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Supporting Information Text

Pendant bubble area change past the induction period

As noted from Fig. 2a of the main text, an induction period is observed for low bulk mAb
concentrations, 7.0 x 1075 - 1.0 x 1073 mg/m/, where the tension remains nearly constant at
the ‘clean’ (i.e., buffer only) interface value before relaxing sharply. As molecules adsorb to
the surface past the induction time lowering the tension, the surface area of the pendant bubble
may increase due to adsorption thereby elongating the shape of the pendant bubble. To indicate
these pendant bubble surface area changes before and after the induction period, pendant bubble
images for mAb concentration of 5.0 x 10~* mg/m/ are used to generate Fig. S1.

Figure S1 shows that during the induction period, which lasts for around 2000 s (blue dashed
line) for 5.0 x 10~* mg/m¢ mAb bulk concentration, the bubble area (orange line) did not
record a significant change thereby maintaining the tension value at buffer only interface value
of 72.5 mN/m. As time progresses, the tension continues to decrease due to adsorption of
protein molecules that causes a change in the bubble area (increased from 33.42 mm? to 33.66
mm?, i.e., 0.72 % increase in area, Figure Sla). The calculated changes in the surface tension
on protein adsorption are calculated using these dynamic values for the area. As adsorption
continues, the bubble area increases, lowering the tension value.

X-ray reflectivity data analysis

The reflectivity profile represented in Fig. 3a of the main text is normalized using the Fresnel
Reflectivity Rp(().) of water. Rp(Q),) refers to the reflectivity profile from an ideally smooth
surface with a step-function based electron density profile (EDP). The normalization of the ob-
tained reflectivity profile helps to calculate the thickness of the adsorbed layer and the structural
features of the molecules in the form of oscillations at the interface. The electron density pro-
file that gives an estimate of the thickness and the adsorbed amount at the interface is obtained
using the normalized reflectivity profile using the slab-model based on Parratt formalism. More
details on this are provided elsewhere (44, 45).

Briefly, the normalized reflectivity data is fitted by assuming a constant electron density
with a thickness value appropriate for the system. The initial guess for the thickness is chosen
to be greater than the length of the mAb (200 A). This thickness layer is further sub-divided into
additional sub-layers, each layer associated with an electron density, thickness and roughness.
This initial EDP then undergoes an iterative procedure to minimize the mean square variation
(x?). x? represents the difference between the calculated and the experimental XR curves.
In order to test the convergence of this fitting procedure and obtain a unique EDP, the above
process is repeated using different initial guesses for electrons density. The EDP from this
model-independent approach is then used as an intial guess for the slab-model to get a smooth
EDP.

Calculation of the Surface Concentration for mAb system

The surface concentration at each mAb bulk concentration (7.0 x 10~° mg/m/ - 1.0 mg/m/)
is calculated based on the total volume balance at the interface and the total electron density
balance, where, the subscript, p and w, denote protein (mAb) and water, V is the molecular
volume, I' is the surface concentration, e is the number of electrons, MW is the molecular



weight and N4 is the Avogadro’s number. The interfacial depth d and the total number of
electrons per unit area, ey are obtained from the EDP profile (Fig. 3b of the main text). d
is taken as the depth where the electron density profile reaches the electron density of water,
and er is the integrated area under the EDP curve. The parameters such molecular weight,
molecular volume and number of electrons for protein and water are given in the Supporting

Information, Table S1. The above two equations are solved simultaneously to calculate I', and
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Homology modeling and estimate of antibody size

The 3D atomic structure of mAb was generated from the antibody sequence using the standard
homology modeling protocol (55) in the MOE software (53). Template protein structures with
high sequence similarity to each domain and the complementarity-determining region (CDR)
loop in the mAb are sought and scored based on the similarity and the quality of the template
structure. The model is built from a combination of the highest scoring templates, with the
CDR loop templates grafted onto the V;, and Vy frameworks. A molecular mechanics energy
minimization using the Amber10 force field (56, 57) is then performed on the model to further
refine the atomic coordinates and relieve strained geometries. The dimensions of the Fab and
Fc domains, as well as the overall extent of the antibody are shown in Fig. S1. They were
estimated by measuring the relevant inter-atomic distances from the homology model.

Two-population fit for simulated EDP

To explain the possibility of two populations for mAb adsorption in the condensation region,
homology modeling is used. A theoretical EDP is computed assuming a population of a flat-on
configuration (A = 80 and ¢ = 180) with population fraction X, and a population with orientation
6 and ¢ and fraction (1-X). For each angle pair and X value, the EDP is computed and compared
to the experimental EDP to obtain a RSS. In computing the EDP for the mixed population, the
EDP of each population is first computed, and then the two EDPs are summed, weighted by
the fractions of each population. This least squared difference is then minimized by varying the
percentage of the flat-on configuration, X, and the vertical orientation of both populations to
obtain a minimum RSS. The map of this minimum as a function of the assumed 6,¢ orientation
of the second population is given in Fig. 7a of the main text for the two bulk concentrations,
and the percentage of flat-on at the minimum for the 6,¢ of the second population is given in
Fig. 7b of the main text.

In Fig. 5b of the main text and Fig. S2 are also given the one- and two- population RSS maps
in 0, ¢ space for the higher concentration end of the condensation region, 2.0 x 10~2 mg/m/,
but at two early times (1 hr, 60 mN/m and 2 hr, 57 mN/m) prior to the quasi-equilibrium at 3
hrs. from Fig. 5b, the one population RSS maps demonstrate again the intermediate behavior in
orientation as was the case for the two quasi-equilibrium values for 5.0 x 10~ mg/m/, 61 mN/m



and 2.0 x 1072 mg/m/, 56.8 mN/m, as the tensions and surface concentrations are intermediate
between the tensions/concentrations for the quasi-equilibria. The two-population fits in Fig.
S3 for these two surface ages show that the average percentage of the flat-on configuration has
decreased from 72% (1 hr) to 60% (2 hr) with the quasi-equilibrium percentage at 3 hrs equal
to 48%. As these two data sets have tensions and surface concentrations that lie in the range of
those in the condensation region, they support the hypothesis that the adsorbed layer consists of
two populations, flat-on and either side-on or end-on.

A better visualization of the heat map indicating % of the flat-on contribution from the
two-population fit is shown in Fig. S4. At lower bulk mAb concentration (7.0 x 10~> mg/m/
(72.5, 70, 67 mN/m)), mAbs are predominantly adsorbed in flat-on orientation ( 100%). As
concentration increases (or surface tension decreases), the contribution from flat-on orientation
decreases from 80% (5.0 x 10~* mg/m/ (61 mN/m)) to around 48% (2.0 x 10~2 mg/m/ (56.8
mN/m)), indicating that mAbs are now present in two-population states, one flat-on and one
either side-on or end-on orientations. This represents the condensation or rearrangement layer
in the surface tension isotherm (Fig. 2b and 4c) defining the two populations for the adsorbed
mAb layer. Furthermore, the contribution of flat-on decreases as surface tension decreases
( 20%) at higher bulk mAb concentrations (5.0 x 1072 mg/m/ (55 mN/m), 5.0 x 10! mg/m/
(54 mN/m) and 1.0 mg/m/¢ (54 mN/m)) corresponding to the quasi-equilibria surface tension.
Therefore, beyond the condensation region, the mAbs are in either tilted side-on or end-on.
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Figure S1: (a) Dynamic surface tension (blue) and pendant bubble area (orange) change as a
function of time for 5.0 x 10~* mg/m¢ mAb bulk concentration. (b) Pendant bubble volume
(blue) and area (orange) change as a function of time. A feedback control loop is used to ensure
that the bubble volume remains constant throughout the duration of the experiment. The pendant
bubble area change is due to the adsorption of molecules to the surface. The blue dashed line
indicates the end of the induction period.
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Figure S2: Visualization of the mAb structure and dimensions obtained from the homology
model
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Figure S3: Two-population homology construct to predict the orientation of mAb at the
air/water interface in the condensation region. (a) One population with flat-on configuration
(¢ = 80 and ¢ = 180) and a second with configuration angles # and ¢. (b) Minimized residual
sum of squares (RSS) map in 6, ¢ space corresponding to the orientation of the second popu-
lation for 2.0 x 1072 mg/m/: 60 mN/m and 57 mN/m. The RSS has been minimized in the
relative fractions of the populations. (c) 6,¢ maps of the percentage fraction of the flat-on con-
figuration corresponding to the minimized RSS in (b). The asterisks (E, F and G) correspond to
the second population indicating tilted side-on orientations of Fig. 5d of the main text.
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Figure S4: % Flat-on contribution obtained as a function of bulk mAb concentration for the two-
population fits. The surface tension corresponding to each mAb concentration is also reported.



Table S1: The molecular weight (A1), number of electrons (e) and molecular volume () for
the antibody (mAb) and water used in the analysis of XR data.
Component MW e Vv
(g/mol) (A%)
mAb 145526.44 72763 133235.5
water 18 10 30
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