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a b s t r a c t 

A deeper understanding of the nanoscale and mesoscale structure of chromatographic adsorbents and 

the distribution of proteins within the media, is critical to a mechanistic understanding of separation 

processes using these materials. Characterisation of the media’s architecture at this scale and protein 

adsorption within, is challenging using conventional techniques. In this study, we propose a novel resin 

characterisation technique that enables in-situ measurement of the structure of the adsorbed protein layer 

within the resin, under typical chromatographic conditions. A quartz flow-through cell was designed and 

fabricated for use with Small Angle Neutron Scattering (SANS), in order to measure the nanoscale to 

mesoscale structures of a silica based protein A chromatography resin during the monoclonal antibody 

sorption process. We were able to examine the pore-to-pore ( ̃133 nm) and pore size ( ̃63 nm) corre- 

lations of the resin and the in-plane adsorbed antibody molecules ( ̃ 4.2 nm) correlation at different 

protein loadings and washing buffers, in real time using a contrast matching approach. When 0.03 M 

sodium phosphate with 1 M urea and 10 % isopropanol buffer, pH 8, was introduced into the system as 

a wash buffer, it disrupted the system’s order by causing partial unfolding of the adsorbed antibody, as 

evidenced by a loss of the in-plane protein correlation. This method offers new ways to investigate the 

nanoscale structure and ligand immobilisation within chromatography resins; and perhaps most impor- 

tantly understand the in-situ behaviour of adsorbed proteins within the media under different mobile 

phase conditions within a sample environment replicating that of a chromatography column. 

© 2020 Elsevier B.V. All rights reserved. 

1

 

p  

t  

c  

i  

p  

s  

w  

p  

c  

t  

a  

c  

t  

f  

t  

p  

S  

t  

l  

h

0

. Introduction 

In commercial separations for therapeutic proteins, binding ca-

acity is a critical factor. An example of such a process is pro-

ein A-based affinity chromatography, which is the crucial purifi-

ation stage for monoclonal antibodies. Maximised binding capac-

ty leads to improved productivity, which in turn leads to better

rocess intensification (PI). Although PI is ultimately the goal for

everal scale-up procedures, product stability and quality must al-

ays be maintained. It is widely accepted that low pH in such

rocesses leads to increased aggregation propensity [1–3] . This in-
∗ Corresponding author. 

E-mail address: d.bracewell@ucl.ac.uk (D.G. Bracewell). 
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rease in aggregation is likely to contribute to the enhanced in-

eraction with Fcg Receptors observed by Lopez et al. [4] . They

lso highlight that IgG purification methods can alter the Fcg Re-

eptors binding behaviour and biological activity significantly, and

hat the purification approach selected might be a contributing

actor to the pure reproducibility across current assays employed

o evaluate Fc-mediated antibody effector functions [4] . However,

H is not the only parameter that can affect aggregation levels.

tructural stability of the eluted IgG can be jeopardized by pro-

ein A, making at least a subpopulation of eluted Immunoglobu-

in G (IgG) more prone to aggregation. This can be attributed to

he protein A destabilising effect (conformational relaxation) on

he upper portion of IgG’s second constant domain [ 5 , 6 ], in ad-

ition to the denaturing effects of low pH. Gagnon et al. have

emonstrated that during the protein A chromatographic elution

https://doi.org/10.1016/j.chroma.2019.460842
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2019.460842&domain=pdf
mailto:d.bracewell@ucl.ac.uk
https://doi.org/10.1016/j.chroma.2019.460842


2 M. Papachristodoulou, J. Doutch and H.S.B. Leung et al. / Journal of Chromatography A 1617 (2020) 460842 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

s  

m  

d  

h  

n  

[

 

i  

b  

fl  

t  

n  

d  

g  

S  

c  

S  

c  

t  

p  

o  

p  

T  

t  

w  

p  

s  

t  

t  

w

 

t  

t  

f  

c  

fl  

c  

(

2

2

 

t  

f  

d  

I  

w  

p  

a  

p  

%  

a  

A

(  

m  

S

2

 

(  

G  
step. Size and conformation of the IgG1 (150 kDa) undergo signif-

icant changes due to protein A mediated (42 kDa) denaturation,

pH, ionic strength and high IgG concentrations [ 7 , 8 ]. It is suggested

that the decrease in hydrodynamic radius of the IgG1 molecules

in solution arises predominantly from the propensity of IgG to

adopt smaller conformations at higher concentrations, low pH and

ionic strength. However, when binding to protein A, an increase in

IgG size accompanied the loss of secondary structure. This change

was attributed to the excess α-helices, extending the hydrody-

namic axis of the protein. The high degree of changes in the sec-

ondary structure appeared to result from the dual-site interaction

between both IgG heavy chains and distinct protein A molecules

(one IgG is bound to two protein A molecules) [8] . Other studies

from Shukla et al. and Mazzer et al. also support that adsorption /

binding to the protein A resin has a destabilizing effect on the an-

tibody molecules and promotes the formation of aggregation-prone

species. They quantified the increase in aggregation rate follow-

ing low pH elution from a protein A column, which was signifi-

cantly higher when compared to the aggregation rates arising from

low pH alone [ 9 , 10 ]. Kulsing also experimented using lysozyme

adsorbed to a chromatography column at different temperatures.

Conformational changes upon elution where measured ex-situ us-

ing Small Angle X-ray Scattering (SAXS) which was connected to

the column’s outlet and showed that the protein was larger at

higher concentrations. These conformational changes were also at-

tributed to the ‘on-column residency effects rather than just de-

tecting a temperature-induced shift’ [11] . 

The architecture of the media impacts desorption, adsorption,

stability, retention and transport rates of the protein during the

chromatographic process [12] . It is thus vital to not only charac-

terise the architecture of the media, but also to understand its ef-

fect on protein behaviour within the material itself. However, this

has proven to be challenging to characterise following traditional

approaches. Imaging techniques, such as optical microscopy that

can be used to visualise the macro and microstructure of these

materials, lack the resolution required to reveal structural infor-

mation. Methods with the required nanoscale resolution, such as

atomic force microscopy and electron microscopy, often demand

tailored sample preparation, for instance drying, and thus the out-

put may not reflect the in situ conditions. Techniques like in-

verse size-exclusion chromatography (ISEC) that can measure sur-

face area and pore distribution at these length scales do not pro-

vide information on the material’s architecture [12] . Heigl et al.

used MIR/NIR imaging to monitor the stationary phase composi-

tions down to the low micrometer range of a polymer material. By

using only one measurement, was able to determine the physic-

ochemical characteristics about the chemical composition and the

pore volume/area distributions [13] . However, there is still an op-

portunity for new characterisation techniques that not only mea-

sure the intrinsic structure of the media, but also the nanoscale

distribution of the protein under the same conditions found dur-

ing the chromatographic separation process. Therefore, novel tech-

niques that can reveal the media’s nanoscale structure, and the

spatial distribution of the protein within the media, are needed,

which will eventually benefit the design of new media as well as

improve the modelling of existing ones [12] . The work presented

here aims to help address these issues. 

Neutron and x-ray scattering techniques are powerful, non-

destructive probes for studying the structure and dynamics of ma-

terials on the nano to micron scale and from picoseconds upwards.

Neutrons are particularly useful for hydrogenous/soft materials un-

der processing conditions due to their high sensitivity to light el-

ements, and hydrogen in particular, and to their high penetrating

power allowing them to probe samples contained within a com-

plex experimental apparatus, such as pressure cells and tempera-

ture regulators [14] . For example Mazzer et al. recently used Neu-
ron Reflectivity to characterise the structure and orientation of ad-

orbed IgG on a model surface designed to mimic the affinity chro-

atography surface [ 10 , 12 ]. Moreover, neutron scattering power

iffers significantly between isotopes, allowing the judicial use of

ydrogen/deuterium isotopic substitution to highlight one compo-

ent in the presence of several others which are rendered invisible

15] . 

In the present work, we used Small Angle Neutron Scatter-

ng (SANS) to measure protein adsorption and the resulting resin

ound protein structuring on the chromatographic media in a

ow-through cell. Even though this technique is widely used by

he scientific community, to the best of our knowledge, there are

o previous studies on protein adsorption in chromatographic me-

ia using a flow through cell with SANS to study the chromato-

raphic process. Pozzo used SANS to probe the conformation of

DS-BSA protein surfactant complexes during electrophoresis in

ross-linked polyacrylamide gels [16] . This work demonstrated that

ANS has the unique potential to probe nanoscale structures on

omplex systems that contain multiple components and that this

echnique is useful in understanding complex phenomena, such as

olyelectrolyte electrophoretic migration in hydrogels[16]. In an-

ther study by Plewka et al., a flow cell was used during SAXS ex-

eriments when studying IgG adsorption on MabSelect Sure resin.

he authors state that ‘It was, therefore, possible for the first time

o directly correlate the nanostructure changes inside the column,

hich is otherwise a black box, with the adsorption and elution

rocess’ [17] . As described by Koshari et al., SANS is very well

uited for this application as it can resolve spatial features from

he micrometre to the nanometre length scale. It can also charac-

erise the static, as well as the dynamic aspects of the structure,

ithout being disruptive to the sample [ 12 , 18 ]. 

Here, we aim to establish SANS as a feasible characterisation

echnique to study protein adsorption in chromatographic media at

he nanoscale to mesoscale. We also wish for the first time to per-

orm these experiments under real-time affinity chromatography

onditions using SANS. For this purpose, a custom-made quartz

ow-through cell was built mimicking the affinity chromatography

olumns, and the IgG1 was adsorbed onto Prosep Ultra Plus resin

 Fig. 1 ). 

. Materials and methods 

.1. Materials 

For protein A chromatography, a silica-based resin (Prosep Ul-

ra Plus, Millipore, Hertfordshire, UK) was used. The model protein

or this study was IgG1, protein A purified humanised IgG1 pro-

uced in CHO cell culture, as described in El-Sabbahy et al. [19] .

t was dialysed into a running buffer (sodium phosphate, pH 7.2)

ith a final concentration of 1 mg/mL. For contrast matching ex-

eriments, the bare silica beads (Prosep Ultra Plus without the lig-

nd) were kindly donated by Millipore. All buffer materials, sodium

hosphate monobasic, sodium chloride, deuterium oxide at 99.8

 atom D, sodium caprylate, urea, isopropanol, hydrochloric acid

nd sodium hydroxide were purchased from Sigma-Aldrich. Slide-

-Lyzer® 10K Dialysis Cassettes with molecular weight cut-off

MWCO) of 10 0 0 0 and Spectrum Spectra/Por® molecular porous

embrane tubing of 12 to 140 0 0 MWCO were from ThermoFisher

cientific. 

.2. Equipment 

SANS measurements at the NIST Center for Neutron Research

NCNR), National Institute of Standards and Technology (NIST),

aithersburg, MD, USA, were performed on a 30-m-long Small
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Fig. 1. Custom-made quartz flow through cell diagram. Custom-made quartz flow 

through cell made by the Sample Environment team at ISIS, RAL. Inlet and out- 

let are situated at the top and bottom of the cell respectively. The 1 mL chamber 

(50 mm x 8 mm x 1 mm) in the middle of the cell is packed with resin. The neu- 

tron beam is fired perpendicularly to the cell. Neutrons penetrate it and are scat- 

tered to the detector. Measurements were performed at the top position of the cell, 

where the antibody concentration is the most accurate, since the antibody concen- 

tration differs across the column. This column is built to closely resemble the real 

life chromatographic columns. 
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a  
ngle Neutron Scattering (SANS) instrument, NGB30. SANS ex-

eriments at ISIS Neutron and Muon Source, Science and Tech-

ology Facilities Council (STFC), Rutherford Appleton Laboratory

RAL), Didcot, UK were performed using the SANS2d instrument.

canning electron microscopy was conducted using a JSM-6480LV,

canning electron microscope with a high resolution of 3.0 nm at

niversity College London, UK. 

.3. Methods 

.3.1. Sample preparation for SANS experiments 

IgG1 was prepared by overnight dialysis into 60.5 % D 2 O (the

esin contrast match point was found in preliminary studies,

s discussed in 2.3.3) based 0.03 mol/L (M) sodium phosphate

uffer, pH 7.2 using Slide-A-Lyzer® 10K Dialysis Cassettes of 10 0 0 0

WCO and Spectrum Spectra/Por® molecular porous membrane

ubing of 12 to 140 0 0 MWCO (ThermoFisher Scientific). The result-

ng solutions were diluted to a concentration of 1 mg/mL IgG1. The

nal concentration was determined by measuring the absorbance

t 280 nm with a NanoDrop Spectrophotometer using Beer’s law

nd an extinction coefficient of ε 0 . 1 % 
280 nm 

= 1 . 4 (experimentally de-

ermined by ThermoScientific, USA). Before injection into the flow-

hrough cell, IgG1 was filtered through a 0.45 μm membrane. 

For the static experiments, the resin, initially in the company’s

Millipore) solution, had undergone buffer exchange (60.5 % D 2 O-

ased 0.03 M sodium phosphate buffer, pH 7.2) in batches of

0 mL. This was achieved by firstly centrifuging the resin for 2 min.

he excess liquid at the top was removed, and the tube was topped

p to 10 mL with 0.03 M sodium phosphate buffer. It was then in-

ubated on a roller for 10 min. The process was repeated three
imes. After the final centrifuge round the tube was topped up to

 mL, ready to be used for the column packing. 

For the static bead characterisation studies, 0.9 g of bare silica

eads, already in dry powder form, was dissolved in a 100 % D 2 O-

ased 0.03 M sodium phosphate buffer, pH 7.2. The beads were

acked in a demountable quartz window sample cell with a path

ength (thickness) of 1 mm. 

.3.2. Flow through cell packing 

Firstly, the bottom filter, the outlet fittings and tubing of the

olumn were fitted. The column was filled with 20% ethanol solu-

ion from the top, to remove all air. The diluted resin was gradu-

lly added into the column using a syringe until it was full and left

vernight for the resin to settle using gravitational force. If needed,

ore resin was added to fill any empty gaps. Once full, the top fil-

er and tubing of the column were fitted. Finally, the column was

ashed with either 20 % ethanol or distilled water at a low flow

ate (0.01 mL/min) overnight to remove any air bubbles. The ex-

erimental buffer solution (0.03 M sodium phosphate buffer, pH

.2) was pumped into the column prior to Small Angle Scattering

easurements. 

.3.3. Small-angle neutron scattering experiments 

Hydrogen isotopes play an essential role in neutron scattering

hen studying biological materials. Neutrons interact very differ-

ntly in the presence of 1 H (protium) than when in the presence of
 H (deuterium). This property is known as scattering length, with
˚
 units. Protium has a negative scattering length ( −3.74 × 10 −5 Å)

hereas deuterium, on the other hand, has a very large scatter-

ng length (6.67 × 10 −5 Å) [20] . When characterising large struc-

ures or bulk materials like proteins, their scattering length density

SLD) is calculated by adding up the molecules’ scattering lengths

nd then dividing by the total volume. Meaning that the scattering

ength density of H 2 O is negative ( −0.56 × 10 −6 Å 

−2 ) and that of

 2 O is positive (6.35 × 10 −6 Å 

−2 ) [21] . By mixing D 2 O and H 2 O,

he SLD can be manipulated. 

The fact that hydrogen is in high abundance in nature makes it

asy to exploit this contrast creating property, by either suspend-

ng the sample in a D 2 O-based mobile phase or by isotopically la-

elling the material of interest. These methods can create a high

ontrast between the suspension medium and the sample, or even

etween different subunits of a molecule [22] .The components of

he system are matched out based on the mixing of H 2 O and D 2 O.

eutron scattering only occurs if the SLD of the particles differs

rom its bulk solution. Therefore, matching one system component

ut, enables researchers to work out the distribution of another. 

In the present study, we wished to render the resin invisible

remove all resin scattering) by matching its SLD to that of the so-

ution. By removing the resin scattering, the scattering from the

esin bound protein was revealed. The contrast matching point of

he bare silica beads (the base matrix) was reported being 60.5%

 2 O by Dr Mazzer [23] . The experiment however, was repeated to

onfirm the data. The beads were suspended in different H 2 O/D 2 O

atios and it was confirmed that the contrast matching point of

his silica matrix was indeed at 60.5% D 2 O. Any further experi-

ents were therefore carried out under contrast matching condi-

ions. Agarose and cellulose based resins, are also of a great inter-

st, since are the most common resins used in affinity chromatog-

aphy separation processes. However, their characterisation using

he contrast matching approach has been proven challenging due

o the fact that agarose and cellulose based matrices have very

imilar contrast matching points to the protein molecules (38%

 2 O), thus rendering both the resin and the protein of interest in-

isible. 

In summary, Small-Angle Neutron Scattering arises from vari-

tions in the scattering length density, which generally reflects
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structural heterogeneities in the sample. The intensity of scattered

neutrons is recorded as a function of the angle, θ , from the inci-

dent beam at any given wavelength, λ. These counts are recorded

as a function of Q, the scattering vector, also known as the mo-

mentum transfer vector, which is defined as: 

Q = 4 π/ λ ∗ sin θ/ 2 (1)

where λ is the neutron wavelength. Q thus has units of inverse

length (usually Å 

-1 ) and the data collected as a function of Q , I( Q ),

is said to be in reciprocal space [18] . This measured intensity pro-

vides insights about the structure of the sample. Q and the length

scale being probed, L, are directly related by Bragg’s law [18] , 

L = 2 π/Q (2)

Therefore, the real-space structures in the sample are inversely

related to the features observed in the SANS profile. 

At the NCNR each sample was measured with a fixed wave-

length of 6 Å, using a 2 × 1 cm beam size, at three diffractometer

settings, a high Q −1 m sample to detector distance (SDD), an in-

termediate Q −4 m SDD, and a low Q −13 m SDD. In some cases,

an extra setting, using an 8.4 Å wavelength and a 13 m SDD with

lenses, was used to reach very low Q. The resulting maximum scat-

tering range was 0.001 Å 

−1 < Q < 0.4 Å 

−1 with a wavelength

spread, �λ/ λ, of 0.15. At ISIS, a 10 Hz pulsed neutron source, a

time-of-flight Small Angle Neutron Scattering instrument was used

with a beam size of 6 mm in diameter, utilising a 2 Å to 14 Å

wavelength band. The sample-detector distance was also varied

from 2 m to 12 m to achieve a total scattering range of 0.004

Å 

−1 < Q < 1.77 Å 

−1 . All experiments were performed at room tem-

perature. 

The column was placed on the sample stage and connected to

an Aladdin syringe pump (NCNR) or a Knauer HPLC pump (ISIS),

with valved tubing to avoid any air contamination during the

buffer changes and IgG loading. The antibody solution was gradu-

ally added into the system at a flow rate of 1 mL/min until the de-

sired concentration was reached (10 mg, 30 mg, 50 mg). The anti-

body was incubated for 10 min and then washed by flowing buffer

through it to remove any unbound molecules. The beam was di-

rected towards the top area of the column to get a representative

understanding of protein adsorption behaviour within particulate

resin. For each concentration, measurements were taken under two

different washing buffer conditions, 0.03 M sodium phosphate, pH

7.2 and 0.03 M sodium phosphate with 1 M urea and 10 % of the

total volume isopropanol, pH 8, resulting in 2 data sets for each

concentration yielding a total of 6 data sets. 

2.3.4. Data reduction 

To obtain the corrected and radially averaged SANS scattering

spectra for the NIST data, Igor Pro was used with the NCNR pro-

vide macros [24] , and standard data reduction procedures were fol-

lowed, whereas, for the ISIS data reduction, the reduction program,

Mantid was employed [25] . In this case, the contrast matched resin

in buffer SANS profile was used to subtract the background from

the experimental data sets. Igor Pro was then used to obtain the

averaged SANS spectra plots. ISIS raw data will be publicly avail-

able to download upon request in 2021 using the experiment’s

DOI, 10.5286/ISIS.E.95670476 [26] . 

2.3.5. Modelling 

A broad peak model was selected to fit the collected data using

the SasView modelling software [27] . In this model the broad scat-

tering peak from SANS data is represented by an empirical func-

tional form calculated by [28] : 

I ( Q ) = A / Q 

n + C / ( | Q − Q 0 | ξ ) 
m + B (3)

where A and C are scaling factors, n is the Porod law exponent, m

and ξ are the Lorentz exponent and screening length respectively
nd the peak position, Q 0, is related to the d-spacing in the sys-

em as given in Eq. (3 ). This basic model was used to translate the

bserved scattering peaks into real correlation lengths. 

.3.6. SEM 

Bare silica beads (no ligand) were investigated using an SEM to

isualise the inner structure of the resin. Beads were in a pow-

er form already, thus eliminating the need for prior drying. The

eads were placed on aluminium slabs and were sputter-coated

ith a gold layer. For the visualisation, multiple magnifications

ere used, from x250 to x10 0,0 0 0, which corresponds to length

cales of 100 μm to 0.1 μm. SEM images were analysed by the

mageJ software [29] to obtain the average pore size as well as the

verage pore-to-pore correlation distance. 

. Results and discussion 

.1. Characterisation of bare silica beads 

To obtain an internal structure overview of the bare silica beads

Prosep Ultra Plus resin beads before protein A coating) and char-

cterise their pore size distribution, an SEM was utilised. The same

eads were also examined via SANS, allowing for in situ struc-

ural characterisation of the chromatography resin. Since scatter-

ng measurements are performed in Fourier, or reciprocal, space

 [30] whereas microscopy techniques are performed in real space

real world coordinates), the SEM images underwent Fourier Trans-

ormation (FT) in order to be able to compare the scattering and

EM data in the same reciprocal space. The FT-SEM image and

he SANS profile exhibited a notable similarity, as expected. It was

oted that both contained one broad peak at low scattering vec-

or (Q) Å 

−1 and one less distinct peak at mid Q. The two features

re likely to be broad peaks related to the resin’s pore-to-pore cor-

elation distance, first peak, and the pore size correlation, second

eak ( Fig. 2 ). The fact that the peak is broad indicates that there is

 range of pore sizes in the resin. The manufacturing specification

tates an average pore size of 70 nm (Millipore, 2014). The silica

verage pore size obtained from SANS was approximately 63 nm

nd 66 nm from the FT-SEM. 

.2. Structural characterisation of resin-bound protein 

Prosep Ultra Plus specifications state that the dynamic binding

apacity of the resin is ≈50 mg/mL and this value was confirmed

y performing a resin breakthrough experiment on an AKTA prior

o the SANS experiments (data not shown as this is beyond the

cope of this paper). Note that in some cases the resin was loaded

eyond its binding capacity (e.g. 69 mg/mL and beyond) in order

o ensure resin saturation of the protein A binding sites inside the

olumn during the SANS experiment. 

Under contrast matching conditions, any observed scattering

as solely due to the protein molecules in the system. However,

here were two types of protein in the system, protein A ligand

nd IgG molecules. With the contrast matching approach, the resin

ould not be perfectly matched out due to the presence of bound

rotein A on the resin surface. Yet, the fact that the protein A dis-

ribution on the resin surface in-situ can be seen once the resin

eads are matched out, is by itself novel and should be high-

ighted. This method opens the door to new ways of investigating

igands attached on affinity chromatography resins in-situ and con-

equently to their improvement. 

Before injecting IgG into the column ( Fig. 4 - Blue line), any

easured scattering was due to the protein A ligand attached to

he silica beads’ surface. The scattering profile contained one broad

eak, visible at a low Q (0.0047 Å 

−1 ), which correlates to a spacing
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Fig. 2. Comparison between the SANS and FT data. A. Shows the SANS measure- 

ments of the bare silica beads at 100 % D2O buffer com position (top blue line) and 

Fourier Transform from the SEM image of the dry bare silica beads (bottom red 

line). The circles indicate the peak locations. B. Shows the SEM image of the dry 

bare silica beads at an x10 0,0 0 0 magnification. The pore-to-pore correlation (pore 

centre-to- pore centre distance) is also shown along with the pore size. Error bars 

have been removed for clarity but are commensurate with the scatter in the data. 

(For interpretation of the references to color in this figure legend, the reader is re- 

ferred to the web version of this article.) 
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Fig. 4. Low Q data and corresponding SEM features. The experimental data gath- 

ered from the low Q regime. The blue line represents the system with no IgG 

present, displaying only one peak at 0.0048 Å. The purple line shows the data af- 

ter the addition of 69 mg of IgG into the system, which gives rise to two peaks at 

0.0047 Å and 0.01 Å (133 nm and 63 nm in real space respectively). The SEM im- 

age on top of the data shows the pore size and pore to pore correlation respectively 

which give rise to the scattering peaks. 
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f 133 nm, reminiscent of the pore-to-pore correlation distance,

uggesting protein A decoration of the resin surface, as expected. 

After loading the column (up to 69 mg/mL IgG: Fig. 4 – pur-

le line), there were two peaks visible in the lower Q range data

0.001–0.5 Å 

−1 ). The first peak that corresponded to the pore to

ore correlation of the silica beads, 133 nm (0.0047 Å 

−1 ), and a

econd peak centred at 0.01 Å 

−1 , which translates to D = 63 nm.

he second peak is attributed to the pore size observed in the resin

ata. These findings correspond well to the SEM images of the bare

ilica beads obtained previously ( Fig. 2 ). 

Measuring the system at the higher Q range (0.005–1.2 Å 

−1 ),

nabling the examination of smaller length scales approaching the

gG molecular size, allowed us to observe the interactions between

he individual IgG molecules and the resin surface. Fig. 5 shows
ig. 3. Length scales involved in the affinity chromatography. Length scales involved in 

. Close-up of the silica bead surface showing the pores of an average size of 70 nm, C

olecules with an average of 4.2 nm distance between them, D. Average distance betwee
he measurements taken after the addition of 30 mg IgG into the

ystem. An additional peak was observed at an even higher Q of

.1 Å 

−1 corresponding to a repeat distance of 4.2 nm. Our interpre-

ation is that this feature was IgG related, since it only appeared

fter the addition of IgG molecules in the column and the resin

nd water are matched, meaning the scattering is only sensitive

o protein structure. Based on the size of the IgG molecule, and

revious reflectivity data [10] which suggested the densest bound

rotein region was close to the resin/water interface, we deduced

hat this peak corresponds to the repeat distance between IgG

olecules bound onto the protein A surface. 

.3. Protein A––IgG binding 

Protein A binding takes place at the Fc region of the IgG, be-

ween the CH2 and CH3 domains. Native Staphylococcus aureus
the affinity chromatography. A. SEM of an individual silica bead with size 60 μm, 

. Single silica bead pore coated with protein A (orange circles) and adsorbed IgG 

n Fc regions of the IgG molecules. Figure not to scale. 
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Fig. 5. High Q data and corresponding features. The experimental data gathered 

from the high Q regime taken after the addition of 50 mg of IgG into the cell. 

At 0.1 Å (4.2 nm) an additional peak is visible. At the top, is an IgG molecule 

schematic, showing what the 4.2 nm corresponds to, an in-plane repeat distance 

of IgG bound onto the resin surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

o  

g  

d  

t  

s  

m  

w  

t  

a  

t  

p  

o  

F  

f  

F  

p

3

c

 

o  

t  

t  

s  

t  

A  

m  

I  

w  

A  

c  

c  

s  

b  

s  

h  

l  

5

3

 

p  

p  

b  

r  

p  

t  

o  

t  

m  

i  

h  

s  

p  

i  

d  

r  

e  

t  

w  

p  

4  

f  
protein A is a tetramer that, when stretched, has an approximate

length of 10 nm, and a single domain length of ~3 nm (Protein

Data Bank:1BDD [31] ). Mazzer et al. and Silva et al. suggested the

binding is usually at a 2:1 ratio [ 10 , 32 ] when used as an affinity

chromatography ligand, whereas Plewka et al. [17] estimated that

antibodies bind to protein A molecules at a 1.2:1 ratio. They both

agree however that the IgG molecules are bound to the protein A

ligand at a tilted orientation near the resin surface [ 10 , 17 ]. Since

the Fc regions of the IgG molecules are adsorbed onto protein A

and stacked next to each other, they can be thought of as having

little flexibility, thus making a dense protein layer. The Fab regions

extended away from the surface, however, retaining extensive flex-

ibility and making them a much less dense layer, with less order

(no repeated distances). The system layers are described in more

detail by Mazzer et al. [10] who used neutron reflectivity where

such data can be obtained using an idealised environment, with

protein A ligands immobilised on silicon wafers instead of on na-

tive chromatography resins. In summary, they propose that during

adsorption of the IgG, there are two distinct layers, an inner pro-

tein and an outer protein layer with volume fractions of 0.4 and

0.05 respectively. The inner layer consists of a densely packed Fc

domains, whereas the outer layer contains the Fab arms extend-

ing outwards, forming a more sparse protein layer [10] . Based on

crystallographic and SAXS data of IgG molecules, a maximum dis-

tance of 15 nm, a Fab distance of 7 nm and an Fc region distance
f roughly 5 nm [ 33 , 34 ] is assumed, our SANS findings also sug-

est a very closely packed layer near the surface, since the average

istance between the molecules is 4.2 nm. For the IgGs to arrange

hemselves in such close proximity, the IgG molecules should be

tack side by side at a 90 degree rotation, with their Fab do-

ains extending outwards. It should be noted however, that this

as a broad peak and around four orders of magnitude less than

he other two peaks at the lower Q. This suggests that there is

 loose correlation between antibody molecules and that the dis-

ances could vary significantly. Deisenhofen also used crystallogra-

hy at a resolution of 2.9 Å and 2.8 Å to measure the B domain

f the protein A, the Fc-binding domain, in complex with the IgG

c fragment. They recorded an increased C H 2 disorder when the Fc

ragment was bound to the protein A compared to the unbound

c fragment, which suggests a potential Fc destabilization during

rotein A adsorption [5] . 

.4. Characterisation of the solid/liquid interface under typical 

hromatographic conditions 

SANS measurements performed at the high Q range, focusing

n the IgG molecular scale, were taken at several IgG concentra-

ions (10 mg/mL, 30 mg/mL and 50 mg/mL) adsorbed to the pro-

ein A resin under normal chromatographic conditions (0.03 M

odium phosphate, pH 7.2). As seen in Fig. 6 , all three concen-

rations showed an IgG correlation peak at the high Q ( ≈0.1 Å).

s indicated previously, the D spacing of this peak was approxi-

ately 4.2 nm and represents the in-plane distance between the

gG molecules at the most densely packed protein layer. The peak

as fit to a Broad peak model, as discussed in the methods section.

ntibody adsorption into the protein A resins follows a shrinking

ore behaviour [35] meaning that as the antibody concentration in-

reases, the IgG molecules start to progressively occupy the resin

urface from the outside and moving towards the centre of the

ead. At higher concentrations, IgG molecules occupy any empty

paces left. However, as the concentration increases, IgG molecules

ave poor stability and a tendency to form aggregates and thus the

ayer becomes less ordered, which could address the fact that the

0 mg/mL peak is slightly broader than the previous one [36] . 

.5. Urea buffer effect on the solid/liquid interface 

In the final study, the buffer was changed to 0.03 M sodium

hosphate plus 1 M of urea and 10 % of the total volume iso-

ropanol based buffer, pH 8, to mimic what can be used as a wash

uffer in order to remove non-specifically bound impurities de-

ived from the clarified cell culture supernatant. As a result, the

eak located at the high Q region that previously corresponded to

he protein clusters correlation peak, was no longer visible in any

f the three concentrations ( Fig. 7 ). At first, it could be assumed

hat the urea buffer disrupted the protein A - IgG binding and re-

oved the IgG molecules from the system altogether. When exam-

ning the system at the lower Q range under the same conditions,

owever, both pore-to-pore and pore-size correlation peaks were

till present ( Fig. 8 ), which meant that the IgG molecules were still

resent, decorating the resin surface. These findings disprove our

nitial hypothesis. Instead, the absence of a visible protein peak in-

icates the buffer had disrupted the order of the system (no strong

epeat distances) suggesting the urea buffer has had a destabilising

ffect on the protein clusters, causing partial unfolding of the an-

ibody molecules. This has been observed in other related systems

here harsher buffers caused partial unfolding and loss of native

rotein structure [ 37 , 38 ]. Urea at high concentrations, for example,

 M, acts as a chaotrope and is known to have a destabilising ef-

ect on proteins via both direct and indirect mechanisms [39] . As
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Fig. 6. High Q measurements at 10 mg/mL, 30 mg/mL and 50 mg/mL of IgG under normal chromatographic conditions. SANS measurements (at the high Q) were taken at 

increasing concentrations of IgG (10 mg/mL, 30 mg/mL and 50 mg/mL) into the system under normal chromatographic conditions, 0.03 M sodium phosphate, pH 7.2. 

Fig. 7. High Q measurements at 10 mg/mL, 30 mg/mL and 50 mg/mL of IgG under different washing buffer conditions. SANS measurements (at the high Q) were taken at 

increasing concentrations of IgG (10 mg/mL, 30 mg/mL and 50 mg/mL) into the system in two different washing buffers, 0.03 M sodium phosphate pH 7.2 and 1M urea and 

10% of the total volume isopropanol in sodium phosphate, pH 8. 
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iscussed by Bennion et al., urea interacts directly with the pep-

ide groups present in the protein and forms hydrogen bonds [39] .

owever, at low concentrations such as the 1 M used in this study,

rea is often used as an additive in the washing buffer to remove

ny non-specifically bound impurities without, it is assumed, dis-

urbing the protein A – IgG attachment. Furthermore, isopropanol

s an organic solvent that mitigates solvophobic interactions. Dur-

ng a study by Shukla et al., they found that adding a combination

f 1 M urea and 10 % of the total volume isopropanol to the wash-

ng buffer, successfully removed a significant percentage of the im-
urities present. They showed that this was true for several Fc fu-

ion proteins and monoclonal antibodies. This widely applicable

ash condition can eradicate the need for a product-specific op-

imisation of wash conditions [40] . Here we show that this buffer

ystem is disordering the bound antibody structure, this could be

he basis for the desorption of antibody bound host cell protein

mpurities described by [40] . It also raises questions about anti-

ody stability during such wash conditions, however following elu-

ion recovery of antibody’s conformational state as seen in [11] al-

eit for a different system is expected. 
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Fig. 8. Low Q data when urea is added in the washing buffer. SANS measurements (at the lower Q) of adsorbed antibody molecules in 0.03 M sodium phosphate plus 1 M 

urea and 10% of the total volume isopropanol, pH 8. 
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4. Conclusions 

Small Angle Neutron Scattering was performed with a custom-

made flow-through cell designed to replicate typical protein A

affinity chromatography conditions. All initial experiments were

performed under typical chromatographic conditions with 0.03

M sodium phosphate, pH 7.2, as the washing buffer. Under off-

contrast matching conditions (100 % D 2 O), the bare silica beads

appear to give two distinct correlation peaks arising from pore-to-

pore and pore size correlations respectively. The contrast match-

ing point of silica was measured to be 60.5 % D 2 O, at which it

renders the Prosep Ultra Plus resin beads invisible to neutrons

and enables the investigation of only the protein molecules in the

system, protein A and antibody molecules. All subsequent experi-

ments were performed under these contrast matching conditions.

Protein A had a very weak scattering signal and therefore, any ob-

served excess scattering was attributed to the antibody molecules.

Once the antibody molecules were added into the column, two

correlation peaks appeared at the lower Q range (pore-to-pore and

pore size), just as in the bare silica case, indicating that the an-

tibodies adsorbed to the surface of the resin. A third peak was

also detectable at the high Q range arising from the in-plane dis-

tance between the IgG clusters and was concentration-dependent

indicating increased ordering accompanying the increased packing

from the increased loading. The system was finally examined un-

der a different washing buffer, 0.03 M sodium phosphate with 1

M urea and 10 % of the total volume isopropanol at pH 8 which

caused the disappearance of the high Q peak. This suggested that

the urea disrupted the system’s order by causing partial unfolding

of the adsorbed antibody molecules, thereby causing a loss of order

on the surface. However, the molecules were still decorating the

resin’s surface, so the pore-to-pore and pore size correlation peaks

remained visible indicating the protein remained bound. In sum-

mary, the washing procedure seems to cause a disruption to these

tightly packed proteins which could be a contributing factor to

some of the increase in aggregation observed after passing through

a column. The technique provides a unique way to investigate

the nanoscale structure of chromatography resin and behaviour of

the adsorbed protein within the media under different conditions.

These findings will be beneficial when designing new chromato-
raphic media, as well as improving upon the modelling of existing

nes. 
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