balance ordinary differential 
equation numerically using the 
Bulirsch-Stoer algorithm as 
implemented in Tenua open-source 
software. MATLAB source code for 
performing simulations similar to 
those described herein is included as 
supplementary material online. To 
generate graphs, we exported the 
simulation data and ÄKTA 
chromatograms to SigmaPlot graphing 
software from Systat Software.

Results and Discussion
Diafiltration Experiments and 
Simulation: Figure 1a graphs results 
from single-stage diafiltration 
experiments performed with different 
protein concentrations. As protein 
concentration increases, the rate of dye 
clearance decreases. To quantify that 
difference, we fit the impurity profiles 
to Equation 1, which can be obtained 
from a mass balance assuming no dye 
binding and constant retentate volume.

Solid lines in Figure 1a show the 
solution of Equation 1 obtained with 
the corresponding impurity sieving 
coefficient Si. The value obtained for 
the case of Cp = 0 mg/mL is very close 
to unity and therefore represents an 
intrinsic sieving coefficient for an 
unretained small molecule. The 
apparent sieving coefficients obtained 
with protein present are much lower 
and serve to illustrate the impact of 
protein-binding on the rate of dye 
clearance.

To quantify the impact of protein-
binding on dye clearance, we followed 

an approach similar to that described 
by Shao and Zydney (13). For 
reversible binding, the equilibrium 
constant, K, is defined according to 
Equation 2, in which Cp,free is the free 
protein concentration and Ci,free and 
Ci,bound represent free and bound 
concentrations of the impurity, 
respectively. Concentrations of free 
impurity, total impurity, and total 
protein come from Equation 3, in 
which n represents the number of 
impurity binding sites on a protein, Ci 
is the total impurity concentration, 
and Cp is the total protein 
concentration. 

Assuming that a protein is 
completely retained by the filter 
membrane, the mass balance of an 
impurity is described by the 
differential equation (Equation 4), in 
which V is the retentate volume, Jv is 
the filtrate f lux through the 
membrane, and A is the membrane 
area. Equation 3 can be solved for 
Ci,free using the quadratic equation. 
Substituting that into Equation 4 and 

Figure 1:  Single-stage diafiltration experiments for different initial protein 
concentrations (a) modeled assuming no protein-impurity binding with 
Equation 1 and (b) modeled assuming protein-impurity binding with a 
numerical solution of Equation 5 and parameters from Table 1
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Figure 2:  Two-stage diafiltration experiments at 10 g/L protein 
concentration using (a) first-stage buffer containing 50 mM bis-tris at pH 
6.0 with 50% propylene glycol and 0.5 M NaCl and (b) first-stage buffer 
containing 50 mM bis-tris at pH 6.0 with 0.5 M l-arginine
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assuming constant volume diafiltration, 
we obtain Equation 5. We integrated 
this form of the mass-balance equation 
numerically with parameters shown in 
Table 1 to obtain the results in Figure 
1b. We identified a single set of n and K 
values, fit by trial and error, which 
captured Ci/Ci,0 as a function of ND 
under all conditions tested. However, 
the model deviated slightly from our 
experimental results for the case of Cp = 
2.5 g/L at high ND. Although the 
number of binding sites appears to be 
high (n = 35), it is also roughly 
consistent with results obtained by Rao 
and Zydney (14). In a detailed study, 
they fit binding of CB dye to bovine 
serum albumin (BSA) with n = 11 
under favorable binding conditions. 
Given the increase in size and accessible 
surface area of an antibody compared 
with BSA, the number of binding sites 
suggested by our study is not 
implausible.

Shao and Zydney showed that the 
optimal product concentration for 
performing diafiltration is reduced in 
the presence of strong binding 
impurities (13). Our results confirm 
that observation, with the apparent 
impurity sieving coefficient shown in 
Figure 1a increasing by a factor of five 
when protein concentration is 
decreased from 20 g/L to 2.5 g/L. In 
some instances, however, a more 
aggressive approach may be required 
by the nature of the impurity or 
facility-fit constraints that limit the 
size of a diafiltration tank or amount 
of buffer consumption. To enable 
impurity clearance at higher protein 
concentration, we tested a two-stage 

diafiltration procedure in which the 
first stage consists of a buffer 
containing a salt or modulator to 
disrupt impurity–protein interactions, 
and a second stage serves to remove 
that salt or modulator. We chose the 
salt and modulators used in this study 
because they are inexpensive, have low 
toxicity, come in compendial grades, 
and should be easily removed by 
diafiltration. However, many other 
available salts or modulators could be 
suitable for similar purposes. For 
example, higher molecular-weight 
glycols, alcohols, urea, and solvents are 
likely to work as well.

Figure 2a graphs results from our 
two-stage diafiltration experiments 

using propylene glycol and salt as a 
modulator, and Figure 2b shows 
results from experiments using 
l-arginine. In both cases, the two-
stage procedure dramatically reduced 
final impurity concentrations 
compared with a single-stage control 
experiment. Table 2 summarizes the 
results of all our two-stage diafiltration 
experiments. Under the single-stage 
control conditions, little more than a 
threefold reduction in impurity 
concentration was realized after 8 DV. 
For the two-stage experiments, 
impurity clearance ranged from a 25- 
to 71-fold reduction after 8 DV.

Flow-Through Chromatography: 
Figure 3 shows the results of our 
Amberchrom CG161 flow-through 
experiments. Note that protein breaks 
through sharply (A280 nm curve), 
whereas the dye breakthrough is more 
gradual (A620 nm curve), never 
reaching >1.5% of the load value. The 
product yield from this experiment is 
83%, with a 55-fold reduction in 
impurity concentration measured for 
the elution pool compared with the 
load material.

This technique relies in large part 
on exclusion of protein from the resin’s 
internal pore structure, which allows 
it to be recovered in the unretained 
f low-through fraction. Dow Chemical 
reports the pore size of this resin to be 
150 Å, and in our laboratory we have 
used it with good success to efficiently 
remove PS-80 from antibody 
preparations (data not shown).

Activated Carbon Filtration: Filter 
cartridges containing immobilized 
activated carbon that can be used for 

Figure 3:  Ambercrom CG161M flow-through chromatography of a MAb 
at 10 g/L containing 0.5 g/L Cibacron blue dye
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Figure 4:  Activated carbon filtration of a MAb at 10 g/L containing 
0.5 g/L Cibacron blue dye
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Nomenclature

A = membrane area (m2)

Ci = concentration of the total (free + 
bound) impurity in the retentate (mol/L)

Ci,0 = initial concentration of the total 
impurity in the retentate (mol/L)

Ci,free = concentration of the free 
impurity in the retentate (mol/L)

Ci,bound = concentration of the bound 
impurity in the retentate (mol/L)

Cp = concentration of the total (free + 
bound) protein in the retentate (mol/L)

Cp,free = concentration of the free protein 
in the retentate (mol/L)

Jv = filtrate flux through the membrane 
(L/(m2 h))

K = equilibrium constant (M–1)

n = number of binding sites

ND = number of diavolumes

Si = sieving coefficient of the impurity

V = volume of the retentate solution (L)
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biopharmaceutical protein purification 
are a relatively recent innovation 
available from several major 
manufacturers. Although the 
technology has been used in protein 
purification for decades (e.g., to 
remove lipids from albumin 
preparations), it has suffered from a 
number of drawbacks. Chief among 
those was the difficulty of handling 
loose, dry, activated carbon. 
Companies have gone to substantial 
costs preventing contamination of 
other parts of their facilities with 
carbon fines as well as to protect their 
employees. But such problems are now 
largely a thing of the past.

Figure 4 shows removal of CB dye 
using an activated carbon filter. Note 
that protein again breaks through 
sharply (A280 nm curve), whereas the 
CB dye breakthrough is gradual (A620 
nm curve) and never reaches >1% of the 
load value. In this experiment, product 
yield was 93%, with a 100-fold 
reduction in impurity concentration. 
Based on the speed and convenience 
generally afforded by these filters, 
activated-carbon filtration appears to 
be a very attractive option and most 
likely represents the quickest route to 
dealing with strong-binding small-
molecule impurities. 

Consider Activated Carbon First
Here we present three alternative 
approaches to removing persistent 
small-molecule impurities without 
using BE chromatography. For a 
MAb–CB model system, we evaluated 
two-stage diafiltration, f low-through 
chromatography, and activated carbon 
filtration. To quantify the nature of 
dye binding to the MAb, we fit 
diafiltration data to a mathematical 
model based on the number of binding 
sites and an equilibrium constant. All 
techniques studied showed good 
ability to remove the test impurity. 
Based on minimal process-
development requirements and high 
throughput typically associated with 
filtration unit operations, we 
recommend testing activated-carbon 
filtration first when confronted with a 
similar challenge.

The strategies presented herein are 
targeted to impurities of a 

hydrophobic nature. The two-stage 
diafiltration procedure also could 
remove impurities bound to proteins 
on the basis of charge by using a high-
salt concentration in the first-stage 
buffer to disrupt their electrostatic 
interactions. In a study of citrate 
binding to a Fab, Harinarayan and 
coworkers addressed clearance of a 
charged, hydrophilic small molecule 
by UF/DF in 2009 (15). 
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