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Abstract
One of the challenges in applying virus filtration in bioprocessing is the high level of membrane fouling seen with many process streams. A number of previous studies have examined the nature of the resulting flux decline, but much less is known about the effect of protein fouling on the virus retention characteristics. The objective of this work was to use confocal and electron microscopy to evaluate changes in the capture of 20 nm nanoparticles, comparable in size to small parvovirus, within the depth of PlanovaTM 20N and BioEX hollow fiber virus filters after fouling with serum IgG. Confocal images of fluorescently-labeled IgG showed protein capture throughout the virus filter, with the greatest intensity seen more than half-way through the depth of the filter. IgG fouling of the PlanovaTM 20N led to clustering in nanoparticle capture, likely due to changes in the flow distribution through the filter. This effect was not seen with the BioEX membrane. Instead, IgG fouling shifted the location of the captured nanoparticles towards the inlet (lumen) surface of the filter. These results provide important insights into the effects of protein fouling on the flow and virus capture behaviour of these important hollow fiber virus filters.
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1. Introduction
Virus filtration has been a critical component of the overall virus clearance strategy in the production of both plasma-derived and recombinant proteins since the introduction of the Planova-series hollow fiber virus filters in 1989 [1], followed shortly thereafter by the development of flat-sheet virus filters [2]. Nanofiltration is widely accepted as a robust, primarily size-based, method for virus removal that plays an essential role in achieving the required level of virus clearance [3]. However, a series of studies beginning in the mid-2000’s raised significant questions about the robustness of virus removal filtration. This included data showing a reduction in virus (or bacteriophage) retention for some filters at high virus loading [4], after significant flux decline [5], after high volumetric throughput [6], in response to a process disruption [7], and at very low values of the transmembrane pressure [8].

These experimental observations generated a significant interest in the development of techniques to directly visualize the capture of viruses within different commercial virus filters. Bakhshayeshi et al. [9] used confocal microscopy to observe the location of fluorescently-labeled MS2 and pp7 bacteriophage in both the Ultipor® DV20 and Viresolve® Pro flat sheet virus filters. This work was subsequently extended to visualize the capture of different size fluorescent nanoparticles [10], providing direct insights into the pore size gradient within the virus filters. Yamaguchi et al. [11] used transmission electron microscopy and immunoelectron microscopy to evaluate the capture of gold nanoparticles and B19 parvovirus, respectively, in a series of hollow fiber virus filters, with the particles penetrating deeper into the larger pore size filters as expected. Kosiol et al. [12] showed that virus retention was well-correlated with the pore size distribution of several commercial virus filters as determined by gold nanoparticle capture. Adan-Kubo et al. [13] examined the capture of B19 parvovirus in hollow fiber virus filters using an immunofluorescence method that avoids the need to label the virus prior to filtration. Nazem-Bokaee et al. [14] used scanning electron microscopy (SEM) to directly visualize the location of 20, 40, and 100 nm gold nanoparticles captured in both flat sheet and hollow fiber virus filters. More recently, Nazem-Bokaee et al. [15] used SEM and confocal microscopy to show that small numbers of 100 nm particles could penetrate through most of the depth of the PlanovaTM 20N filters after a process disruption, although there was no observed virus breakthrough under these conditions.

However, most of these studies of virus / nanoparticle capture were performed in the absence of any protein, even though protein fouling is known to be a very important factor in virus filtration processes. Recent work by Fallanhianbijan et al. [16] showed that pre-fouling of the Viresolve® Pro membrane by human immunoglobulin G (IgG) shifted the location of captured 20 nm gold nanoparticles further upstream (i.e., further away from the skin at the exit of the filter), but IgG fouling appeared to have no effect on nanoparticle capture in the Viresolve® NFP membrane. Adan-Kubo et al. [13] observed the capture of B19 parvovirus in hollow fiber PlanovaTM 15N and 20N filters using both immunofluorescent microscopy and transmission electron microscopy. When the parvovirus were filtered alone (in a protein-free media), the images showed a peak near the fiber lumen (inlet) as well as one within the depth of the membrane, which the authors attributed to the capture of aggregated and monomeric B19V particles, respectively. The peak associated with the aggregated virus was largely eliminated when using B19V-spiked protein solutions, which the authors explained by a reduction in virus aggregation in the presence of protein. However, no independent evidence of virus aggregation was provided, nor was there any direct information on possible effects of protein fouling within the depth of the virus filter. 

The objective of this work was to obtain a more detailed understanding of the effects of protein fouling on virus / nanoparticle capture within the PlanovaTM hollow fiber membranes. Experiments were performed with the PlanovaTM 20N and BioEX membranes using both fluorescent and gold nanoparticles with different size to directly evaluate the location of nanoparticle capture. The filters were challenged with the nanoparticles either clean or after filtration of serum IgG to avoid possible effects of the protein on nanoparticle aggregation. The location of protein fouling was identified by confocal microscopy using fluorescently labeled IgG. These results provide important new insights into the effects of protein fouling on virus capture in these hollow fiber membranes.



2. Experimental

2.1. Materials
Gold nanoparticles and fluorescently-labeled polystyrene nanoparticles (FluoSpheres®) of varying sizes (20 – 100 nm) were used as models to study capture of virus-size nanoparticles by scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM), respectively. The properties of the nanoparticles have been described previously [14, 15]; they are all monodisperse with relatively narrow size distribution.

Human immunoglobulin G (IgG from SeraCare Life Sciences, Milford, MA) was used as a model protein for the fouling experiments. Protein solutions (1 g/L) were prepared by dissolving IgG in either DI water (resistivity >18 MΩ cm) or in 130 mM phosphate buffer (pH = 7.2). Protein solutions were prefiltered through 0.2 µm filters to remove any particulates or undissolved IgG prior to use.

Alexa Fluor® 647 Protein Labeling Kit was purchased from Life Technologies (Carlsbad, CA) and used for labeling the IgG. Briefly, a 1 g/L solution of IgG in phosphate buffer was adjusted to near pH 8 by addition of 1 M NaHCO3. The Alexa Fluor® 647 dye was added and the resulting solution allowed to react at room temperature for at least three hours. The labeled IgG was purified using a Bio-Rad BioGel P-30 Fine size exclusion purification resin provided with the labeling kit. The Degree of Labeling (DOL) of the fluorescent IgG was approximately 5 – 6 moles dye per mole IgG, which was in the range recommended by the manufacturer. 

PlanovaTM 20N (cellulosic) and PlanovaTM BioEX (PVDF) hollow-fiber virus filters, both with approximately 0.001 m2 of membrane area, were obtained from Asahi Kasei Medical Co., Ltd. (Tokyo, Japan).

2.2. Nanoparticle / Protein filtration
Filtration experiments were performed at constant pressures of 70 and 210 kPa (10 and 30 psig) for the PlanovaTM 20N and PlanovaTM BioEX, respectively. Pressures were maintained using nitrogen pressurization of a feed reservoir containing the protein solution or nanoparticle suspension. The hollow fiber modules were oriented vertically as per the manufacturer’s recommendation. Filters were initially flushed with at least 20 L/m2 of DI water or phosphate buffer to ensure proper wetting and to eliminate any entrapped air bubbles, followed immediately by filtration of the nanoparticle suspension or protein solution. In each case, the filtrate flux was calculated as a function of time (or volume) by timed collection.  

Experiments with fluorescently-labeled IgG used a mixture of labeled and unlabeled protein in a 1:100 ratio. At the completion of the protein filtration, the feed reservoir was emptied and refilled with a mixture of 20, 40, and / or 100 nm FluoSpheres in 1X buffer solution made from KH2PO4 and Na2HPO4 (referred to as PBS throughout the text) or gold nanoparticles suspended in DI water. The system was re-pressurized (after a total pause of approximately 20 min), with the filter then challenged with the nanoparticle suspension for an additional 50 – 90 L/m2.

2.3. Confocal and Scanning Electron Microscopy
At the end of the filtration experiment, the hollow fiber cartridge was cut open using a BrassCraft rotary tube cutter. Individual fibers were removed using a tweezers for subsequent examination by CLSM or SEM. Fiber samples were prepared for imaging by CLSM or SEM as described previously [15]. Briefly, the fibers were cut, embedded in a polymer resin, and then cryo-sectioned. Samples for CLSM were covered with a drop of SlowFade® Diamond Antifade Mountant from Molecular Probes, Inc. (Eugene, OR) to protect the fluorescent dyes from photobleaching. Samples for SEM were sputter-coated with a thin layer of iridium to prevent charging of the membrane and increase contrast during electron microscopy.

An Olympus FluoviewTM 1000 confocal scanning laser microscope (Olympus American Inc., New Jersey) was used to take images of the fluorescently labeled IgG and FluoSpheres® captured within the structure of the PlanovaTM virus filters. The 20 nm (yellow-green), 40 nm (dark-red), and 100 nm (red) nanospheres were excited with 488 nm Blue Argon, 633 nm Red HeNe, and 543 nm Green HeNe lasers, respectively. The labeled IgG was excited with the HeNe laser. The emitted fluorescent light was collected through a 20x or 100x oil objective lens using an Inverted Olympus IX-81 microscope.

High resolution images of the gold nanoparticles captured with the membrane cross-section were obtained using a Zeiss Sigma VP-FESEM (Carl Zeiss Microscopy, Thornwood, NY, US). A retractable five-diode backscattered detector was used with accelerating voltage between 8 and 20 kV and a 30 µm aperture; this provided high contrast between the gold nanoparticles and the sputter-coated polymer membrane. 

3. Results and discussion

[bookmark: _GoBack]Figure 1 shows data for the normalized flux, defined as the filtrate flux divided by the buffer flux through the clean membrane, for the PlanovaTM BioEX and 20N hollow fiber membranes fouled with 1 g/L solutions of IgG in either PBS or DI water. Results using mixtures of fluorescently-labeled and unlabeled IgG (in 1:100 ratio) showed the same flux decline behavior. There was also no evidence of IgG retention, for either the labeled or unlabeled IgG, with the permeate concentrations being within 5% of the feed concentration throughout the experiments. The initial (buffer) flux for the BioEX (at 30 psi) was 80-85 L/m2/h, which is nearly a factor of two greater than that for the 20N (45-50 L/m2/h at 10 psi). The BioEX also exhibits a significantly greater flux decline than the PlanovaTM 20N under both conditions, with the flux decreasing to 50% of its initial value after only 3 L/m2 for the BioEX compared to 39 L/m2 for the 20N during filtration of IgG in DI water. The flux decline for both membranes was greater for IgG in DI water than for IgG in PBS, consistent with previous studies showing increased IgG adsorption and fouling of the PlanovaTM 20N in very low ionic strength solutions [16]. The greater flux decline in DI water suggests a possible role of electrostatic interactions in determining the overall rate of fouling of the PlanovaTM membranes. Experiments performed with bovine serum albumin (BSA, MW = 67 kDa) in PBS showed no measurable flux decline over a similar volumetric throughput (data not shown), even with BSA concentrations as high as 40 g/L, suggesting that protein size could also be a factor governing protein fouling with the PlanovaTM membranes.


[image: ]
















Figure 1 – Flux decline behavior for the PlanovaTM BioEX and 20N hollow fiber membranes during filtration of 1 g/L solutions of IgG dissolved in either DI water or PBS. 



The location of the IgG fouling at the end of experimental runs shown in Figure 1 (for IgG dissolved in PBS) were examined by confocal microscopy. The hollow fibers were cut so that images could be obtained “edge on” through the entire cross-section of the membrane. Confocal images of the fluorescently-labeled IgG captured within the structure of PlanovaTM BioEX and 20N filters are shown in Figure 2, with the left panels showing just the fluorescence intensity while the right panels show an overlay of the fluorescence and brightfield (white light) images. The greatest IgG capture in the PlanovaTM 20N occurs about two thirds of the way into the depth of the fiber, although there are also bright clusters (or “spots”) of IgG near the fiber lumen, i.e., at the entrance to the membrane. This behaviour is consistent with the pore size evaluation presented by Adan-Kubo et al. [13] which shows a minimum in the pore size of the PlanovaTM 20N approximately 70% of the way through the depth of the filter. In contrast, IgG capture in the PlanovaTM BioEX is greatest right near the outer edge of the hollow fiber, with almost no IgG seen near the filter inlet (right hand panel of lower images). 

[image: ]
Figure 2 – Confocal images of the PlanovaTM 20N (top) and PlanovaTM BioEX (bottom) membranes after filtration of a mixture of fluorescently-labeled and unlabeled IgG dissolved in PBS.  Left panels: fluorescent images.  Right panels: overlay of brightfield and fluorescent images.  Bars show 20 µm scale.



A separate set of PlanovaTM 20N filters were fouled with IgG in either PBS (for 60 L/m2) or water (40 L/m2), in both cases to a flux decline of approximately 80% (i.e., until J/Jo ≈ 0.2). Immediately following the IgG fouling, the filters were challenged with a mixture of the 20, 40, and 100 nm FluoSpheres and then prepared for imaging by confocal microscopy (Figure 3). The confocal images in a control experiment performed with a clean (not fouled) membrane show very uniform capture of the nanoparticles, with the 100 nm particles located in a very thin band right at the filter inlet while the 20 nm particles penetrate nearly half-way through the depth of the hollow fiber (bottom panels). The confocal images for the filter fouled with IgG in DI water look markedly different, with the nanoparticles captured as ‘patches’ in random locations throughout much of the depth of the PlanovaTM 20N filter (top panels). This includes the presence of a significant number of 100 nm particles near the exit of the hollow fiber, despite the 20 nm pore size rating for this filter. These deeply penetrating particles were absent in the confocal images for the PlanovaTM 20N membrane fouled with IgG in PBS (middle panel), although these membranes do show more heterogeneous particle capture than seen with the clean membranes (bottom panels). Repeat experiments with different filters showed very similar capture behavior as did experiments performed with the individual size nanoparticles (although in this case one could not compare the capture locations of the different size particles since each image was from a different hollow fiber cartridge).

[image: ]
Figure 3 – Confocal images showing fluorescently-labeled 20 (green), 40 (purple), and 100 nm (red) nanoparticles captured in PlanovaTM 20N membranes.  Top panels: after filtration of 40 L/m2 of IgG dissolved in DI water.  Middle panels:  after filtration of 60 L/m2 of IgG in PBS.  Bottom panels:  clean membrane.  Bars show 20 µm length scale.


Virus challenge experiments are typically performed with the viruses spiked into a protein solution; thus, an experiment was performed with a suspension of the 20 nm FluoSpheres® in a solution containing the labeled and unlabeled IgG in PBS buffer, with results shown in Figure S1. The flux decline behavior of the nanoparticle-protein mixture was identical to that for the protein alone, consistent with the very low concentration of nanoparticles in the suspension (<0.01 percent by volume). The capture profiles were also similar given the expected variability between hollow fiber modules, suggesting that the behavior seen in Figure 3 (with sequential filtration of the IgG and nanoparticles) are representative of the fouling / capture behavior that would be observed during a virus challenge.

Results from a corresponding set of experiments performed with the PlanovaTM BioEX are shown in Figure 4. In this case, confocal images of the 20 nm (green), 40 nm (purple), and 100 nm (red) particles were obtained after filtration of 10 L/m2 of a 1 g/L solution of IgG in DI water, which gave the same flux decline (approximately 80%) as for the experiments in Figure 3. The clean membrane (bottom panels) shows the capture of all three nanoparticles in a thin fairly uniform band right at the entrance to the BioEX membrane, with the thickness of the band for the green 20 nm particles being considerably smaller than that seen for the clean PlanovaTM 20N (bottom panel of Figure 3). In contrast to the results with the PlanovaTM 20N, the confocal images for the PlanovaTM BioEX filter that was first fouled with IgG in DI water show no penetration of particles deep within the filter. Instead, the nanoparticles are captured near the filter inlet, but the capture profiles are thinner and much less uniform than those for the clean membrane, with some regions nearly devoid of nanoparticles. The shifting of the nanoparticles to a region closer to the filter inlet is similar to results reported by Fallahianbijan et al. [15] for the ViresolveTM Pro membrane, which the authors attributed to a reduction in effective pore size within the depth of the filter due to IgG fouling. The non-uniformity of the nanoparticle capture may be due to a change in flow distribution through the filter, with the fouled membrane having some regions that are largely blocked by IgG with minimal filtration flux. 


[image: ]
Figure 4. Confocal images showing fluorescently-labeled 20, 40, and 100 nm nanoparticles captured in PlanovaTM BioEX membranes.  Top panels: after filtration of 10 L/m2 of IgG dissolved in DI water.  Bottom panels:  clean membrane.  Bars show 20 µm length scale.




In order to confirm the results seen in the confocal images, a separate experiment was performed with a PlanovaTM 20N fouled with IgG in DI water but then challenged with a mixture of 20 and 100 nm gold nanoparticles (instead of the FluoSpheres). The locations of the gold nanoparticles were then determined by SEM. The gold nanoparticles have a very different surface chemistry than the fluorescent nanoparticles, they are used at lower concentrations, and the SEM images eliminate potential artefacts associated with light diffraction / absorption. The moderate resolution SEM image (Figure 5) across the thickness of the membrane clearly shows the presence of several large particle clusters at locations throughout the depth of the filter, very similar to the upper series of confocal images in Figure 3. The high resolution images (Figure 5) of a single “cluster” in the right hand panels show the presence of both 20 and 100 nm gold particles within the cluster; these are most easily seen in the very low brightness image (in which the membrane itself is essentially invisible). These types of clusters were not seen for gold nanoparticles captured in the clean membrane [13].


[image: ]
Figure 5. SEM images of 20 and 100 nm gold nanoparticles captured within a PlanovaTM 20N filter after filtration of 40 L/m2 of a 1 g/L solution of IgG in DI water.  Yellow arrows indicate the location of nanoparticle ‘clusters’.  Red and green arrows show location of 100 and 20 nm gold nanoparticles, respectively. 


Figure 6 shows high resolution SEM images of 20 and 100 nm gold nanoparticles captured in a PlanovaTM BioEX membrane after filtration of 10 L/m2 of IgG in DI water, again corresponding to an 80% decline in flux. Nanoparticle capture in the fouled membrane occurs in a very thin region near the filter inlet. This band is located somewhat closer to the inner (lumen) surface of the membrane compared to results with the clean BioEX membrane (shown in [13]), consistent with the confocal images of the fluorescent nanoparticles (Figure 4). In addition, the low resolution image (left-most panel) shows some regions of the filter that are devoid of any gold nanoparticles, providing further confirmation of the non-uniform nanoparticle capture seen at the entrance to the fouled PlanovaTM BioEX membranes.

 [image: ]
Figure 6. SEM images of nanoparticle capture in a PlanovaTM BioEX membrane after filtration of 10 L/m2 of a 1 g/L solution of IgG in DI water.  Red and green arrows show location of 100 and 20 nm gold nanoparticles, respectively.



4. Conclusions
Although protein fouling is typically the key factor controlling the capacity of virus filters used in bioprocessing, the effects of fouling on viral capture within the virus filter are still largely unknown. The experimental studies presented in this paper used a combination of confocal and scanning electron microscopy to directly visualize the capture of virus-size particles within the depth of commercial hollow-fiber PlanovaTM BioEX and 20N virus filters after fouling with IgG dissolved in either DI water or PBS. The PlanovaTM BioEX membrane shows much more rapid flux decline than the PlanovaTM 20N, with both membranes fouling more rapidly when using IgG in DI water compared to IgG in PBS. This latter behaviour is consistent with results from Hamamoto et al. [17] showing greater IgG adsorption to the PlanovaTM 20N filter in low ionic strength solutions. IgG fouling is likely due to a combination of protein adsorption and physical (size-based) retention, consistent with results from other studies of protein fouling during virus filtration [4,5].

The confocal and SEM images of the PlanovaTM BioEX filter before and after IgG fouling show both a shift in nanoparticle capture closer to the filter inlet (lumen) and a greater non-uniformity in the capture profile, with some regions of the fouled filter being nearly free of any nanoparticles. These changes in nanoparticle capture are likely due to IgG deposition and / or adsorption near the entrance to the BioEX membrane, which would block certain regions of the membrane preventing flow and subsequent capture of nanoparticles in those regions. Adsorption within the depth of the membrane would likely cause pore constriction (or blockage of some of the larger pores), resulting in the observed shift in nanoparticle capture to regions closer to the filter entrance. Similar behaviour has been reported recently for the ViresolveTM Pro membrane, although in that case the nanoparticle capture occurred deep within the structure of these highly asymmetric membranes, right above the size-selective skin layer [16].

In contrast, nanoparticle capture in the fouled PlanovaTM 20N showed significant numbers of nanoparticle clusters in both the confocal and SEM images, some of which penetrated quite far into the depth of the filter. This surprising behaviour could reflect a significant alteration in the flow distribution within the PlanovaTM 20N, with substantial “channelling” of the flow within the fouled membrane. The structure of the PlanovaTM 20N virus filter is typically described in terms of large voids linked by narrow capillaries [18]. The confocal and SEM images obtained in this study suggest that some of these regions may be fully blocked by IgG, with the flow through the fouled membrane forced into many fewer “channels” that remain open. The gold and fluorescent nanoparticles are likely captured within the larger voids in these channels, possibly at or near the region where the smaller capillary branches are located. This would also explain the observed increase in transmission of both Japanese encephalitis virus and gold nanoparticles observed during filtration of solutions containing bovine serum albumin or plasma through similar cellulose hollow fiber virus filters [19]. Future studies would be required to quantitatively connect the underlying membrane pore structure to the performance of these hollow fiber virus filters, possibly along the lines discussed recently by Sorci et al. [20].
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Figure Captions
Figure 1 – Flux decline behavior for the PlanovaTM BioEX and 20N hollow fiber membranes during filtration of 1 g/L solutions of IgG dissolved in either DI water or PBS. 

Figure 2 – Confocal images of the PlanovaTM 20N (top) and PlanovaTM BioEX membranes after filtration of fluorescently-labeled IgG dissolved in PBS.  Left panels: fluorescent images.  Right panels: overlay of brightfield and fluorescent images.  Bars show 20 µm scale.

Figure 3 – Confocal images showing fluorescently-labeled 20 (green), 40 (purple), and 100 nm (red) nanoparticles captured in PlanovaTM 20N membranes.  Top panels: after filtration of 40 L/m2 of IgG dissolved in DI water.  Middle panels:  after filtration of 60 L/m2 of IgG in PBS.  Bottom panels:  clean membrane.  Bars show 20 µm.

Figure 4. Confocal images showing fluorescently-labeled 20, 40, and 100 nm nanoparticles captured in PlanovaTM BioEX membranes.  Top panels: after filtration of 10 L/m2 of IgG dissolved in DI water.  Bottom panels:  clean membrane.  Bars show 20 µm.

Figure 5. SEM images of 20 and 100 nm gold nanoparticles captured within a PlanovaTM 20N filter after filtration of 40 L/m2 of a 1 g/L solution of IgG in DI water.  Yellow arrows indicate the location of nanoparticle ‘clusters’.  Red and green arrows show location of 100 and 20 nm gold nanoparticles, respectively. 

Figure 6. SEM images of nanoparticle capture in a PlanovaTM BioEX membrane after filtration of 10 L/m2 of a 1 g/L solution of IgG in DI water.  Red and green arrows show location of 100 and 20 nm gold nanoparticles, respectively.


Supplemental Information
Since virus challenge experiments are performed with the viruses spiked into a protein solution, a series of experiments were performed with mixtures of the labeled and unlabeled IgG both with and without the 20 nm FluoSpheres® with results shown in Figure S1. The images are from 4 separate experiments; the upper panels show the red fluorescence from the IgG while the lower panels show the green fluorescence from the FluoSpheres® (both at the same location within an individual fiber). Panels (a) and (d) are control experiments used for filtration of the IgG and FluoSpheres® alone; these each show fluorescence in only one of the colors. Panel (b) is for an experiment with a PlanovaTM 20N filter challenged first with the IgG followed by the FluoSpheres® while Panel (c) is for an experiment with a separate PlanovaTM 20N challenged with a mixture of the IgG and FluoSpheres® together. The images in Panels (b) and (c) look very similar, within the expected variability of runs performed with different hollow fiber modules. There was also no IgG retention in either experiment. The lack of any effect of the nanoparticles on IgG filtration is consistent with results obtained by Bellara et al. [21] for fouling of ultrafiltration membranes that were previously modified by deposition of latex particles to enhance virus retention.
[image: ]
Figure S1 – Confocal images of PlanovaTM 20N filters fouled with: (a) a mixture of labeled and unlabeled IgG, (b) the IgG mixture followed by 20 nm FluoSpheres® in buffer, (c) a mixture of IgG with the 20 nm FluoSpheres®, and (d) the 20 nm FluoSpheres alone.  
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Figure X. Confocal images of Planova 20N filters fouled with protein solution of IgG only (a), IgG solution followed by 20 nm FluoSpheres® 
nanoparticles solution in buffer (b), mixture of IgG and 20 nm FluoSpheres® nanoparticles solution in buffer filtered simultaneously (c), and 20 
nm FluoSpheres® nanoparticles solution in buffer only (d). IgG was labelled with Alexa 647 dye visible under the 633 nm red HeNe laser (red 
fluorescent channel images on top); 20 nm FluoSpheres® nanoparticles were visible under the 488 nm blue Argon laser (green fluorescent 
channel images at bottom). Imaged fibers in panels (a) to (d) were obtained from different independent filtration experiments.
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(b) IgG+ 20 nm (seq.) (c) IgG+ 20 nm (sim.)
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Figure X. Confocal images of Planova20N filters fouled with protein solution of IgG only (a), IgG solution followed by 20 nm FluoSpheres® 

nanoparticles solution in buffer (b), mixture of IgG and 20 nm FluoSpheres® nanoparticles solution in buffer filtered simultaneously (c), and 20 

nm FluoSpheres® nanoparticles solution in buffer only (d). IgG was labelled with Alexa 647 dye visible under the 633 nm red HeNelaser (red 

fluorescent channel images on top); 20 nm FluoSpheres® nanoparticles were visible under the 488 nm blue Argon laser (green fluorescent 

channel images at bottom). Imaged fibersin panels (a) to (d) were obtained from different independent filtration experiments.
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