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Abstract

Protein G can be a valuable binding agent for antibodies and immunoglobulins in methods such as 

immunosensors, chromatographic-based immunoassays, and immunoaffinity chromatography. 

This report used the method of peak decay analysis along with frontal analysis and zonal elution 

studies to characterize the binding, elution and regeneration properties of affinity microcolumns 

that contained immobilized protein G. Frontal analysis was employed with rabbit immunoglobulin 

G (IgG) to characterize the binding capacity of these affinity microcolumns. Zonal elution 

experiments looking at the retained peaks for small injections of labeled rabbit IgG were used to 

optimize the column regeneration conditions. Peak decay analysis was then used to look at the 

effects of flow rate and elution pH on the release of several types of IgG from the protein G 

microcolumns. This approach made it possible to obtain detailed information on the use and 

behavior of such columns, as could be used in future work to optimize the capture or analysis of 

IgG and antibodies by such devices. The same approach and tools that were used in this report 

could also be adapted for work with affinity columns that make use of other supports, binding 

agents or targets.
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1. Introduction

Supports that contain immobilized or adsorbed antibodies have been popular for many years 

in analytical techniques for measuring various targets [1-10]. Examples of flow-based 

methods in which such supports have been used have included some types of 

*Author for correspondence: Chemistry Department, University of Panama, Panama City, Panama. Phone: +(507) 6600-2459; 
jeanethe.anguizola@up.ac.pa. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Methods. Author manuscript; available in PMC 2019 August 15.

Published in final edited form as:
Methods. 2018 August 15; 146: 39–45. doi:10.1016/j.ymeth.2018.03.013.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immunosensors, chromatographic immunoassays, immunoaffinity chromatography and even 

some approaches for studying biological interactions [1-5]. Some attractive features of these 

methods are the high affinity and specificity with which antibodies can bind to their 

complementary targets and the ability of these agents to be employed with various types of 

labels and detection formats [7].

A chromatographic method that employs antibodies with supports such as HPLC-grade 

silica or monoliths is often referred to as high-performance immunoaffinity chromatography 

(HPIAC) [4,9-12]. One common approach for placing antibodies onto these supports is by 

using covalent immobilization; however, this method can result in some loss of an 

antibody’s activity through multi-site attachment or incorrect orientation of the antibody 

[8,12]. An alternative approach that avoids or minimizes these effects is to instead use 

biospecific adsorption of the antibody to a secondary immobilized binding agent such as 

protein G [12]. Protein G is a protein found in the cell walls of group G Streptococci 

bacteria that can bind tightly to the constant region of many types of immunoglobulins and 

antibodies [8,13-14]. This feature, plus the ability to release the bound antibodies through a 

decrease in pH and to later apply a fresh batch of antibodies, has made protein G and related 

immunoglobulin-binding proteins useful as tools for the capture, analysis or utilization of 

antibodies in chromatographic systems [8,9,15-18].

The development and optimization of methods based on protein G supports ideally requires 

information on such factors as the retention and elution properties of these materials when 

they are employed with antibodies (or, in the more general sense, immunoglobulins). 

Methods that have been used to study the rates of these or other biological interactions in 

chromatographic systems have included the split-peak method and various methods based on 

peak fitting or band-broadening measurements [19-22]. This report will examine the use of a 

technique known as the peak decay method [23,24] to study the dissociation of various types 

of immunoglobulins from immobilized protein G. In this technique, a small pulse of an 

analyte (e.g., an antibody/immunoglobulin) is injected onto an affinity column that contains 

the binding agent of interest. A mobile phase is then introduced onto the column under 

conditions that disrupt binding of the analyte with the immobilized agent and prevents re-

association of the analyte with the column. This type of dissociation can often be produced 

by changing the mobile phase pH or by adding a displacement agent to the mobile phase. As 

the analyte is released from the column, it produces a decay curve that can be used to 

determine the dissociation rate constant for the analyte from the immobilized agent under 

the given elution conditions [23,24]. Although this method has been used in previous work 

to examine antibody-antigen interactions [4], it has not been used in prior work to study the 

protein G and its interactions with antibodies/immunoglobulins.

This report will examine the extension and use of the peak decay method to study the elution 

and dissociation kinetics of various types of immunoglobulin G (IgG) from protein G that 

has been immobilized onto HPLC-grade silica and placed into affinity microcolumns (i.e., 

columns containing an immobilized binding agent and with volumes in the low-to-mid 

microliter range) [22]. The general principles of this method will be discussed, along with 

various practical factors to consider in the use of this technique. This method will then be 

employed to examine the elution of various types of IgG from protein G microcolumns, thus 
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providing new fundamental information on these interactions. The effect of the elution flow 

rate and pH will also be considered with the goal of improving the characterization and 

optimization of these microcolumns for future use in antibody- or immunoassay-related 

applications.

2. Experimental

2.1. Materials

The 3-glycidoxypropyltrimethoxysilane, periodic acid, sodium cyanoborohydride and 

sodium borohydride were from Sigma-Aldrich (St. Louis, MO, USA). The following types 

of IgG were also obtained from Sigma–Aldrich: rabbit IgG (> 95% pure), goat IgG (>95%), 

human IgG (>95%), and mouse IgG (> 95%). The protein G (recombinant, albumin binding 

domains removed) was purchased from Pierce (Rockford, IL, USA). The amount of 

immobilized protein on each support was determined in triplicate by using a bicinchoninic 

acid (BCA) protein assay, which was conducted by using reagents that were also obtained 

from Pierce. These immunoglobulins were labeled with N–hydroxysuccinimide (NHS) 

ester-activated fluorescein from Pierce. Other sources of protein G and IgG, or related 

binding agents and targets, can also be used for the peak decay method, as well as other 

types of fluorescent or chemical labels. All running buffers and aqueous solutions that were 

used in this report were prepared using deionized water, as was obtained in the following 

examples by using an EMD MILLI-Q water purification system using 0.2 ¼m GNWP nylon 

filters, both of which were from Millipore (Billerica, MA, USA).

2.2. Apparatus

Many standard HPLC systems can be adapted for use in the peak decay measurements. The 

HPLC system that was used in this particular study was a Jasco 2000 system (Easton, MD, 

USA) that contained a DG-2080-53 three-solvent degasser, three PU-2080 isocratic pumps, 

an AS-2057 autosampler equipped with a 100 μL sample loop (operated in the partial loop 

injection mode), a UV-2075 absorbance detector, and a FP-2020 fluorescence detector. Two 

Advantage PF six-port switching valves (Rheodyne, Cotati, CA) were used for alternating 

passage of an IgG solution and acidic or neutral buffer solutions through the microcolumns 

during the frontal analysis studies. The system components were controlled by a Jasco LC-

Net II/ADC system and a Jasco ChromNav chromatography data system. The breakthrough 

times for the frontal analysis data and elution profiles were examined by using PeakFit 4.12 

(SeaSolve Software, San Jose, CA).

All binding studies were carried out at room temperature (25° C) in this report. Work at 

other temperatures can also be conducted by using an on-line column heater or a circulating 

water bath and column jacket for temperature control [1]. The elution of unlabeled IgG was 

monitored at 280 nm. Detection of fluorescein-labeled IgG was monitored by using an 

excitation wavelength of 494 nm and an emission wavelength of 518 nm.

Purification of the labeled IgG was performed by using Zeba spin columns (7 kDa MW 

cutoff, 0.7–4 mL sample capacity) from Pierce, along with a 5702RH temperature-controlled 

centrifuge from Eppendorf (New York, NY, USA) and a fixed-angle centrifuge rotor from 
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VWR (West Chester, PA, USA). The microcolumns were packed using an HPLC slurry 

packing system from ChromTech (Apple Valley, MN, USA); however, other column packing 

systems can also be used for such work.

2.3. Antibody labeling

IgG was labelled with NHS-fluorescein, according to the manufacturer’s instructions. In this 

process, the initial protein solution was prepared by dissolving 5 mg IgG in 5 mL of pH 8.5, 

0.10 M potassium phosphate buffer (i.e., giving a 1.0 mg/mL IgG solution). A 1 mg portion 

of NHS-fluorescein was dissolved in 100 μL dimethylformamide, and 25 μL of this NHS-

fluorescein solution was added to 5 mL of the pH 8.5 IgG solution, resulting in a reaction 

mixture that contained 0.05 mg NHS-fluorescein per mg IgG. This mixture was allowed to 

shake for 1 h in the dark at room temperature.

Zeba spin columns were utilized to purify and separate the labeled IgG from any unreacted 

NHS-fluorescein. Prior to use, each spin column was washed three times with pH 7.4, 0.067 

M potassium phosphate buffer for buffer exchange. The labeled IgG solution was then 

loaded into two spin columns and centrifuged at 1000 × g for 2 min. The labeled IgG 

solutions that remained in the spin columns were then pooled for further use. The label/

protein ratio and concentration of the final labeled IgG solution were determined by making 

absorbance measurements at 494 and 280 nm, according to the manufacturer’s directions. 

The final labeled IgG solutions had the following measured concentrations: rabbit IgG, 0.76 

mg/mL (5.4 μM); mouse IgG, 0.81 mg/mL (5.1 μM); goat IgG, 0.77 mg/mL (5.2 μM); and 

human IgG, 0.92 mg/mL (6.1 μM). The sample solutions contained 3–6 (average, 5) moles 

of label per mol of IgG. The labeled IgG solutions were stored at 4°C in pH 7.4, 0.067 M 

potassium phosphate buffer when not in use. These labeled IgG conjugates and were stable 

for up to 2 weeks when protected from light and stored under these conditions [25].

2.4. Support and microcolumn preparation

The method that is described in this article can be employed with a variety of supports and 

immobilization schemes. The specific examples that are described here were all conducted 

using Nucleosil Si-1000-7 silica (7 μm particle size, 1000 Å pore size) that was purchased 

from Macherey-Nagel (Duren, Germany). A pore size of 1000Å was chosen for this support 

to allow sufficient room for the immobilization of protein G and the later binding of this 

agent to antibodies. Although silica with a smaller pore size (e.g., 50–500Å) could be 

employed to make protein G supports, and it has been shown that supports with the larger 

pore sizes that were used here allow for maximum binding (on a mol-per-mol basis) of IgG-

class antibodies to immobilized protein G [26].

This silica was first converted into a diol-bonded form to provide a material that had low 

non-specific binding for most biological compounds but that still could be further modified 

for the immobilization of a binding agent such as protein G [12,27]. This material was made 

as described previously [27], by mixing 1.00 g of bare silica with 4.0 mL of pH 5.5, 0.10 M 

sodium acetate buffer. This mixture was sonicated under vacuum for at least 5 min to 

remove any air bubbles that were trapped inside the pores of the support and to allow all the 

support’s surface to be available for immobilization. This mixture was then combined with 
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50 μL of 3-glycidoxypropyltrimethoxysilane and shaken in a water bath at 90°C for 

approximately 5 h. The silica was then washed four times with water and refluxed in a 

diluted solution of sulfuric acid (pH 3.0) for 1 h. The resulting product was washed with 

water, dried in a vacuum oven at 50°C, and stored in a desiccator until further use.

The protein G that was used in this work was immobilized by using the Schiff base method 

[28-30], although other methods for coupling proteins to supports such as silica could also 

have been utilized [12,29]. In this approach, also known as reductive amination, the diol-

bonded silica was oxidized to give an aldehyde-activated form by mixing 100 mg of the 

silica with 100 mg of periodic acid in 2 mL of a 90% acetic acid solution [5,27-28]. This 

mixture was allowed to shake at room temperature for 2 h. The support was next washed 

three times with water, followed by additional washes with pH 6.0, 0.10 M potassium 

phosphate buffer. The aldehyde-activated silica was then mixed with 2.5 mL of a 1.2 mg/mL 

protein G solution (i.e., 3.0 mg protein G) that had been prepared in pH 6.0, 0.10 M 

potassium phosphate buffer and that included 250 mg sodium cyanoborohydride as a mild 

reducing agent (Note: this reducing agent is mild enough to not reduce the aldehyde groups 

on the activated silica or the disulfide bridges of a protein but will reduce a Schiff base). 

This mixture was allowed to shake for three days at 4°C. At the end of this immobilization 

step, the support was washed four times with water, three times with pH 8.0, 0.10 M 

potassium phosphate buffer, and shaken for 90 min in the presence of 2.5 mL of a 2 mg/mL 

solution of sodium borohydride in pH 8.0, 0.10 M potassium phosphate buffer, which was 

used to remove any remaining aldehyde groups on the silica. The final support was washed 

thoroughly with water and pH 7.4, 0.067 M potassium phosphate buffer and stored in the 

same buffer at 4°C until use. A separate control support was prepared using the same initial 

starting material but without the addition of any protein G during the immobilization step.

Stainless steel microcolumns in Delrin housing and with PEEK-lined frits were downward 

slurry packed with the protein G silica or the control support at packing pressures of 

approximately 3000-4000 psi and using a neutral buffer as the packing solution (e.g., a pH 

7.0–7.4 phosphate buffer). The column size that was used in this study was 5 mm × 2.1 mm 

I.D. These microcolumns were stored in a neutral pH phosphate buffer at 4°C when not in 

use. The types of protein G microcolumns that were used in this study have been found to be 

stable for up to one year and over approximately 200 application and elution cycles [6].

2.5. Chromatographic studies

The chromatogram in Figure 1 shows the sequence that was used in this study to apply the 

IgG samples, elute the retained IgG, and regenerate a microcolumn that contained protein G. 

This format is based on the on/off elution scheme that is common in HPIAC and other types 

of affinity chromatography [2-5]. The first step in this scheme involved application of the 

target analyte (e.g., IgG) to the column. In this study, this involved injecting 20 μL of 0.20 

mg/mL labeled IgG onto the protein G microcolumn at 0.50 mL/min and using pH 7.4, 

0.0670 M potassium phosphate buffer as the application buffer. It was found for the type of 

Support and microcolumn that were used in this report that only 2 min was needed to 

completely elute any non-retained components (e.g., excess labeled IgG) and for the signal 

of the detector to return to the baseline level.
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The second step in the process consisted of the elution and dissociation of the bound IgG 

from the immobilized protein G. This step occurred when an elution buffer was passed 

through the microcolumn. In this case, the mobile phase was switched to a lower pH elution 

buffer (e.g., pH 2.5, 0.067 M phosphate buffer at 0.50 mL/min) to release the bound IgG 

while the elution profile for this released analyte was monitored. This type general step 

elution mode was used throughout this report. However, other ways to elute a bound target, 

such as through the addition of a competing agent that will displace the target from the 

column, could also have been employed for this purpose [2].

The final step for the scheme in Figure 1 was the regeneration of the immobilized binding 

agent and the microcolumn. After the IgG had eluted, the mobile phase was switched back 

to the pH 7.4, 0.067 M phosphate buffer that had been used for sample application. This 

buffer was passed through the microcolumn for 10 min at 0.50 mL/min to give essentially 

full regeneration and equilibration of the microcolumn prior to the injection of another IgG 

sample (see Section 3.2)

The frontal analysis studies with the protein G supports were carried out using rabbit IgG as 

the model analyte. The following series of events were used during these studies. First, the 

protein G microcolumn was equilibrated with the pH 7.4, 0.067 M phosphate buffer for 1 

min at 0.5 mL/min. The mobile phase was then switched to a solution that contained 0.05 

mg/mL of rabbit IgG and that was applied at 0.10 mL/min until a breakthrough curve with a 

level plateau was achieved (i.e., at approximately 30 min). The mobile phase was next 

switched to a pH 2.5, 0.067 M phosphate buffer to elute the bound rabbit IgG, with this 

buffer being passed through the microcolumn for 10 min at 0.5 mL/min. Finally, the 

microcolumn was regenerated and equilibrated for the next run by applying pH 7.4, 0.067 M 

phosphate buffer at 0.5 mL/min for 10 min. The central location of each breakthrough curve 

was determined by using a Savitzky-Golay first derivative algorithm for smoothing, 

followed by fitting of the first derivative to an exponentially-modified Gaussian curve. A 

correction for any non-specific binding of the IgG to the support was made by subtracting 

the breakthrough times of the control microcolumn from the breakthrough times obtained on 

the protein G microcolumn at the same flow rate and using the same concentration for the 

applied IgG [7,34].

3. Results and discussion

3.1. Initial characterization of protein G supports and microcolumns

The protein G supports that were made and used in this report were found through protein 

assays to contain 6.1 (± 0.4) mg protein G/g silica or 0.19 (± 0.01) μmol protein G/g silica. 

This gave these supports an average surface coverage of 0.24 (± 0.02) mg protein G/m2 

silica, or 0.01 (± 0.005) μmol protein G/m2 silica. These results agreed with those of a 

previous study in which protein G was immobilized to similar silica-based supports [26, 31].

Frontal analysis was used to estimate the binding capacity of the protein G supports 

[1,2,26,32]. Figure 2 shows some typical results that were obtained when using a 0.05 

mg/mL of rabbit IgG and that was applied at 0.10 mL/min. The protein G supports had an 

apparent binding capacity of 8.7 (± 1.0) mg of IgG/g silica under these conditions. This 
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corresponded to a binding capacity of 0.067 (± 0.020) mg IgG for a 2.1 mm i.d. × 5 mm 

protein G microcolumn. The specific activity of the immobilized protein G was found by 

calculating the ratio of the moles of bound IgG per mole of immobilized protein G. In this 

study, the specific activity for these microcolumns was around 31%. This result was in good 

agreement with previous studies that have reported specific activities of 30–47% for high 

capacity protein G supports based on porous silica [26].

Frontal analysis measurements can also be used to examine the stability of the protein G 

microcolumns and the effectiveness of the column regeneration conditions (e.g., as shown in 

Figure 1). This has previously been done by making repeated measurements of the binding 

capacity for rabbit IgG over the course of up to 50 application and elution cycles. In work 

using a similar protein G support to that employed in this current study, it was found that a 

variation in the binding capacity of less than one 1% (e.g., 0.3-0.9%) occurred from one 

application/elution cycle to the next during the course of these experiments [6].

3.2. Microcolumn regeneration

Further studies based on zonal elution were conducted to determine the minimum time that 

could be used for regeneration time of the protein G microcolumns. In these studies, 20 μL 

of 0.20 mg/mL labeled rabbit IgG (i.e., an amount less than 10% of the total binding 

capacity) was injected onto a protein G microcolumn at 0.50 mL/min in the presence of pH 

7.4, 0.067 M phosphate buffer. A pH 2.5, 0.067 M phosphate buffer was then passed through 

the microcolumn at 0.50 mL/min to elute the retained IgG, and the peak size for the retained 

and released amount of labeled IgG was determined. After this retained target had been 

completely eluted, the mobile phase was switched back to the pH 7.4 application buffer, and 

the microcolumn was regenerated for times ranging from 20 min down to 1 min at 0.50 

mL/min prior to sample injection. The amount of retained and released labeled IgG was then 

again measured during the elution step and compared to the peak that was obtained when 

using a regeneration time of 20 min. The process was then repeated.

The peak areas and amplitudes of the retained peaks that were measured during these 

experiments had relative standard deviations that ranged from ± 0.1 to ± 2%. It was found 

that the use of a regeneration times longer than 5 min did not pro<zduce any significant 

changes in the peak areas and peak amplitudes. In addition, only small changes in the 

retained peak areas and amplitudes (i.e., changes of less than 2%) were seen when 

comparing the results acquired at a regeneration of at least 5 min versus a 20 min 

regeneration time. Based on these results, a regeneration time of 10 min at 0.50 mL/min was 

selected for use in all later studies with the protein G microcolumns as a compromise 

between the regeneration time and peak reproducibility. However, the data from these 

experiments also indicated that shorter regeneration times can be used for such work in 

many cases.

3.3. Target elution and dissociation rates from protein G microcolumns

The elution and dissociation of IgG from the protein G microcolumns was next 

characterized by using the peak decay method. In this method, the following equation 
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describes the elution profile that will occur when a step change is made that suddenly allows 

a retained target to be released from a binding agent on a chromatographic support [22-24].

dmAe
dt =

k−1kdmA0
k−1 − kd

[exp( − kdt) − exp( − k−1t)] (1)

In eqn. (1), mAe represents the moles of the analyte or target that is eluting at time t, and 

mA0 represents the moles of analyte that were initially bound to the column. The reverse rate 

constant (k−1) describes the movement of analyte from the stagnant mobile phase to the 

flowing mobile phase in the column, and kd is the dissociation rate constant for release of 

the analyte or target from the immobilized binding agent [22-24]. Figure 3(a) shows some 

typical elution profiles that were generated for goat IgG when using a step change in pH to 

release this target from a protein G microcolumn. Similar elution profiles were obtained for 

the other types of IgG that were examined later in this report.

The relationship in eqn. (1) converts into the following expression if experimental conditions 

are present during the peak decay method that make dissociation of the target from the 

immobilized binding agent the rate-limiting step in release of the target from the column 

(i.e., kd < k−1) [22-24].

ln
dmAe

dt = ln(kdmA0
) − kdt (2)

Eqn. (2) indicates that a plot of the natural logarithm of the elution profile versus time in this 

situation should result in a linear response with a slope that is equal to −kd [22-24]. This 

value can then be easily used directly to find the dissociation rate constant, kd, for the 

interaction. Figure 3(b) shows some examples of these natural logarithm elution profiles and 

linear responses, as obtained for goat IgG on a protein G microcolumn. Similar plots were 

seen for the other types of IgG that were examined in this study.

According to eqn. (1), the flow rate can affect the apparent slope of a logarithmic elution 

profile if mobile phase mass transfer still plays some role in determining the net rate of 

target dissociation [24]. This effect is illustrated in Figure 4 by the fact that the slopes for 

such plots represented by their apparent dissociation constants) tended to increase slightly 

and level off at higher flow rates when goat IgG was eluted from a protein G microcolumn. 

A similar effect has been noted in use of the peak decay method with other systems [18]. 

Ideally, values obtained at high flow rates should be used in peak decay studies to avoid or 

minimize these flow rate effects [23,24]. However, work at lower or intermediate flow rates, 

as used in this study, is also useful in characterizing the elution behaviour of such a system 

under typical operating conditions [18]. Work under these latter conditions provides 

apparent dissociation rate constant values that reflect the net contribution of both the 

inherent rate of target dissociation and mass transfer effects [18,23,24].
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Plots like those obtained for rabbit IgG in Figure 4 were also acquired for goat, mouse and 

human IgG on protein G microcolumns by using the peak decay method over elution flow 

rates that ranged from 0.05 to 2 mL/min (see Figure 5). In each case, the slopes for the 

logarithmic decay profiles and their apparent dissociation rate constants showed a steady 

increase in value when going from low flow rates to moderate flow rates (i.e., 0.05-0.5 mL/

min), with the values then levelling off at higher flow rates (i.e., 1-2 mL/min). The results 

that were obtained over elution flow rates from 0.5 to 2.0 mL/min and at an elution pH of 

2.5 are summarized in Table 1. The precision of the apparent dissociation constants rates that 

were measured for the protein G microcolumns under these conditions ranged from ± 0.9 to 

± 6.5%. Although the overall dissociation rates for all the types of IgG that were examined 

showed a similar change with flow rate, the apparent dissociation rate constants differed that 

were obtained for these targets. In some cases, a difference in kd as large as 1.5-fold was 

obtained between IgG from two different species. For instance, the fastest rate of 

dissociation in Table 1 was obtained for mouse IgG, followed by human IgG and then rabbit 

and goat IgG.

It was possible to apply this approach based on peak decay analysis to determine how the 

apparent dissociation rate constants for each type of IgG changed with the pH of the elution 

buffer. Figure 6 summarizes the results that were obtained in going from an elution pH of 

2.5 to 3.0 and when using a flow rate of 0.50 mL/min for elution for all the tested types of 

IgG. All the IgG samples decreased in the value of their apparent dissociation rate constants 

when going from an elution pH of 2.5 to 3.0. For example, the kd for human IgG decreased 

by 3.1-fold in going from an elution pH of 2.5 to pH 3.0. The kd values that were obtained 

under these conditions are similar to those observed at pH 2.5 for the dissociation of small 

target compounds from HPIAC columns containing immobilized antibodies for these targets 

[4]. In addition the kd values shown for rabbit IgG at pH 2.5 to 3.0 agree with a general 

estimate of 10−1 s−1 that would be expected from prior kinetic studies that have been 

conducted between rabbit IgG and protein G at pH 7.0 and 25°C [35], the observed decrease 

in binding strength for this interaction that has been measured in going from pH 7 to pH 2.8 

[36].

4. Conclusions

The report examined the binding and elution of various types of IgG from protein G 

microcolumns. Frontal analysis was used to determine the binding capacity of these 

columns, while zonal elution was used to examine the regeneration of these columns. The 

peak decay method was then employed with this system to study the apparent dissociation 

rates for IgG from several species and as a function of elution flow rate or pH. The apparent 

dissociation rate constants obtained at low-to-moderate flow rates had values that were 

affected by both the inherent target dissociation rate and mass transfer effects. However, the 

use of higher flow rates gave conditions that helped to minimize mass transfer effects, thus 

providing more accurate estimates of the dissociation rate constants [18]. Although similar 

dissociation behavior was seen for the various types of IgG, there were differences in the 

apparent dissociation rates constants that were as large as 1.5-fold for IgG from two different 

species. It was also possible to use this approach to determine how the apparent dissociation 

rate constants changed with a different pH elution buffer. This is the first time that the 
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dissociation rates of protein G in these interactions have been examined under these elution 

conditions and with various types of IgG. These results should be useful in the future use 

and optimization of protein G columns for IgG analysis, capture and purification. These 

results also demonstrate how the peak decay method and approaches based on frontal 

analysis or zonal elution can be used together to study target–protein binding and 

dissociation for systems like IgG and protein G.
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Highlights

• Antibody binding and dissociation from protein G microcolumns were 

examined

• Frontal analysis was used to characterize the binding capacity of the 

microcolumns

• Zonal elution was utilized to optimize the microcolumn regeneration 

conditions

• The peak decay method was used to measure dissociation rates during elution

• Immunoglobulin G from several species were compared in the elution studies
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Figure 1. 
A typical chromatogram obtained for the application and elution of rabbit IgG from a 5 mm 

× 2.1 mm I.D. column containing immobilized protein G. Details on the experimental 

conditions and flow rates are described in the text.
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Figure 2. 
Typical frontal analysis curves obtained for the binding of rabbit IgG to a protein G 

microcolumn. These curves were obtained for a solution of 0.05 mg/mL rabbit IgG that was 

applied to 2.1 mm I.D. × 5 mm protein G microcolumn or control microcolumn at pH 7.4 

and 0.10 mL/min.
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Figure 3. 
(a) Elution profiles and (b) natural logarithm of the elution profiles obtained following the 

application of 20 μL of 0.05 or 0.20 mg/mL labeled goat IgG onto a 5 mm × 2.1 mm I.D. 

protein G microcolumn. These elution profiles were obtained using a pH 2.5 elution buffer 

that was passed through the microcolumn at 0.50 mL/min.
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Figure 4. 
Apparent dissociation rate constants measured by the peak decay method for rabbit IgG as a 

function of flow rate. These results were obtained using a 5 mm × 2.1 mm I.D. protein G 

microcolumn and a pH 2.5 elution buffer that was passed through the microcolumn at 0.05–

2.0 mL/min.

Anguizola et al. Page 16

Methods. Author manuscript; available in PMC 2019 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Apparent dissociation rate constants measured by the peak decay method for goat (●), 

human (♦) and mouse (■) IgG as a function of elution flow rate. These results were obtained 

using a 5 mm × 2.1 mm I.D. protein G microcolumn and a pH 2.5 elution buffer that was 

passed through the microcolumn at 0.05–2.0 mL/min. The results obtained for rabbit IgG 

were given in Figure 4. The error bars represent ± 1 standard error of the mean (n = 3).
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Figure 6. 
Apparent dissociation rate constants measured at 0.50 mL/min for various types of IgG on a 

protein G microcolumn when using an elution buffer with a pH of 2.5 (light bars) or 3.0 

(darker bars). The error bars represent ± 1 standard error of the mean (n = 3).
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Table 1.

Dissociation rate constants measured for various types of IgG with protein G at several flow rates
a

Type of IgG Flow rate and apparent dissociation rate constant, kd (s−1)

0.50 mL/min 1.0 mL/min 2.0 mL/min

Rabbit 0.125 (± 0.004) 0.220(± 0.002) 0.292 (± 0.005)

Goat 0.120 (± 0.002) 0.188(± 0.002) 0.291 (± 0.003)

Human 0.166 (± 0.001) 0.268(± 0.005) 0.374 (± 0.012)

Mouse 0.247 (± 0.003) 0.305(± 0.004) 0.452 (± 0.009)

a
The kd values were measured at pH 2.5 and room temperature. The values in parentheses represent ± 1 S.D.
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