
1 
 

Real-time imaging of monoclonal antibody film reconstitution after 

mechanical stress at the air-liquid interface by Brewster angle 

microscopy 

 
Timotej Žuntar1, Matjaž Ličen1, Drago Kuzman2, and Natan Osterman1,3,* 
 

1Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, Ljubljana, Slovenia 

2Biologics Drug Product, Technical research and development, Global drug development, Novartis, Lek d.d., Kolodvorska 27, 

Mengeš, Slovenia  

3Complex Matter Department, Jožef Stefan Institute, Jamova 39, Ljubljana, Slovenia 

*corresponding author 

8 Figures (+graphical abstract), 5391 words 

 

1 Abstract 
Monoclonal antibodies (mAbs) represent an important part of biological pharmaceutics. A serious 

challenge in their development is the formation of protein particles, which are often formed through 

protein aggregation at the air-liquid interface and then introduced into solution by interfacial stresses. 

In this paper, protein films formed at the air-liquid interface by two mAbs were disrupted by 

puncturing them with a microscopic needle, and the subsequent reconstitution of the film was 

observed in real-time by Brewster angle microscopy. Our results indicate that film reconstitution pace 

depends on mAb bulk concentration. Numerical modeling gives a quantitative prediction of the 

surface reconstitution. By extrapolating the model to concentrations typical for pharmaceutical 

formulations (>30 mg/mL) reconstitution timescales of the protein films can be estimated to be 

shorter than 0.01 s. Moreover, the effect of polysorbate 80 addition on protein film was studied. Film 

reconstitution measurements revealed that polysorbate 80 inhibits the film reconstitution process 

and breaks up the previously formed film. 

2 Introduction 
Monoclonal antibodies (mAbs) are proteins used as biologic therapeutics to treat a variety of diseases, 

including cancer, respiratory conditions, autoimmune disorders, and the recently very problematic 

COVID-191–3. Since mAbs are produced by mammalian cell lines, followed by sophisticated purification 

steps, and the proteins have inherent instability properties, the development of new mAb drugs is 
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much more demanding than the development of small-molecule drugs4.  One such instability is the 

high tendency of protein molecules to aggregate and form protein particles under a wide range of 

processing, storage conditions, or shipping5–7. Levels of aggregation and particle formation are one of 

the critical quality attributes of biological drugs with the potential impacts on its efficacy and safety 

by impairing the biological activity of the drug and by potential induction of immunogenicity or cellular 

toxicities8–10. Since protein molecules have the intrinsic properties to aggregate, particles have been 

found, at some level, in all commercial therapeutic biological drugs11. Therefore, it is essential that the 

aggregation process is well understood and that levels of aggregates and particles are satisfactorily 

controlled before such a product can be released to the clinical trial or the market. 

Protein particles can generally be formed in a bulk12 or through protein interactions at interfaces, 

which in conjunction with interfacial stresses lead to protein denaturation and aggregation13–20. While 

protein molecules come into contact with all manner of interfaces before their eventual application21, 

in this paper, we focus on the air-liquid interface, such as the one found, for example, at the top of 

vials filled with protein formulations.   

Proteins often possess amphiphilic properties and consequently form a film at the gas-liquid interface, 

with their more hydrophobic part oriented towards the gas phase and their more hydrophilic part 

oriented towards the water phase22. It has been demonstrated that interfacial stresses, for example, 

caused by a stirrer or agitation of the container, cause protein particles to be formed at the interface 

and introduced into the bulk19,23–25. That might be a severe issue for the transport of biologic 

therapeutics from manufacturer to the patient since biologics are commonly packaged as solutions in 

vials where a gas-water interface is always present. To combat this problem, surfactants are often 

added to the solution, covering the interface and preventing protein molecules from aggregation25–29; 

however, surfactants have also been linked to increased protein aggregation in bulk solution29–33. In 

addition, surfactants are prone to enzymatic and chemical hydrolysis, diminishing their protective 

function and triggering the formation of protein and free fatty acids particles34.  

This paper presents a novel way to study the effects of a controlled disturbance of a protein film. We 

use a motorized micro-needle to puncture the protein film, creating a small hole in the film, which is 

then filled with new protein molecules from the bulk solution. The entire process is monitored by 

Brewster angle microscopy (BAM), providing real-time microscopic images of the film reconstitution 

process. In BAM, the water surface is illuminated with p-polarised light at the Brewster angle for the 

bulk protein solution. Where the interface is free from surfactants, no light is reflected, resulting in a 

dark image. However, a protein film at the interface leads to light reflection, resulting in an increased 

brightness at the detector35. The method is widely used to observe interfacial films, including those 

formed at the surface of protein solutions26,36–39. 

3 Materials and methods 

3.1 Sample preparation 
Monoclonal antibodies and buffers used in the experiments described in this paper were provided by 

Lek Pharmaceuticals d.d. (member of Novartis). Monoclonal antibodies were prepared in liquid 

formulations at 5.3 mg/mL (mAb1) and at 34 mg/mL (mAb2). Both mAbs are known to be susceptible 

to agitation-induced aggregation.  

The samples were prepared by filling syringes with mixtures of appropriate volumes of the above 

solutions and injecting them into sterile sample tubes through a 0.2 𝜇𝑚 filter (Fisherbrand Sterile PES). 

Subsequently, the samples were deposited employing a pipette into either glass Petri dishes or 35 mm 

glass-bottomed cell imaging dishes (µ-Dish 35 mm, Ibidi GmbH) and transferred onto the ellipsometer 
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sample stand; a glass-bottom was used to minimize the amount of scattered light at the detector. 

Before use, the dishes were cleaned with soap, isopropyl alcohol, and ultrapure water (Milli-Q, 

Millipore Simplicity) and allowed to dry in a laminar flow cabinet before being exposed to disinfecting 

UV illumination for several minutes and sealed. Prepared solutions were left undisturbed at the 

sample stand for at least one hour, allowing for a complete formation of the interfacial film. During 

this time, we also monitored the film's reflectivity with BAM to ensure that reflectivity was constant 

before disturbing the film. 

In the experiments exploring the effect of surfactants on the reconstitution of the protein film, small 

quantities of surfactants were slowly deposited into the sample bulk by a micropipette inserted 

through the air-liquid surface at an angle perpendicular to the laser beam propagation plane to enable 

continuous imaging.  

3.2 Brewster angle microscopy 
An Accurion EP3se imaging ellipsometer was used for BAM measurements (Figure 1). Sample-air 

interfaces were illuminated by a 658 nm laser light source operated at 5 mW with the p-polarized 

reflected component focused through a 10x magnification Nikon objective lens and recorded by a 

1392x1040 pixel GigE CCD detector.  The incidence angle was chosen to be close to or at Brewster 

angle (BA) for the sample bulk underneath the interfacial film; in cases where the BA of the bulk could 

not be verified due to film cover, the angle appropriate for a buffer solution without protein or 

surfactant additions was chosen. CCD signals averaged over one or more regions of interest were 

recorded over relevant timescales, along with shorter video recordings of the entire field of view. The 

sampling frequency varied from approximately 5 to 25 fps due to different exposure times needed to 

ensure an adequate signal-to-noise ratio. 

3.3 Film disruption 
A blunt-tipped metal wire of 0.2 mm diameter was inserted to a depth of up to several mm and 

immediately retracted to disrupt the interfacial film. The insertion angle varied from perpendicular to 

the interface, which caused smaller disruptions, to slightly diagonal, which enabled the tearing of a 

larger film area; insertion and retraction speed remained constant in all cases. The wire was actuated 

by a lever arm affixed to a small stepper motor (28BYJ-48) controlled by an Arduino Nano 

microcontroller. The assembly was, in turn, connected to a PC from which movement commands were 

issued manually. For centering the disruption area to the ellipsometer field of view, the stepper 

assembly was mounted to an XYZ translation stage (Thorlabs PT3/M). The wire-interface distance was 

gauged by observing surface reflections. 

 

Figure 1: Illustration of the experimental setup. A vertically moving micro-needle punctures the protein film at the air-liquid 
interface. The subsequent reconstitution of the film is recorded using a Brewster-angle microscope. 
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3.4 Data analysis 
Interface reflectivity vs. time data was obtained by analyzing real-time BAM videos of the liquid-air 

interface with a custom-developed Python script using the OpenCV and SciPy packages40. In each 

experiment, one or multiple regions of interest (ROIs) were selected within the punctured region of 

the protein film. Average pixel brightness values in the ROI, proportional to the local interface 

reflectivity, were then calculated for each frame. In cases of longer timescales where recording the 

entire field of view would lead to prohibitively large file sizes, a ROI was defined within the 

ellipsometer control software at the time of puncture, and the averaged brightness vs. time data was 

extracted automatically. For the purposes of calculating characteristic times of the surface 

reconstitution process, the data was normalized so that the brightness of the ROI was equal to 1 at 

the end of the experiment, i.e., when the reflectivity reached an equilibrium value. In addition, the 

zero of normalized brightness was defined to be the value immediately after the disappearance of the 

surface ripples generated by the puncture. Characteristic reconstitution times τ were then defined as 

the time between needle retraction and the normalized ROI brightness reaching an arbitrarily chosen 

value of 1-1/e = 0.63. 

3.5 Numerical model 
To model the measured reflectivity changes during film reconstitution, we implemented a simple 

process of mAb molecule diffusion from the bulk solution to the surface using a commercial finite 

element method (FEM) package, FEMLAB 3.1 (Comsol Multiphysics). Since the problem has axial 

symmetry, we implemented it in cylindrical geometry (Figure 2a). The disrupted area of film, assumed 

to be circular with 100 µm radius, was represented by a cylindrical reservoir of varying height with an 

initial mAb concentration c=0 and a diffusivity value 10 orders of magnitude larger than in the bulk 

solution, ensuring uniform concentration within the reservoir at all times. 100 µm  corresponds to an 

estimate of the typical dimension of the film area removed by the rupture. A much larger cylinder (400 

µm radius, 600 µm height) with a realistic diffusivity constant and an initial mAb concentration c=1 

below it represented the bulk solution, with boundary conditions specifying no diffusion through the 

top surface other than at the reservoir boundary - the already established film - and a constant 

concentration of 1 elsewhere. Variation of the reservoir height h corresponds to different effective 

bulk concentrations in the experiment, h=A/c, e.g., a two-fold bulk concentration increase is modeled 

by reducing the reservoir height by a factor of two. Here, A is an unknown proportionality constant 

that needed to be determined. 

Figure 2b shows a typical spatial profile of protein concentration during the film reconstitution 

process. Molecular concentration in the top reservoir, representing the ruptured region, has risen to 

74% of the equilibrium value. While concentration in the bulk region is significantly depleted close to 

the rupture, it remains nearly undisturbed at a distance of 100 µm. 
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Figure 2: Finite element method modeling of film reconstitution. a) Example of a finite element mesh in 2D cylindrical 
geometry. A dashed vertical line represents the axis of symmetry. The circular rupture of 100 μm radius is modeled by an 
initially empty reservoir (c=0) on the top of the bulk solution with an initial concentration of c=1. b) Typical mid-simulation 
concentration map of the highlighted area in (a). The color bar denotes the protein concentration. 

4 Results 

4.1 Live observation of mAb film reconstitution after rupture 
Both mAb1 and mAb2 formed rigid gel-like films, similar to what has already been reported for 

proteins in literature26,41. Figure 3a shows brightness vs. time data for a typical puncture experiment, 

along with BAM images taken at several points during the experiment. Upon puncturing of the 

interface, cracks appear in the protein film and begin to fill with protein molecules from the bulk. As 

the BAM incidence angle is set to the Brewster angle of a clean interface, a non-zero signal on the 

detector indicates the presence of an interfacial film. 

At the start of the experiment, the interface is covered with a uniform film (Figure 3b). Immediately 

after the puncture of the interface with the needle, there is a short, 2-second transient saturated 

signal due to capillary waves formed on the surface. Afterward, a hole in the film can be observed 

(Figure 3c), which begins to gradually fill up with new protein molecules from the bulk (Figure 3d), 

once again raising the interfacial reflectivity. Eventually, a new equilibrium state is established, and 

no more change can be observed in the film (Figure 3e). It is apparent that the reflectivity of the 

reconstituted region of the protein film is higher than in the surrounding area, which was the case in 

the majority of recorded data, indicating a different molecular packing or different film thickness. 



6 
 

 

Figure 3: An example of mAb film reconstitution after a disruption event. (a) Raw region of interest (ROI) brightness vs. time 
data. BAM images of the film at several points during the experiments: (b) before disruption, (c) immediately after disruption, 
(d) 40 s after disruption, (e) 150 s after disruption. The times when these images were taken are marked in subfigure a. The 
rectangles in subfigures b-e indicate the ROI which the signal was collected from. 

Typical ROI brightness vs. time plots for mAb 1 and mAb 2 films after disruption with a needle for 

different protein concentrations are shown in Figure 4. For easier comparison, measured reflectivity 

values are normalized to the final value of reflectivity. As one would expect, reconstitution of the 

punctured interface with protein molecules occurs faster at higher bulk protein concentrations. 

However, the reflectivity curves exhibit features which do not match the shapes expected of a purely 

diffusive process42, e.g. temporary increases in the rate of brightness increase visible in several of the 

datasets. 

 

Figure 4: Normalized ROI brightness vs. time in the punctured region measured for different bulk concentrations of mAb 1 
(left) and mAb2 (right).  

Characteristic times τ of the interfacial reconstitution process for both studied mAbs, obtained from 

multiple puncture experiments at different bulk protein concentrations, are shown in Figure 5. The 

data points represent mean values of τ for all experiments conducted at the same concentration c, 
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with error bars at one standard deviation. To allow for deviations from an ideal diffusive process as a 

consequence of rupture geometry, convective currents and precursor-mediated adsorption, an 

empirical power-law expressed as τ = Kcɑ was chosen and fitted to the data. 

 

Figure 5: Characteristic times of interface reconstitution for mAb 1 and mAb 2 at different bulk protein concentrations. Dashed 
lines represent the log-weighted fit of experimental data with the power law, τ = Kcɑ. The x-axis is extended towards higher 
concentrations to provide an indication of reconstitution times expected in pharmaceutical formulations under the power law 
model. 

4.2 Numerical modeling of mAb film reconstitution 
To account for different bulk mAb concentrations in the experiment, we first ran the FEM simulation 

for different reservoir heights h. For a thin homogeneous layer with smoothly varying refractive index, 

the intensity of reflected light increases with the square of layer thickness43. Therefore, to correlate 

the experimentally measured changes in brightness with the results of the FEM model, numerically 

obtained time dependencies of the concentration in the reservoir (representing the ruptured area 

with no initial film cover) were squared. For each height, we obtained the characteristic rise time τC 

(time to reach the reservoir concentration 𝑐 = √0.63 = 0.79 chosen to match the definition of 

experimentally determined characteristic time as described in Section 3.4), finally acquiring τC(h) 

dependence. Next, we determined the proportionality constant A by fitting τC(h) to the experimentally 

measured dependence of the characteristic time on the concentration τ(c). 

In Figure 6 we present the modeled dependence of the characteristic time for film reconstitution with 

the measured values as a function of bulk protein concentration. The values are in good agreement, 

indicating that even a simple diffusive model is capable of adequately describing the process. 

Moreover, from the fitted proportionality constant A we determined mAb surface density in the 

adsorbed film: roughly 0.68 ± 0.03 mg/m2 for mAb 1 and 0.81 ± 0.06 mg/m2 for mAb 2, which is 

consistent with the values reported in the literature44,45. 
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Figure 6: Characteristic time for film reconstitution as a function of bulk protein concentration. Solid lines are FEM model 
results, and points represent the averaged measurements with error bars at one standard deviation. 

4.3 The effect of the surfactant on film reconstitution 
It is well known that an addition of surfactants to the protein solution can interfere with the formation 

of a protein film at air-liquid interfaces. To test how surfactants in the bulk solution affect film 

reconstitution in puncture experiments, we added different concentrations of PS80 surfactant to a 0.1 

mg/mL mAb 1 solution in which an interfacial film had already been established. 

Figure7a shows the kinetics of interface reflectivity in the punctured region at different PS80 

concentrations. At low bulk PS80 concentration (0.13 μg/mL), reconstitution of the protein film 

remains essentially unaffected. At moderate PS80 concentrations (0.75 μg/mL), the reconstitution 

rate slows down, but the film is still eventually re-established (Figure 7b). However, when the 

surfactant concentration is above a critical concentration, the punctured gap is refilled by surfactant 

molecules, and the protein film never re-forms in the punctured region. This can also be seen in BAM 

images of the film after transient processes cease: for low to moderate PS80 concentrations, the 

ruptured region is refilled with protein film (seen as a bright region in Figure 7b), while for high PS80 

concentrations, the region remains empty (a dark region in Figure 7c). 

We can assume the critical surfactant concentration for the measured protein concentration to lie 

between the highest concentration at which film reconstitution was observed and the lowest at which 

no visible reconstitution occurred, at an order of magnitude of roughly 1 μg/mL (which equals 0.76 

μM) at the observed concentrations of both mAbs. This is significantly below the critical micellar 

concentration of 15 μg/mL (12 μM), reported for PS80. Note that in commercialized biological drugs, 

the concentration of PS80 is typically in a range 100-200 μg/mL; however, there are some extreme 

cases as abciximab with 10 μg/mL of PS80 and dupilimumab with 2000 μg/mL 46. 

While sufficiently high concentrations of PS80 prevented the formation of new protein film at the air-

liquid interface, they did not immediately remove the existing film. After multiple days, the film was 

still observable; however, the film morphology observed in BAM images suggests that surfactant 

molecules are slowly integrated into the film (Figure 8)26,47–49. 
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Figure 7: The effect of the surfactant on the film reconstitution after puncture. (a) Representative normalized ROI brightness 
vs. time curves of ruptured regions in the interfacial film of a 0.1 mg/mL mAb 1 solution with different concentrations of 
added PS80 surfactant. (b, c) BAM images of the interfacial rupture after a long time at PS80 concentrations of: (b)  0.13 
μg/mL, and (c) 7 μg/mL.  

 

Figure 8: The effect of surfactant addition on the undisturbed interfacial film: (left) surface of a 0.03 mg/mL mAb 1 solution 
after initial film formation, (center) immediately after the addition of undiluted PS80 bringing the total surfactant 
concentration to 12.5 μg/mL and (right) after four days. The images do not represent the same area of the sample surface. 

 

5 Discussion 
The characteristic times for reconstitution of the film surface were relatively short compared to 

characteristic times for protein film formation available in literature obtained by measurements of 

surface pressure14,22. However, they agree with the times extracted from optical observations of the 

formation of interfacial mAb film by Kannan et al14. The authors also noted that optical measurements 

result in much shorter characteristic times than measurements of surface pressure. This could be 

attributed to surface pressure measurements being more sensitive to changes in protein molecular 

structure, such as unfolding and aggregation at the air-liquid interface, while reflectance depends 

mainly on the macroscopic properties of the film. In fact, in light of recent research it is likely that a 

slower reorientation process is taking place well after the reflectivity has reached an equilibrium value 

and the measured data only correspond to the initial stage of adsorption50. However, the experimental 

setup was poorly suited for longer observations and the possibility could not be tested. 
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The data presented in Figure 6 suggests that the characteristic time-concentration relationship for 

mAbs can be roughly described with a power law. The same functional dependence is also obtained 

in the FEM simulation, indicating that slow diffusion of protein molecules towards the interface is the 

limiting factor for film reconstitution. However, other factors influence reconstitution dynamics, such 

as the possibility of convective currents caused by the rapid movement of the puncturing wire and 

conformational changes in the existing protein network, possibly influencing further adsorption. An 

extrapolation to concentrations typically found in pharmaceutical protein formulations yields a 

characteristic reconstitution time on the order of 10 ms at 10 mg/mL and 1 ms at 100 mg/mL. Due to 

the limitations of the chosen observation method, behavior in this range of mAb concentrations could 

not be experimentally verified as the film re-formed at a timescale comparable with transient effects 

due to the puncture caused by surface tension. Another limiting factor is the frame rate of the camera. 

On the other hand, reconstitution at lower concentrations is slow enough for evaporation to alter the 

position of the interface significantly, and with it, the path of the reflected light beam, eventually 

departing the camera field of view altogether. Covering the samples during measurements was not 

feasible as it significantly degraded the signal. 

Careful observation of film re-formation in the ruptured area reveals that the reconstitution is fastest 

near the rupture edges. This can be seen in Figures 3c, d, and e, where thin cracks in the interfacial 

film and the edge of the rupture are already bright after 40 s, whereas the rupture is still dark, 

indicating that film has not yet fully reconstituted. This observation agrees with the diffusive model: 

protein molecules that adsorb to a film-free surface far away from other film edges can originate just 

from below, whereas molecules that adsorb close to the existing film can originate either directly from 

below as well as from any adjacent area below the film.The situation can be nicely seen in the 

simulated concentration map (Figure 2b): the closest point of nearly non-depleted protein 

concentration (c=0.99) lies approximately 100 μm below the center of the ruptured region (at r=0), 

whereas the closest point of such concentration for the edge of the rupture (at r=100 μm) lies 

sideways, just 50 μm away in the horizontal direction. While no migration of protein from the 

surrounding film into the rupture is possible in the model, this condition also seems to hold true for 

experiments, as indicated by continuously well defined rupture boundaries.   

We have also performed similar puncture/reconstitution experiments on protein films with lower 

rigidity, where lateral diffusion into a rupture from the surrounding film is apparent. However, 

convection currents on both sides of the interface, partially caused by localized heating by the 

ellipsometer beam, caused a drift of the adsorbed film, which required either dynamical adjustment 

of the ROI or physical movement of the sample in the case of larger drifts. The latter approach yielded 

poor results due to mechanical disturbances caused by the movement. 

The purpose of surfactant addition to pharmaceutical formulations is the complete coverage of the 

interface with surfactant molecules to prevent protein adsorption and consequently reduce the 

agitation-induced formation of undesired protein particles from the mAb film. We have quantitatively 

demonstrated that the addition of the surfactant significantly alters the film reconstitution process. 

However, the surfactant had an immediate effect only in the regions where the protein film was 

removed.It did not completely remove the existing protein film, which is consistent with reports in the 

literature26.  
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6 Conclusions 
We have presented a first real-time microscopic optical observation of re-formation of a ruptured 

mAb film. The obtained characteristic times indicate that the reconstitution of films formed at the air-

liquid interface of protein solutions with concentrations typical for pharmaceutical protein 

formulations occurs on time scales much shorter than 1 s. This is an important factor in the context of 

unwanted protein aggregation and the formation of insoluble protein particles during production and 

shipping of biological drugs. Whenever the interfacial layer is under mechanical stress (by puncturing 

in our experiment, agitation during the production, or shaking during transport), the film ruptures, 

and pieces of it end up in the bulk solution in the form of undesired sub-visible protein particles. We 

have shown that the protein film is re-formed in a fraction of a second under these conditions and 

thus ready for another generation of particles during the next disruption. 

The addition of surfactant to the solution does not remove already established mAb films at the air-

solution interface. After puncturing the film, however, the surfactant competitively adsorbs onto the 

interface, slowing down the film reconstitution. Sufficiently high surfactant concentration completely 

prevents the process.  

The developed finite element model provides a quantitative prediction of surface reconstitution. The 

simulation reproduced the experimental findings remarkably well, indicating that diffusion adequately 

describes the process. 

Given the ease of implementing the puncturing experiment on commercially available ellipsometers, 

we anticipate that such measurement could be widely employed to study the mode of action of 

different surfactants at the air/liquid interface and to rapidly optimize the type and concentration of 

surfactant used in drug products with minimal material requirements. In contrast to the traditional 

determination of surfactant concentration through long-term agitation experiments and subsequent 

analysis of formed aggregates, the puncturing experiment provides immediate results. 

 
We thank Lek, d.d. for financial support and supply of the materials used in this work. N.O. acknowled-
ges financial support from the Slovenian Research Agency (Research Core Funding No. P1-0192). 
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