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e Department of Chemistry, University of Beira Interior, R. Marquês d’Ávila e Bolama, Covilhã 6201-001, Portugal 
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A B S T R A C T   

Staphylococcal protein-A affinity chromatography has been optimized for antibody purification, achieving a 
current capacity of up to 90 mg/ml in packed bed. The morphology of the particles, the number of antibodies 
bound per ligand and the spatial arrangement of the ligands were assessed by in-situ Small-angle X-ray scattering 
(SAXS) and scanning electron microscopy (SEM) combined with measurement of adsorption isotherms. We 
employed SAXS measurements to probe the nanoscale structure of the chromatographic resin. From scanning 
electron microcopy, the morphology and area of the beads were obtained. 

The adsorption isotherm revealed a bi-Langmuirian behavior where the association constant varied with the 
critical bulk concentration, indicating multilayer adsorption. Determining the antibody-ligand stoichiometry was 
crucial for understanding the adsorption mechanism, which was estimated to be 4 at lower concentrations and 
4.5 at higher concentrations, suggestive of reversible protein-protein interactions. The same results were reached 
from the in-situ small angle X-ray scattering measurements. A stoichiometry of 6 cannot be achieved since the two 
protein A monomers are anchored to the stationary phase and thus sterically hindered. 

Normalization through ellipsoids facilitated SAXS analysis, enabling the determination of distances between 
ligands and antibody-ligand complexes. Density fluctuations were examined by subtracting the elliptical fit, 
providing insights into ligand density distribution. The dense ligand packing of TOYOPEARL® AF-rProtein A HC 
was confirmed, making further increases in ligand density impractical. Additionally, SAXS analysis revealed 
structural rearrangements of the antibody-ligand complex with increasing antibody surface load, suggesting 
reversible association of antibodies.   

1. Introduction 

Staphylococcal protein A affinity chromatography is the crucial step 
for antibody purification and enables platform production processes [1, 
2]. Over the past decades, the ligand-structure has been improved, 
ligand density has been increased, and immobilization methods, bead 
porosity, bead size, and backbone have been refined to increase dynamic 
binding capacity and operational performance [3–8]. Dynamic binding 
capacity (DBC) of protein A media has been significantly improved, 

primarily by increasing the equilibrium binding capacity through the 
arrangement of repetitive antibody binding domains as one single ligand 
[9,10] and by increasing the number of binding domains [11,12]. 

However, despite the numerous efforts in industry and academia to 
improve this affinity chromatography material, there is still limited 
insight into the distribution of ligands available during the chromato
graphic process. The average ligand density does not reflect the spatial 
distribution of how far the different protein A ligands are apart and if the 
ligands are homogeneously distributed over the surface or crowed and 
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leaving other areas blank. It has been questioned if all antibody binding 
domains in a protein A-ligand can be occupied. Ghose et al. [13] showed 
that in a tetrameric ligand, only 2.5 antibodies could bind on average. 
This has been corroborated with Protein A-coupled silica surrogate [14]. 
The non-stoichiometric ratio could be explained either by steric hin
drance of the ligands or unequal distribution of the ligand. We demon
strated that the existence of heterogeneous binding sites and steric 
hindrance most probably causes the non-stoichiometric ratio of anti
body - Protein A ligand formation [15]. Heterogenous binding site 
models can better fit the entire breakthrough curves [16] and micro
calorimetric studies show results consistent with heterogeneous 
adsorption [17]. It seems that there is a preferred site that is occupied 
first at a 1:1 stoichiometry [18]. At high loadings, the antibody mole
cules can bind to the tetrameric ligand at a stoichiometry of 2:1. When 
the protein A column is overloaded, is difficult the interaction of a third 
antibody molecule due to steric effects, but we cannot exclude antibody 
self-interaction at these high concentrations. A multilayer formation has 
been observed at high loading [19]. 

The synthetic polymer-based protein A chromatography material AF- 
rProtein A HC-650F from Tosoh Bioscience exceeded for the first time at 
binding capacity over 80 mg/ml [20]. A mutated Staphylococcus aureus 
Protein A C domain has been immobilized in a hexameric form on 
Toyopearls HC 650 F [12]. The backbone is based on polyacrylates, one 
of the most popular types of resins for industrial applications. It has a 
particle porosity of εp= 0.5–0.8 and its rigid structure grants them 
greater mechanical strength, under typical operating conditions it form 
a non-compressible bed. This type of polymer-based chromatography 
media is produced by phase inversion, and the porous structure is 
formed by small polymer globules that stick together. Though, 
compared to agarose-based chromatography there exists no models for 
this type of synthetic chromatography materials. 

In this work, we elucidated the binding orientation of the antibody- 
staphylococcal protein A complex through adsorption isotherms, SEM 
and SAXS analyses. The spatial ligand distribution, orientation, and 
stoichiometry of protein A to the resin TOYOPEARL ® AF-rProtein A HC 
is clarified. Before we established the model for the ligand and ligand 
distribution, we derived a model of the beads surface and depiction 
where the ligands could be potentially located. The beads’ internal 
surface structure was visualized by SEM and to represent the substruc
ture a spherical geometry was used. To follow the interaction between 
antibodies and the resin, TOYOPEARL ® AF-rProtein A HC was packed 
into a small column, and an in-situ monitoring of the loading, washing 
and elution chromatographic steps were made using SAXS as probing 
method. Results were complemented with adsorption isotherms. 

2. Material and methods 

2.1. Adsorption isotherms 

A purified recombinant antibody (adalimumab, 144.2 KDa) was 
expressed in CHO and purified using Protein A chromatography. The 
antibody solutions were prepared in 0.02 M phosphate buffer with 
0.15 M sodium chloride at pH 7.4 in a range from 0.01 to 10 mg/ml 
(Fig. 1a). A volume of 0.025 ml of resin was added to the antibody so
lution with a total volume of 0.25 ml. The samples were incubated for 24 
h in a thermomixer (Thermo Fisher Scientific, Waltham, MA) at 20 ◦C 
and 900 rpm. After incubation, the bulk concentration was measured at 
wavelength of 280 nm using a UV plate reader (Tecan, Männedorf, 
Switzerland). 

2.2. In-situ SAXS measurement 

SAXS is a powerful and effective technique for determining molecule 
shapes and sizes at the nanoscale length and can also be applied to 
proteins when bound to a solid surface [21,22]. This approach measures 
the scattering intensity I(Q) function of a scattering vector Q resulting 
from a scattering angle 2θ, at a given wavelength λ, where Q = 4πsinθ

λ . The 
SAXS measurements were performed at the Austrian beam line, Elettra, 
in Trieste, Italy. 

After the incubation of the adsorption isotherms, the solution was 
resuspended, and 100 µL of incubated sample was loaded into a quartz 
capillary. The capillary was then placed aligned to the beam. The scat
tering images were collected during the whole chromatography run, 
with 1 s exposure for 370 frames using a 2D detector (Pilatus 1 M) at a 
photon energy of 8 keV. After this holding time, the system was equil
ibrated with 5 CV of running buffer, followed by 20 CV of glycine 0.1 M 
pH 3.5 for elution and a final 20 CV running buffer step for re- 
equilibration (Fig. 1b (2)-(4)). 

For all SAXS measurements, spectra of the resin in elution buffer 
were subtracted from spectra in equilibration buffer (with and without 
protein). From the resulting spectra, pair density distributions (PDDS) 
were determined as described in the theory section below. 

2.3. Scanning electron microscopy 

The TOYOPEARL® AF-rProtein A HC beads were submerged in a 
cryoprotectant, 2.3 M sucrose solutions. The sample was then frozen 
with liquid nitrogen and the beads were cut into 30-µm thick slices using 
a tungsten carbide knife in an MT-990 Motorized Precision Microtome 
(RMC Boeckeler). The bead slices were dehydrated with ethanol series 
and then dried with CO2 in a Critical Point Dryer Leica EM CPD030. For 

Fig. 1. a) The saturated resins were filled in a sample chamber (blue arrow) and settled under flow. The sample chamber was connected to an Äkta prime. b) The 
Äkta prime was operated remotely, and (2) wash (3) elution and (4) equilibration steps were conducted. Simultaneously, in these three steps, the resin was exposed to 
the X-ray beam, and scattering data were collected. 
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the visualization, we used a Scanning Electron Microscope Quanta™ 
250 FEG, and the dried slices were placed on an aluminum slab and 
coated with a gold layer. 

3. Theory 

3.1. Pair densities from ellipsoids 

The antibody binds to staphylococcal protein A ligands that are 
immobilized to a chromatography bead, which we consider as a fractal 
structure. This complex can be described by characteristic pair density 
distributions. In this work we chose the pair density distribution of an 
ellipsoid. We define the Fourier transform of the pair density distribu
tion first. Then the Fourier transform of the pair density distribution is 
compared to the experimental scattering intensity, I(Q). 

P(R|Q) = F (p(r|R))[Q] =

∫ ∞

0
p(r)J1/2(Qr)

/

(Qr)1/2 (1)  

where J1/2 is a Bessel function of the first kind of order ½. Next, we 
introduce the pair density distribution of a full sphere: 

p1
s (r|R) =

3r2(r − 2R)2
(4R + r)

16R6 (2) 

R, resembles the radius of the sphere and r, the relative distances of 
the potential scattering sites therein. The pair density distribution is 
normalized to 1: 
∫ 2R

0
drp1

s (r) = 1 (3) 

Following, we expand the pair density distribution of a sphere to an 
ellipsoid, we introduce a scaling function, f(λ, x) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
λ2x2 − x2 + 1

√
, 

wherein λ = a/b, which is ratio of the two-half axis of the oblate ellip
soid. Note that in the present publication we chose λ < 1. For the oblate 
ellipsoid we compute the pair density distribution as follow: 

p1
e,o(r|a, b) =

∫ 1

0
dx H(2Rf(λ, x) − l)p1

s (l / f(λ, x),R)
/

f(λ, x) (4) 

In fact, the radial density distribution, ρ(r) of the oblate ellipsoid can 
be computed, too. It is given by: 

ρ(r) = u2

a2 {

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2

b2 − 1
√

u < b
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2

u2 − 1
√

b ≤ u < a

0 1

(5) 

The latter will be used for normalization. 

3.2. Adsorption isotherm 

The bi-Langmuir isotherm is the simplest model to account for sur
face binding heterogeneity, assuming the existence of high and low 
energy sites. This is how the equation appears: 

q =
∑2

i=1

qi,mKiC
1 + KiC

(6) 

In Eq. (6) the association constant Ki is independent of the bulk 
concentration, C. We have made a simple phenomenological adaptation 
to this equation; we have changed the association constants concentra
tion dependence (see Supplementary Information (Eq. S1-S7)). After 
introducing a critical bulk concentration, Cx, at which a second binding 
site becomes relevant, the bi-Langmuir can be read as follows: 

Γ =
∑2

i=1

qm,iKi(C,Cx)C
(1 + Ki(C,Cx)C)

(7)  

4. Results & discussion 

4.1. Non-Langmuir adsorption behavior 

The adsorption isotherm of the antibody binding to TOYOPEARL® 
AF-rProtein A HC is shown is Fig. 2 and can be fitted to a bi-Langmuir- 
based model using Eq. (7). The association constant changes according 
to the critical bulk concentration. This reflects the idea, that as of a 
certain bulk concentration the protein adsorbs as multilayer or the 
antibody-staphylococcus Protein A ligand complex rearranges, opening 
additional binding sites. However, macroscopic observations from the 
adsorption isotherm alone does not allow to conclude whether an anti
body or the ligand itself serves as a binding site. 

Another parameter that may allow us to understand whether protein- 
protein interactions or ligand rearrangements are causing bi- 
Langmuirian behavior is the antibody-ligand stoichiometry. This can 
be simply calculated via the number of ligands per ml bed volume (Eq. 
S15) and the binding capacity. The supplementary section provides an 
in-depth analysis of ligand density (Section 3 at the supplementary in
formation). The resin network is reconstructed using 60 nm spheres 
arranged similarly to a pearl necklace (Section 2 at the supplementary 
information). Through this calculation, it was determined that each 
sphere accommodates approximately 55 protein A ligands (see supple
mentary material Eq. S16), resulting in a ligand distribution of 4.9 ×
10–3 Lig. / nm2 (Eq. S17). To reinforce our methodology, an alternative 
approach involving intra and extra-particle porosity was employed 
(Section 4 at the supplementary information), producing results closely 
resembling those previously obtained using the surface area of a 60 nm 
sphere. Based on this rational, at Cx (84 mg/ml), antibody ligand stoi
chiometry is estimated to be approximately equal to 4. At a stoichiom
etry of 4, four antibody molecules are binding to one hexameric ligand. 
Since the ligand is attached via multiple points, we hypothesize that 
ligand zones close to the attachment point sterically hinder the attach
ment of antibodies. One could envision the attachment of the ligand 
anchored at the two ends, allowing adsorption of the antibody onto the 
four central Protein A domains. This would be in line with previous 
reports [13] where a stoichiometry of 2.5 was determined for a tetra
meric ligand. 

At qmax of 95 mg/ml, antibody-ligand stoichiometry increases by 0.5 
points. A stoichiometry of 4.5 could either indicate that energetically 
unfavored domains (close to the anchors) are populated at higher 

Fig. 2. Isotherm of the antibody adsorption to TOYOPEARL® AF-rProtein A 
HC. Note the kink in the isotherm. Full line, fit based on bi-Langmuir isotherm. 
Arrow indicates the critical bulk concentration, Cx. 
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concentrations or that higher protein concentrations induce reversible 
self-association, a common phenomenon in antibody solution studies 
[23]. 

Judging from the adsorption isotherm and antibody ligand- 
stoichiometry alone, we cannot favor either of both hypotheses. For a 
better understanding of the topology of the antibody, the resin, and their 
interactions, we opted for SAXS measurements. 

4.2. The backbone a chain of ellipsoids? 

In a chromatography bead the ligands are anchored at the backbone, 
which has a particular fractal form, and this results in a particular 
roughness, and thickness. In a recent work, we investigated the back
bone structure of MabSelect SuRe, an agarose-based protein A media 
[15,18]. The morphology of TOYOPEARL® AF-rProtein A HC is different 
and thus we needed to adapt the recent approach that we termed pearl 
neckless model to fit scattering data of TOYOPEARL® AF-rProtein A HC. 

When using SAXS for such intricate systems, data normalization is 
not trivial [15]. The structure of the analyzed objects should be known 
for fitting adequate models to the pair density distributions. In case of 
chromatographic resins, SEM offers a viable technique for the structural 
analysis. As shown in the SEM image given in Fig. 3a), TOYOPEARL® 
AF-rProtein A HC is a methacrylate polymer that assembles in rigid 
clusters. It consists of rigid particles where the solid density is very high. 
Microscopic magnification (Fig. 3b) show that the methacrylate polymer 
is organized as patches that are clustered to form the pore walls. With 
magnification, complete details were enlarged, and the resin borders 
were identified and colored yellow. It can be identified small white, 
blob-like patches that ellipsoids best could represent. Note that this 
boundary depends on the threshold by which pores are distinguished 
from resin and it appears that a narrower choice of walls could have 
been made. To overcome this limitation, we created an image that is 
binarized Fig. 3c). White areas represent resin, while dark gray areas are 
thought to be pores. We inserted exemplarily red ellipses in Fig. 3c, a 
binarized version of Fig. 3b, to bolster the analogy. 

In line with our previous study [15] we analyzed the fractal 
dimension of the image and computationally generated the structure 
factor of the fractal network (Fig. S1 at the supplementary information), 
verifying a good match with an ellipsoidal shape. 

4.3. TOYOPEARL® matrix consists of rigid polymethacrylate clusters 

Another point of SAXS data normalization is related to background 
subtraction, considerations of how to preform it can be found at the 
supplementary material (Fig. S2) where is highlighted the complexity of 

Fig. 3. a) Scanning Electron Microscopy (SEM) measurements taken from TOYOPEARL® AF-rProtein. b) A 500 nm complete detail of the SEM image; yellow borders 
indicate resin boundaries. c) The image was binarized: white areas indicate resin while gray areas indicate pores. The binarized image is exemplarily partly filled by 
ellipsoids. It is formed by a white core that reflects the resin, a red hull that reflects the protein-A ligand. If decorated by antibodies, the ellipsoid is covered by a cyan 
hull, which then demonstrates the antibody. 

Fig. 4. a) Water-water, Water-resin, and water-protein interactions and 
conformational changes of the Protein-A ligand are neglected. Then if the pair 
density distributions (PDDS) from loaded resins were subtracted from PDDS of 
bare resins, the resulting PDDS is built from pairs in the protein (n, magenta) 
and pairs of the protein with the resin (n-magenta and n-gray with red shadow) 
b) The resin was filled with different sized ellipsoids, then SAXS accesses an 
average overall these differently sized objects. 
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relating the scattering intensity to the pair density distribution. In 
Fig. 4a, we illustrate the challenge of normalizing the pair density dis
tributions. Note that we have neglected water-water, water-resin, water- 
protein interactions, and conformational changes of the Protein-A 
ligand. Even so, despite subtracting background and resin pair dis
tances, distances between the antibody and resin remain, which neces
sitates consideration when assessing density fluctuations. Moreover, 
when modeling the entire system, the total number of scattering sites is 
unknown. While we are aware of the number of the Protein-A ligand 
segments and the number of amino acids in the protein (represented by 
the cyan-colored n), we lack information on the total number proteins, 
ligands, and resin backbone scattering sites. We must assume that li
gands surface density is homogeneous, as is the case for proteins in a 
loaded resin. In such instances, we do know that their pair density dis
tribution is fractal and obey a power law. We propose that all scattering 

data comprises a summation of all different-sized ellipsoids, represented 
in Fig. 4. On average, it adds to a full ellipsoid comprising resin, Protein- 
A ligand, and antibody scattering sites. 

Until this point, we have been mainly exploring the backbone of the 
stationary phase rather than delving into the specifics of the Protein A 
ligand. These ligands are immobilized on the resin backbone, with 
synthetically engineered Y domains from the native SpA C domains 
(PDB: 4ZMD) measuring 4.6 nm in length and 2.3 nm in width [24]. We 
provided a comprehensive model in a recent publication [15]. The net 
length of the ligand can be estimated; if stretched, it spans 27.6 nm. 
Employing Flory’s theory, the ligand’s end-to-end distance can be 
calculated using RF =

̅̅̅̅
N

√
l, suggesting an average end-to-end distance 

of 11 nm, when anchored at two sites. We can envision the ligands being 
fractally distributed across the surface, forming fractal loops. By 
knowing the number of ligands per area, a distance of 15 nm can be 

Fig. 5. a) Background subtracted individual points plot scattering intensities. Magenta points give background-subtracted scattering intensity of bare resin. Points 
colored red to cyan give background-corrected scattering intensities with increasing antibody surface load. Full lines in corresponding colors give fits to the 
experimental data. b) Pair density distributions were computed numerically (points) and then fitted by oblate ellipsoid pair density distributions. The maximum scale 
of the ellipsoid increases with increasing antibody surface load. c) Radius and aspect ratio (λ) of the elliptical fit. Actual antibody load of the data set can be read from 
the plot. 
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simply derived, assuming a simple hexagonal grid. 
In summary, we have a model of the chromatographic resin and the 

immobilized ligands through SEM analysis, along with basic parameters 
such as ligand density and surface area. This framework greatly facili
tates the subsequent SAXS analysis. 

4.4. Scattering intensity profiles and elliptical fits 

SAXS measurements recorded the scattering intensity profiles of 
antibody binding to TOYOPEARL® AF-rProtein A HC at different con
centrations. The measurements were collected every second, and the 
structural changes at the different Q-range are shown through the 
scattering intensity plot in Fig. 5. The presence and respective antibody 
concentration change the scattering profile both in the low and high Q- 
range. 

In Fig. 5 the background-subtracted scattering intensity of all 12 
samples were given. The magenta-colored data points and lines indicate 
the scattering intensity of bare resin and their numerical fit. The average 
thickness of such blob-like patches is 66 nm in diameter which confirms 
the SEM results Fig. 3c). Complement background-corrected scattering 
intensities are color-coded. Red resembles a resin with minor amounts of 
antibody bound, while the intensity becomes more cyan colored as the 
amount of bound protein increases. Dots represent all experimental 
scattering data, while full lines depict fits to this data. Additionally, the 
color-coded dots in Fig. 5b correspond to the respective PDDS. 
Regarding the PDDS, we focused on the first peak and cut the PDDS at 
the right vertical yellow arrow. A second smaller peak was given in the 
insert in Fig. 5b. We normalize the PDDS and align them for pair dis
tances shorter than 10 nm (left horizontal yellow arrow) for visualiza
tion purposes. This normalization is arbitrary. 

The ellipsoidal shape indicated by SEM proved to be a valuable 
starting point for modeling the PDDS, as ellipsoidal PDDS closely 
matched the experimental data. The parameters of these ellipsoids are 
presented in Fig. 5. Interestingly, already small amounts of bound 
antibody change the best fit of the PDD. Without any bound protein, the 
radius was smaller (30 nm compared to 50 nm), with a higher sigma 
indicating a more spherical shape. This suggests that the antibody first 
binds to the apical regions, elongating the PDDS into a more ellipsoid 
shape. While the long half axis does not increase significantly, the 
smaller half axis does. It seems that initially ellipsoidal items become 
spherical again as antibodies load the resin, which indicates full occu
pation of the resin surface. 

4.5. The radial density distribution a route to normalization? 

The geometrical interpretation, while inspired by the SEM image, 
remains inherently arbitrary even though we have employed it for 
normalization. Its PDDS can interpret any ellipsoid, and thereof, we can 
compute the corresponding PDDS. An ellipsoid inherently has a center of 
reference, simplifying addition off PDDS as illustrated in Fig. 6. This 
approach offers the advantage that, under the assumption that no pro
tein enters the resin, their local density should remain constant irre
spective of the number of antibodies on top. This rationale aligns with 
arguments put forth in our previous work [15], justifying the alignment 
of the parabolic shapes in Fig. 6d). 

In Fig. 6b), the PDDS illustrate the film growth process. The magenta 
line gave the PDDS of the bare resin, red the PDD of resins with small 
amounts of antibodies, and cyan with twice as many antibodies bound. 
By subtracting the magenta colored PDDS, we corrected the PDDS, with 
the results presented in Fig. 6c. Their net areas were plotted in Fig. 6d. 

Fig. 6. a, b) Radial density distribution computed from PDDS. Radial density distribution was normalized concerning the parabolic shape for small r. c) Background 
corrected radial density distribution. d) The net area of the radial density distribution is proportional to the number of immobilizing proteins. 
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Normalizing the graph at Q = 0 revealed that the area occupied by an
tibodies doubles at higher concentrations compared to lower concen
trations. The increase in net area of the radial distribution function 
correlates with loading of the resin. However, electron density of the 
antibody differs and therefore the increase of the area is only two-fold 
(unlike the 4-fold increase in antibody mass) at stoichiometry of 4. 
Furthermore, the maximum size of the ellipsoid increases by 7 nm from 
52 nm to 59 nm which is close to the radius of hydration of an antibody 
of 5 nm [25]. That indicates saturation of the surface via monolayer 
adsorption without antibody-antibody interaction. Note that even at a 
stoichiometry of 4.5 under the assumption of protein-protein in
teractions, monolayer adsorption might still be possible via 
protein-protein interactions parallel to the surface. 

At this point, our comprehension of the resin appears to be well- 
established. We have successfully linked real space data (SEM) to 
reciprocal space data (SAXS). Following the route of interpreting both 
data sets by ellipsoids, we can estimate film thickness and argue for the 
amount of bound antibody. While film growth provide insight into the 
average surface occupancy, it doesńt offer a detailed understanding of 
the nanoscale structure. For nanoscale understanding of the chromato
graphic resin, we determined density fluctuations by normalization with 
the elliptical fit. 

4.6. Accessing density fluctuations by subtracting the elliptical fit 

The elliptical fit offers another normalization route, where the 
elliptical fit of the PDD is subtracted from the PDD after transformation 
of the SAXS spectrum. The differences are the density fluctuations of the 
PDD. Explanation of how to find density fluctuations can be find on the 
supplementary material (Fig. 3S). 

In Fig. 7, we give an estimate of the ligand density distribution of the 
investigated resin. For the resin without protein, maxima are found at 

13, 30 and 60 nm. As we changed the SAXS evaluation, we come up with 
a similar but more phenomenological explanation. 

As previously outlined, prominent distances are the average end-to- 
end distance of the hexameric ligand (11 nm) the distance between two 
ligands (15 nm) and the distance between next neighbors (30 and 60 
nm). Those characteristic distances are maxima in the density fluctua
tions of the bare resin, as indicated in Fig. 7. It must be noted that the 
distances for the average end-to-end distance and the distance between 
the ligands are quite similar so they might be lumped together in the first 
maximum of the PDD (13 nm). The other maxima (30 and 60 nm) 
retrieved from the density fluctuations describe our considerations from 
macroscopic parameters extraordinarily well. With an average end-to- 
end distance between the two anchor points of the hexameric ligand 
of 11 nm and an average distance of 15 nm between neighboring li
gands, the surface of TOYOPEARL® AF-rProtein A HC is densely packed. 
It appears unrealistic to further increase ligand density of the stationary 
phase, considering that the maximum dimension of an antibody is 
similarly large (Dmax of 15–16 nm [25]). One could speculate about 
higher ligand density and thus higher binding capacities of a stationary 
phase carrying different ligands. For example, if a hexameric ligand with 
only one anchor point would be immobilized, binding capacities could 
increase. However, a surface with a high density of hexameric ligands 
could lead to diminished mass transfer effects, as antibodies would bind 
to the Protein A ligand that is the furthest away from the resin and 
sterically hinder other antibodies from reaching unoccupied Protein A 
segments. Consequently, the mass transfer of antibodies would be hin
dered, and antibodies could potentially not reach Protein A ligands 
closer to the resin surface. 

In Fig. 8, we plotted the differences of analytical and numerical PDDS 
as function of increasing antibody surface load. The subtraction was 
done in such a manner that these density fluctuations are not computed 
negatively. We identified three peaks. Compared to the bare resin, the 

Fig. 7. a) Magenta points give background-corrected scattering intensity, I(Q) of bare resin. Full magenta lines correspond to pair densities computed numerically 
(fit) and calculated from PDDS from the ellipsoidal fit (b). b) Magenta points give pair densities calculated from the numerical fit, and full line indicate ellipsoidal fit 
of the pair density. c) A schematic fractal arrangement of Protein-A ligands d) The difference of both pair densities given in (b) result more than PDDS with a 
maximum at 13, 30, and 60 nm. 
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peak maxima are shifter towards larger distances. This indicates rear
rangements of the antibody-ligand complex, potentially maximizing 
distances between the neighboring complexes. The smaller one can be 
assigned to the antibody-ligand complex. The bigger one can be attrib
uted to the contributions of the next neighbors to the PDDS. The peak 
shapes changed with increasing antibody load and the valley between 
the peaks diminishes, indicating saturation of the surface. With growing 
load, the ligands are binding more than one antibody - the shoulder of 
the first peak increases. As mentioned, the second peak (increasing from 
43 to 51 nm) can be attributed to the next neighbors. With higher 
antibody load, the distance between the neighbors increase from 43 nm 
to 51 nm could be explained by neighboring antibody-ligand complexes 
that orient in order to maximize their distances. This can only occur 
assuming nonuniform ligand-ligand distribution which is a reasonable 
assumption. 

As seen in Fig. 8b, three highest antibody loads are above the critical 
antibody concentration, leading to higher binding capacities expected 
from conventional Langmuir behavior. Their corresponding PDDS 
display a splitting peak with a maximum at 51 and 56 nm, whereas 
PDDS with a lower mobile phase concentration show peaks below 51 
nm. The distance between those peaks is 5 nm and therefore equal to the 
radius of gyration of an antibody [25]. As the stoichiometry also in
creases to 4.5, the second peak might arise due to an additional antibody 
binding to already bound antibodies. Ultimately, this suggests reversible 
association of an antibody to an already bound antibody. In the 

alternative scenario, in which the antibody binds to an unoccupied 
ligand, we would expect binding to one of the anchor points. In that 
case, correlation distances would not increase since the anchors are 
randomly distributed. 

5. Conclusion 

We have elucidated the binding orientation of the antibody- 
staphylococcal protein A complex through adsorption isotherms, SEM 
and SAXS analyses. We conclude that at the first plateau of the 
adsorption isotherm, monolayer adsorption with a stoichiometry of 4 
occurs, suggesting that the hexameric ligand remains unoccupied at its 
two anchors. At the second plateau, the binding stoichiometry is 4.5 due 
to reversible protein-protein interactions. SAXS analysis corroborates 
these findings by revealing reversible protein-protein interactions, as 
evidenced by the increased distance between protein-antibody ligands. 
Both SEM images and SAXS Pair Density Distribution Functions (PDDS) 
suggests that the resin resembles an ellipsoidal structure. The normali
zation through ellipsoids allows normalization in SAXS, thereby allow
ing the determination of distances between ligands and the antibody- 
ligand complexes. The determined distance of 13 nm closely aligns 
with the calculated value of 15 nm assuming a hexagonal grid. However, 
the distance of the two anchor points cannot be determined via SAXS 
due to the similarity to the distance between the ligands, underscoring 
the close ligand packing of TOYOPEARL ® AF-rProtein A HC. 

Fig. 8. a) Differences in pair densities, numerical and computed from ellipsoid fits, are given. Note the change of shape of the first and the second peak. b) Overly of 
the Gaussian filtered data. The first and the second peak shift to larger values indicating the filling to the Protein-A brush. 
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