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Abstract

Aggregation of protein-based therapeutics is a challenging problem in the biopharmaceutical 

industry. Of particular concern are implications for product efficacy and clinical safety due to 

potentially increased immunogenicity of the aggregates. We used transmission electron 

microscopy (TEM) to characterize biophysical and morphological features of antibody aggregates 

formed upon controlled environmental stresses. TEM results were contrasted with results obtained 

in parallel by independent methods, including size exclusion chromatography, dynamic light 

scattering, microflow imaging and nanoparticle tracking. For TEM, stressed samples were imaged 

by negative staining and in the frozen-hydrated state. In both cases, aggregates appeared 

amorphous but differed in fine structural detail. Specifically, negatively stained aggregates were 

compact and consisted of smaller globular structures that had a notable three dimensional 

character. Elements of the native IgG structure were retained, suggesting that the aggregates were 

not assembled from denatured protein. In contrast, aggregates in frozen-hydrated samples 

appeared as extended, branched protein networks with large surface area. Using multiple scales of 

magnification, a wide range of particle sizes was observed and semi-quantitatively characterized. 

The detailed information provided by TEM extended observations obtained with the independent 

methods, demonstrating the suitability of TEM as a complementary approach to submicron 

particle analysis.
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Introduction

Protein aggregation represents a major challenge in biopharmaceutical manufacturing. 1,2 It 

may occur during purification, formulation, shipment or storage and can lead to significant 

reduction in yield, bioavailability and potency of the final product. 3,4 Significant efforts are 

therefore employed to monitor and minimize aggregate formation.2-7 There is additional 

concern that aggregates may affect clinical safety given their potential for stimulating 

adverse immunogenicity in patients. 1,8-12 The molecular mechanisms by which protein 

aggregates induce unwanted immune responses are poorly understood, but it is likely that 

their physical and chemical structure play an important role. Particle structure can also be 

expected to have an impact on how aggregates are processed and eliminated in vivo, but lack 

of sufficient information on their morphological features have hampered a systematic 

investigation of this issue. Finally, aggregate morphology and specific attributes, such as 

inherent packing density, are likely to affect the response of analytical instruments that are 

commonly used in particle counting and sizing. Thus, there is a critical need for better 

morphological characterization of protein aggregates, including direct visual examination.

The wide range of aggregate sizes (nm to mm) and their generally unknown molecular 

features require the use of a diverse set of analytical tools for detection and 

characterization.13-15 Current technologies for aggregate characterization and quantification 

are well developed for particulates that exceed 10 μm or that are less than 0.1 μm in size, but 

there are virtually no technologies for both quantitative and morphological characterization 

of aggregates that fall in the 0.1-1 μm range. 13,16 Notably, it is well recognized that with 

size exclusion chromatography (SEC) sample dilution, exposure to high ionic strength 

mobile phases and/or adsorption of aggregates to column material can greatly alter the 

aggregate content and size distribution.17 Analytical ultracentrifugation and field flow 

fractionation are important alternatives for aggregation quantitation, though the low-

throughput nature and difficulty of use associated with these technologies have limited their 

application mostly to corroboration of SEC results during method development.7

Furthermore, the fraction of protein that can be present as subvisible particles is often below 

the detection limit for loss of native protein mass by methods such as SEC 18. Direct 

counting and sizing of the particles by approaches such as microflow imaging, nanoparticle 

tracking analysis and Coulter counting have been shown to be valuable for analyses of these 

aggregates and with micron-sized and larger particles digital images are helpful for 

aggregate characterization. But there is still an unmet need for characterizing the 

morphologies of submicron particles found in therapeutic protein formulations.

Electron microscopy with its unique capability for providing direct visual information of 

size, shape and aggregation extent of a sample is a powerful tool in the arsenal of 

characterization techniques applied to protein therapeutics.19-21 Molecular electron 

microscopy uses advanced specimen preparation and imaging methods designed specifically 

to visualize complex biological samples under conditions close to their native hydration 

state. Automated data collection and processing software, linked to a relational database, 

provide the means to image and analyze samples in an efficient and reproducible manner, 

and sample throughputs are capable of addressing biopharmaceutical characterization needs 
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in a statistically significant manner.22 Samples are preserved in solution by vitrification or 

by negative staining, and then imaged using a transmission electron microscope (TEM) 

controlled by automated software that enables imaging a significant portion of the 

specimen. 23-29

In this study, we used TEM to explore the morphology, size and distribution of antibody 

aggregates formed upon agitation and freeze-thaw stress in the presence or absence of the 

excipient polysorbate 20. The results were evaluated in the context of data obtained in 

parallel by more traditional aggregate and particle measurement technologies, including 

SEC, dynamic light scattering (DLS), microflow imaging (MFI) and nanoparticle tracking 

(NTA). TEM proved to be particularly useful in detecting and characterizing aggregates in 

the sub-micrometer range and providing specific information on aggregate microstructure. 

Moreover, automated data collection and image analysis allowed examination of a 

sufficiently large number of particles to permit semi-quantitation of their distribution in the 

sub-micrometer range. Thus, although a combination of analytical techniques is necessary to 

describe the full spectrum of aggregate characteristics, TEM is well suited as a 

complementary approach to submicron particle analysis.

Materials and Mehods

Materials

Intravenous Immunoglobulin G (IVIg), 100 mg/ml, (Baxter Healthcare Corporation, 

Westlake Village CA.) (Lot# LE12N107AB, Expiry: May 2016) was purchased from the 

University of Colorado-Boulder Apothecary. Glycine, sodium phosphate and sodium 

chloride were purchased from Fisher Scientific (Fair Lawn, NJ).

Methods

IVIg was diluted to 1 mg/ml using 0.2 M glycine, pH 4.2, the buffer in which the 

commercial product is prepared or 0.2 M glycine, pH 4.2 containing 0.01% (w/v) Tween 20. 

The IVIg solution in commercial buffer was agitated end-over-end for 48 hours at room 

temperature in a 50 ml conical centrifuge tube, frozen in liquid nitrogen and stored in a -80 

°C freezer until analysis. IVIg with Tween 20 was agitated end-over-end for 10 days at room 

temperature in a 50 ml conical centrifuge tube, frozen in liquid nitrogen and stored in a -80 

°C freezer until analysis. Before analysis the samples were thawed in a 25 °C water bath. 

After the sample had equilibrated to room temperature, characterization was conducted 

using SEC, MFI, NTA and DLS. Five individual samples were used for collecting the data.

Size-Exclusion Chromatography

An Agilent 1100 (Santa Clara, CA) chromatography system was used with a Tosoh G3000 

SWXL 7.8 × 30 cm column. An in-line 0.22 μm filter was used with the column. The mobile 

phase was 200 mM sodium phosphate with 50 mM sodium chloride, pH 7.0. A flow rate of 

0.7 ml/min was used with a run time of 20 min for each sample. IVIg was centrifuged at 

14,000 × g for 10 minutes and the supernatant was loaded onto the column. Injection load 

was 25 μg IVIg and elution was monitored by absorbance at 280 nm. Monomer and dimer 

amounts were calculated as percentages of the total protein peak areas. Insoluble aggregate 
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content was determined by comparing the loss of area under the curve for IVIg that was 

agitated and freeze-thawed to that of a control sample that was not stressed.

Micro-Flow Imaging

A Protein Simple (Ottawa, ON, Canada) 4200 MFI system was used for counting and sizing 

particles greater than 1 μm. The instrument was configured in ‘set point 3’ mode using a 100 

μm flow cell. A sample volume of 0.5 ml was used of which 0.1 ml was purge volume and 

0.35 ml was used for data acquisition.

Nanoparticle Tracking Analysis

A Nanosight (Amesbury, United Kingdom) LM20 system was used for counting and sizing 

submicron particles. The system was equipped with a laser sample chamber LM12B. 

Nanosight NS300 with a LM14 laser sample chamber was used for analyzing IVIg sample 

containing Tween20. A sample volume of 0.5 ml was delivered for analysis with a 1 ml all 

plastic silicone oil free syringe (National Scientific Company, TN). Sample videos were 

recorded for 60 seconds and processed using NTA 2.3 Build 127 software. For analysis a 

screen gain of 1 and a detection threshold of 10 were used.

Dynamic Light Scattering

A Zeta Sizer Nano ZS (Malvern, United Kingdom) was used to measure the hydrodynamic 

diameter of the aggregates. Sample volume of 0.2 ml was analyzed in a 0.45 ml quartz 

cuvette.

Sample preparation for electron microscopy

For negative stain microscopy, samples were prepared on continuous carbon films supported 

on nitrocellulose-coated 400 mesh copper grids (Ted Pella). A 3 μl drop of IVIg solution 

was applied to a freshly plasma-cleaned grid for 1 min and blotted to a thin film using filter 

paper. The sample was washed six times by floating the grid on a droplet of H2O for 1 min 

followed by staining on a droplet of 2 % (w/v) uranylformate for 1 min. The grid was 

blotted after each incubation and finally air-dried. For cryo-electron microscopy, frozen-

hydrated samples of IVIg were prepared on C-flat grids (Protochips) coated with a thin layer 

of carbon. A 3 μl sample was applied to a freshly plasma-cleaned grid, blotted with filter 

paper and immediately vitrified in liquid ethane. Grids were handled and stored under liquid 

nitrogen until transfer to the electron microscope.

TEM image acquisition and analysis

Transmission electron microscopy was performed using an FEI Tecnai T12 electron 

microscope equipped with an FEI Eagle 4k × 4k CCD camera and operating at 120 kV. 

Images were collected at nominal magnifications of 6,500× (6.6 nm/pixel), 21,000× (0.5 

nm/pixel) and 52,000× (0.21 nm/pixel) using the automated image acquisition software 

package Leginon. 25 The pixel size of the CCD camera was calculated using the diffraction 

pattern from a 2D catalase crystal with known cell parameters. Images were acquired at a 

nominal underfocus of -150 μm (6,500×), -5 μm (21,000×) and -4 to -2 μm (52,000) and 

electron doses of approximately 0.5 – 45 e/Å2. Images were analyzed using the Appion 
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image processing software.30 After manual screening to ensure acceptable quality, images 

were randomly ordered for further analysis. Magnifications of 52,000×, 21,000× and 6,500× 

had a field view of 0.8 μm × 0.8 μm, 2.0 μm × 2.0 μm and 6.7 μm × 6.7 μm, respectively. 

For sizing of particles, contours were manually traced around each particle in the field of 

view of the image. Particle selection was based on the following criteria: (1) Particles had to 

be fully contained in the field of view; (2) Particles were selected only if they were at least 

partially contained in the holes (cryoEM); (3) Particle boundaries had to be clearly defined. 

The contours were then analyzed to extract several analytical metrics for the set including 

the maximum and minimum Feret diameter, area, perimeter, area equivalent diameter and 

circularity.

Results and Discussion

Generation of antibody aggregates

For the initial study, to induce formation of aggregates a stock solution of IVIg was diluted 

to 1 mg/ml with 0.2 M glycine buffer (pH 4.2) and agitated for 48 hours at room 

temperature. Aliquots were then flash-frozen in liquid nitrogen and stored at -80 °C. All 

measurements were performed immediately after thawing an aliquot at 25 °C. As described 

below, this protocol was able to convert a substantial fraction of IVIg into aggregates and 

provided sample that was well suited for comparison of results obtained by the various 

methods.

Imaging of antibody aggregates by TEM

For electron microscopy, antibody aggregates were imaged in either negative stain or the 

frozen-hydrated state. For negative staining, a thin layer of sample was deposited on a 

continuous carbon film, briefly incubated with a heavy metal ion-containing solution and 

subsequently air-dried. Surrounding the specimen with a heavy metal imparts higher 

contrast and preservation of material in the electron microscope. This method provides 

significant structural detail but can lead to alterations in sample appearance partly as a result 

of the drying process. Drying removes the native layer of hydration and thereby leads to 

some shrinkage of the specimen. It can also lead to collapse of large protein assemblies.31 

Initial investigations indicated that the 1 mg/ml stressed antibody sample formed a densely 

packed mat of protein that prevented identification of individual components. Further 

dilution to 10 μg/ml was necessary to yield a satisfactory distribution of soluble and 

aggregated IVIg. A representative image of an aggregate surrounded by monomeric IgG as 

well as small oligomeric complexes is shown in figure 1A. Individual IgG molecules had the 

expected Y-shaped morphology with the Fab and Fc arms visible in the form of small rings. 

These rings were also apparent in the aggregate, suggesting that it was not formed from fully 

unfolded protein but molecules that had retained a significant degree of structural integrity. 

The aggregate measured approximately 110 nm × 70 nm and thus fell into the submicron 

size range, for which characterization is lacking with other technologies. A wide distribution 

of aggregates in the submicron range was observed (figure 1B), from small particles 

containing no more than a few antibody monomers to increasingly larger structures. The 

aggregates were generally amorphous, lacking any type of directionality or long-range order 

except for the ring-like domains of the antibody molecules themselves. Inspection of 

Sung et al. Page 5

J Pharm Sci. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



individual aggregates at higher magnification (figure 1C-E) revealed that they consisted of 

numerous smaller globules, suggesting that they may have arisen from assemblies of smaller 

nanoparticles.

Because negative staining produces images under non-physiological conditions we did not 

characterize the aggregates in terms of size or size distribution by this method. For more 

quantitative characterization the sample was prepared by vitrification for cryo-electron 

microscopy (cryoEM). In cryoEM, the specimen is plunge-frozen in liquid ethane and 

imaged in the frozen-hydrated state. This method preserves the native structure of 

macromolecules including large protein assemblies but has the disadvantage of fairly low 

contrast.32 Thus, individual antibody molecules are not easily observed.

Aggregates in the frozen-hydrated state appeared as extended, branched protein networks 

with large surface areas (figure 2A and B). As already observed in the negatively stained 

sample, they were amorphous and highly irregular in shape. Also consistent with prior 

observations was their apparent make-up of smaller fragments, which were loosely packed 

into larger, highly porous structures. Numerous aggregates in the submicron range were 

detectable in addition to a wide range of larger structures, some of which extended over 

several micrometers (figure 2C). These larger structures had a mottled appearance indicating 

varying degrees of thickness, possibly as a result of the aggregates folding upon themselves.

Taken together, the two different TEM methods provided valuable and unique information 

on IVIg aggregate characteristics. Negative staining revealed more detail on the 

microstructure of the component proteins, whereas cryo-electron microscopy was a more 

reliable indicator of aggregate shape and dimension.

Semi-quantitative assessment of aggregate size

Given the native structure of antibody aggregates in the frozen-hydrated state and 

availability of hundreds to thousands of aggregate images in a wide range of sizes, we 

developed a semi-automated particle-measuring tool to further explore distribution of 

aggregate sizes. To this end, an aggregate-contouring program was developed in which a 

human operator traces the outline of an aggregate and a computer algorithm calculates a 

variety of metrics including perimeter, area, maximum and minimum Feret diameter, 

circularity and area equivalent diameter (AED), i.e. the diameter of a circle with equivalent 

area to the tracing of the aggregate,.

The procedure was initially tested in a proof of concept experiment that employed 100 nm 

latex beads. The AED metric was used to monitor the size distribution and reproducibility of 

the method using images of the beads taken at 21,000× and 6,500× magnifications. Size 

distribution of the latex beads was highly reproducible (p ≫ 0.05) for three independent 

samplings with a mean particle diameter of 95.4 ± 6.9 nm (data not shown). This result was 

close to the mean particle diameter of 99 ± 19 nm determined by nanoparticle tracking 

analysis of the same sample (data not shown). As expected, the circularity of the beads was 

close to 1.0 at 0.957± 0.003.
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The method was then applied to antibody aggregates imaged for the 1 mg/ml solution in the 

frozen-hydrated state. Aggregate selection was based on three criteria: (1) aggregates had to 

be fully contained in the field of view, (2) they had to be at least partially contained in the 

holes and (3) particle boundaries had to be clearly defined. An example of aggregates 

meeting these criteria is shown in figure 2D. In keeping with criterion (1), the stressed IVIg 

sample was imaged at three different magnifications (6,500×, 21,000× and 52,000×) to 

capture a wide range of aggregate sizes. As shown in figure 3, the aggregates formed three 

clusters with mean particle AED values of 64.3 nm (52,000×), 96.1 nm (21,000×) and 386 

nm (6,500) (figure 3A-C). More particles were counted at the lowest magnification, but this 

was largely a consequence of the fact that the grid area sampled at 6,500× was more than 90 

times larger than the area sampled at 52,000× and 16 times larger than that at 21,000x. 

Assuming that particle numbers scale linearly with area screened, the total number of 

particles at 21,000× and 52,000× would be ∼5,000 and ∼18,000, respectively, relative to 

∼500 measured at 6,500. Although these numbers are likely to be imprecise, it is reasonable 

to conclude that particles in the lower nanometer range were significantly more abundant 

than those measuring several hundred nanometers in diameter.

To further quantify morphological characteristics of the particles, they were binned more 

coarsely by size and additional shape parameters were determined for the various groups 

(Table 1). The resulting data provide useful information on the overall form of the particles 

but do not reflect their complex morphological features as observed by TEM.

Analysis of IVIg aggregates by alternate technologies

To place information obtained by TEM in the context of data obtained with more commonly 

employed technologies, the stressed IVIg sample was also analyzed by SEC, DLS, NTA and 

MFI. SEC indicated that 10% of the protein was lost to insoluble aggregates (data not 

shown) and of the remaining soluble fraction 10% were present in form of higher molecular 

weight species (figure 4A), presumably representing dimers and nanometer-sized soluble 

aggregates, which were also readily detected by TEM (figure 1A). DLS covered a wider size 

range and revealed the presence of nanometer to micrometer-sized particles (figure 4B). 

Specifically, three clusters were detected ranging from 6-20 nm, 40-100 nm and 500-1050 

nm in size. While this was consistent with TEM observations, it is important to keep in mind 

that the DLS analysis software tries to fit a broad, polydisperse sample to a series of 

approximately monodisperse sizes. Therefore, the presence of several distinct peaks has to 

be interpreted with caution. This issue reinforces the value of TEM as a tool that directly 

visualizes the size distribution of particles in a given sample.

NTA identified a broad particle size range from 30 nm, the apparent lower size detection 

limit of the instrument, to more than 600 nm with the greatest number of particles in the 

50-230 nm range (figure 4C), in agreement with TEM data (figure 3A and B). This method 

also provided particle concentrations, which were on the order of 106 -107/ml for the various 

size bins.

Finally, MFI provided data on the concentration and appearance of particles in the micron 

range. The vast majority of the particles fell into the 1-2 micrometer size groups with 

significantly fewer particles detected above that range (figure 5A and B). Images of the 
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particles captured by the instrument allowed inspection of their morphology and comparison 

with the attributes identified by TEM. As observed previously, the particles were highly 

heterogeneous and had an extended shape with large surface area (figure 5C). They 

appeared sheet-like and occasionally folded upon themselves, presumably as a result of 

being formed by rupture of a film of protein that arose at interfaces during agitation and 

freeze-thawing. Overall, these observations were consistent with those made by TEM, 

although TEM provided significantly more information on the microstructure of the 

aggregates owing to the much higher resolution and level of detail.

Analysis of IVIg aggregation in the presence of Tween 20

We next evaluated the effect of the nonionic surfactant Tween 20 on the formation of IVIg 

aggregates. Nonionic surfactants are often added to pharmaceutical protein formulations to 

minimize aggregation based on a variety of mechanisms by which these compounds confer 

protein stability. In the presence of 0.01 % (w/v) Tween 20, the IVIg sample had to be 

agitated for 10 days, compared to 2 days in its absence, to induce measurable amounts of 

aggregates. TEM analysis of negatively stained samples indicated that the morphology of 

the aggregates was largely unchanged (figure 6A). When viewed by cryoEM, however, 

some of the larger aggregates showed a more open, fenestrated structure that had not been as 

apparent in the absence of Tween 20 (figure 6B). Qualitatively, in the presence of the 

surfactant, the stressed sample appeared to contain a higher number of smaller-sized 

particles and this was confirmed by semi-quantitative sizing analysis (figure 3D-F). The 

mean AED values at the three magnifications were 84.3nm (52,000×), 131nm (21,000×) and 

502nm (6,500×), similar to previous results. However, there was a clear shift towards 

smaller sized particles, which were approximately 12 times more abundant than in the 

absence of Tween 20.

Analysis of the sample by SEC, DLS, NTA and MFI generally confirmed the trend towards 

formation of smaller particles in the presence of the surfactant, but there were some 

inconsistencies in the details between the data generated by these orthogonal technologies 

and those obtained by TEM. For example, SEC analysis suggested absence of soluble 

aggregates in the presence of Tween 20 (figure 7A) even though TEM analysis revealed the 

presence of a large number of particles in the low nanometer range (figure 3D). These 

soluble aggregates were readily detected by DLS, but DLS did not identify the larger 

aggregates also present in the sample (figure 7B). This was surprising as DLS results are 

usually biased towards the presence of large particles. NTA (figure 7C) and MFI (figure 8) 

were consistent with TEM analysis in that both technologies detected fewer particles in their 

respective size ranges. NTA did not register the spike in particles in the 10-30 nm range 

detected by TEM. This discrepancy was due to the apparent lower size detection limit of the 

NTA instrument, which was ca. 30 nm with the samples used in the current study. 

Surprisingly, MFI data showed a broader distribution of particle sizes than what had been 

observed in the absence of Tween 20 (figure 8). In addition, images of the aggregates 

showed the presence of long, thin fibers with considerable branching (figure 8), in contrast 

to their more globular appearance in the absence of the surfactant (figure 5).
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To determine whether the difference in aggregate morphology was a result of the presence 

of Tween 20 or, alternatively, the longer agitation time, IVIg was agitated for 10 days in the 

absence of Tween 20. Analysis of the sample by MFI revealed mostly globular particles and 

only a few elongated, fibrillar structures (data not shown). Therefore, agitating an IVIg 

sample in the presence of Tween 20 for long enough to obtain reasonable levels of particles 

appears to result in more fibrillar particles than in the absence of the surfactant. The 

mechanism underlying this effect is currently unknown. It is also unclear why the fibrillar 

particles were not detected by TEM.

In summary, although the formation of large aggregates in the presence of Tween20 was 

significantly reduced, particles in the nanometer size range still formed, albeit much more 

slowly. These small particles can still present a significant problem with protein drug 

products.

Conclusions

Our results show that TEM can serve as an effective orthogonal method to characterize 

protein aggregates. In contrast to other currently employed technologies, TEM is capable of 

visualizing macromolecular specimen in a wide size range, from individual nanometer-sized 

molecules to large protein assemblies with dimensions of several micrometers. More 

importantly, TEM provides detailed information on the microstructure of the aggregates and 

can offer insights into the conformational integrity of the component proteins.

Our automated data collection methods provided a large enough number of images to justify 

semi-quantitative analysis of aggregate size and distribution. Tools developed toward that 

end will have to be improved as the current workflow continues to rely on manual selection 

of images to be analyzed and contouring of the aggregates. Automation of these two steps 

will further increase throughput and reduce potential bias. Despite these current limitations, 

semi-quantitative sizing and distribution results were in general agreement with those 

obtained by currently accepted technologies,

TEM revealed that aggregates were highly irregular in shape and porous in nature 

suggesting that their water content is substantial. These results were not unique to the IVIg 

aggregates investigated here but have been our general experience with antibodies stressed 

by freezing and thawing. Such attributes must be taken into account when converting 

particle concentrations into protein mass. A standard procedure is to determine the volume 

of a sphere from a given particle diameter and multiplying it with the density of a typical 

protein. Thus, the resulting protein mass estimates are likely to be associated with large 

errors and require correction by algorithms that have yet to be developed. Development of 

standards that better reflect the properties of protein aggregates for calibration of analytical 

instruments might be a more realistic solution to address this problem. TEM provides 

valuable information on aggregate characteristics to that end.
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Figure 1. 
TEM images of negatively stained, stressed IVIg. (A) Representative image showing sub-

micron IVIg aggregate (black arrow) surrounded by small oligomeric antibody complexes 

and monomeric IVIg molecules. A view of the monomeric IVIg molecule identified by the 

white arrow is shown at increased scale in the lower right corner. This antibody is oriented 

in a planar fashion on the grid, giving it a Y-shaped appearance. The three arms of the 

molecule are visible in the form of small rings. (B) Field of view at lower magnification 

showing distribution and size range of IVIg aggregates. (C to E) Individual IVIg aggregates 

at high magnification. The aggregates are compact and appear to be formed from smaller 

globules.
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Figure 2. 
Images of stressed IVIg produced by cryo-electron microscopy. (A) Representative image 

showing sub-micron IVIg aggregates in the frozen-hydrated state. The sample is suspended 

in a thin layer of vitreous ice formed over holes (d=2 μm) in a carbon support film. (B) 

Higher magnification of sub-micron aggregates shown in (A). (C) Representative image of a 

larger aggregate extending over several holes and the carbon support film. (D) For semi-

quantitative analysis, contours were traced manually around individual aggregates and 

automatically converted into area equivalent diameter (AED).
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Figure 3. 
Size distribution of particles formed in the absence (panels A-C) or presence (panels D-F) of 

0.01 % (w/v) Tween 20. Particles were imaged in the frozen-hydrated state and sized at 

three different magnifications: 6,500×, 21,000× and 52,000×. The number of particles 

measured at each magnification is indicated in the respective panel. Mean particle AED 

values in the absence of Tween 20 were of 64.3 nm (52,000×), 96.1 nm (21,000×) and 386 

nm (6,500). The mean AED values in the presence of Tween 20 were 84.3 nm (52,000×), 

131 nm (21,000×) and 502 nm (6,500×).
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Figure 4. 
Characterization of IVIg aggregates by (A) Size exclusion chromatography, (B) Dynamic 

Light Scattering and (C) Nanoparticle Tracking Analysis. Five independent measurements 

were performed on each instrument. A representative result is shown for SEC and DLS in 

panels (A) and (B), respectively. Error bars in panel (C) indicate standard deviation of the 

mean.
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Figure 5. 
Micro Flow Imaging analysis of IVIg aggregates. (A) Particle concentration as a function of 

size for five independent measurements of the sample. Error bars indicate standard deviation 

of the mean. (B) Representative images of IVIg particles illustrating differences in shape 

and size. Size range is from 20-100 μm.
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Figure 6. 
(A) Gallery of negatively stained IVIg aggregates formed in the presence of 0.01 % (w/v) 

Tween 20. (B and C) Cryo-electron microscopy of IVIg aggregates formed in the presence 

of 0.01 % (w/v) Tween 20. (B) shows abundance of small particles detected in the presence 

of the surfactant; a representative large aggregate in the same sample is shown in (C). The 

right panels of (B) and (C) represent higher magnification views of the central portion of the 

images shown to the left.
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Figure 7. 
Characterization of IVIg aggregates formed in the presence of 0.01 % (w/v) Tween 20 by 

(A) Size exclusion chromatography, (B) Dynamic Light Scattering and (C) Nanoparticle 

Tracking Analysis. Five independent measurements were performed on each instrument. A 

representative result is shown for SEC and DLS in panels (A) and (B), respectively. Error 

bars in panel (C) indicate standard deviation of the mean.
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Figure 8. 
Micro Flow Imaging analysis of IVIg aggregates formed in the presence of 0.01 % (w/v) 

Tween 20. (A) Particle concentration as a function of size for five independent 

measurements of the sample. Error bars indicate standard deviation of the mean. (B) 

Representative images of IVIg particles illustrating differences in shape and size. Size range 

is from 20-100 μm.
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