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Abstract

Quantifying the heterogeneous nature of protein aggregates is important to understanding the impact aggregates may have on the performance of antibody therapeutics. The spatially averaged density rp of aggregates, defined as the total mass, including water, divided by the volume, is a parameter that can be used to relate size distributions measured by orthogonal methods, to characterize protein particles, and perhaps to estimate the amount of aggregated protein in a sample. We report measurements by two methods on the distribution of density values for different aggregate sizes, where the aggregates were produced by stir-stressing fluorescently labeled monoclonal antibody (NISTmAb). A fluorescence microscope was used to image particles. Each particle was analyzed for brightfield equivalent circular diameter (ECD) and fluorescence intensity and the results converted to average density. Measurements were also obtained using video holography. The aggregates were highly porous with median density decreasing from 1.07 g/cm3 to 1.02 g/cm3 as the size increased from 0.9 m to 6 m by fluorescence, and similar results by video holography. The distribution in density for a given particle size was asymmetrical and broad. For example, particles with an ECD of 2.5 m ranged in density from 1.005 g/cm3 to 1.1 g/cm3.
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Introduction

Protein aggregates constitute a heterogeneous mixture of particles with a wide distribution in size and shape with a variety of measurement methods used to assess the size distribution.1-3 Because of the typically amorphous and varied shape, size is often reported as an equivalent circular or spherical diameter, “ECD” or “ESD”, respectively.  Instruments typically make use of calibration microspheres with a narrow size distribution of known mean size to correlate the measured property with the equivalent property measured on the microspheres.

Light obscuration (LO), a pharmacopeial4,5 method used in all stages of biopharmaceutical development6, has been known to miss or undercount protein aggregates relative to dynamic imaging methods.7-13 Light absorption for aggregates is minimal and the signal is primarily due to the particle scattering light from the LO probe beam. Scattering depends on the index of refraction difference between the particle and the formulation. LO instruments undercount protein aggregates because this difference is small for protein aggregates compared to the typically used polystyrene microspheres used for calibration.8,9,14 In flow cytometry, another method used for characterizing aggregates15, the forward scattered signal, used to estimate particle diameter, also depends on this refractive index difference in much the same way as LO. It has been noted that without knowledge of the particle index of refraction, absolute quantitative sizing is not possible with light scattering methods16 including cytometry.15,17 

To estimate a value for the index of refraction np for protein aggregates, Zolls et al. 14 and Totoki et al.18 compared aggregates dispersed into various fluids of known refractive index with the idea that there would be a minimum of counts when np = ns, yielding values of 1.41 and 1.46, respectively. Ripple and Hu point out that this method neglects the likely porosity of protein aggregates, and is reporting the refractive index of the portions of the particle inaccessible to fluid exchange, and not the desired, spatially averaged refractive index.11 Using a quantitative phase imaging method, they obtained the spatially averaged index of refraction difference n = np - ns and diameter for <100 particles in the size range of 3 m – 100 m.  Scatter in n was observed, while, binning for ESD resulted in n that fell with increasing ESD. The value of n measured at 4.6 m (n = 0.02) was used to rescale the diameters reported by the LO instrument. 

[bookmark: _Hlk89862581]The small value of n also reduces the contrast available for imaging methods.11,14,19 Ripple et al. used measurements of calibration spheres in a prepared solution that produced a n similar to that of protein aggregates to transform dynamic imaging results on aggregates and compare the results with the rescaled LO results.11  The result was much improved agreement between LO and dynamic imaging. Matter et al. used similar ideas to actually perform instrument calibration for both LO and dynamic imaging using silica calibration microspheres in sucrose solutions with n = 0.06, showing improved detection of aggregates, especially for LO in the size range 1.3 m to 5 m.20  

The  resonant mass measurement (RMM) method uses the frequency change of a vibrating cantilever to obtain the mass of a particle as it traverses the cantilever in a microfluidic channel. To convert the mass to a particle diameter, the software for the instrument requires a value for the particle density. Values of 1.30 g/cm3 to 1.37 g/cm3 are typically used. 14,21-25 Folzer et al. sought to measure protein aggregate densities for the purpose of converting protein aggregate  resonant mass measurements to an equivalent spherical diameter.26 The approach, similar to that used by Patel et al.21, measured the buoyant mass of particles using the  resonant mass method as a function of solution density, reporting a density for the particles where linear fit of the data passes through zero buoyant mass. Similar to the issues mentioned above with measuring the index of refraction for protein aggregates by varying the solution index of refraction and looking for a minimum in particle counts, this method neglects the likely porosity of protein aggregates, and is reporting the density of the portions of the particle inaccessible to fluid exchange, and not the desired, spatially averaged buoyant density. An illustration is shown in the Supplemental Information Figure 1.

[bookmark: _Hlk89864853][bookmark: _Hlk94861092]It has been shown that the index of refraction and density of protein aggregates are linked. We define the spatially averaged density p of protein aggregates, as the total mass, including water, divided by the volume.  n is proportional to the spatially averaged density difference = p - s 27,28  where s is the density of the solution. Methods that can provide information on n  or , such as the average value, the dependence on particle size, the distribution of values, or the dependence on type of aggregate, will benefit the harmonizing of results between orthogonal measurements as well as provide further insights into the properties of protein aggregates. Using holographic video microscopy, Wang et al. captured holographic images of each particle flowing through a microfluidic channel, and then analyzed the images using Lorenz-Mie theory to produce an ESD and refractive index.29 Cavicchi et al. analyzed video motion of aggregates of NISTmAb 30 in a capillary using sedimentation and Brownian motion analysis to obtain a hydrodynamic ESD and density value for each particle. 28 Results were compared with quantitative phase imaging results on aggregates of polyclonal IgG 11 and video holography results from bovine pancreas insulin29 where n measurements values were converted to  value by multiplying by the conversion factor 1.54 g/cm3 .28  The density versus ESD plots were reasonably consistent, considering the differences in aggregate systems and measurement methods, generally showing a rise in  from 0.01 g/cm3 to 0.08 g/cm3 as ESD ranged from 70 m to 1 m, with the biggest rise occurring below 3 m. This corresponds to a range in spatially averaged density of 1.01 g/cm3 to 1.08 g/cm3 or a spatially averaged index of refraction of 1.339 to 1.383. It should be emphasized that these lower values, compared to the values obtained by matching solution properties, are spatially averaged and account for fluid present in the particle. As discussed by Cavicchi et al., 28 the density increase with decreasing size is expected. Eventually, as the size regime moves down to the molecular scale (dimers, trimers, and so forth), the density will approach the pure protein density value (1.41 g/cm3) 31. The observation that density increases with small size was an important justification in the work of Wong et al. where it was assumed that because of this trend, it could be assumed that submicrometer particles would exhibit little shrinking as a result of drying as a step in their imaging approach.32

The work cited above primarily addresses mean values of  or n for aggregates of a given size, rather than the distribution of    that may be present for particles of a given size. While it is well established that protein aggregates have a broad distribution in size, with typical size distributions having a power law or exponential growth in particle concentration with decreasing size3,10,11,15,21,22,29,33-44, there is little knowledge about the distribution of  among aggregates of the same size and stress origin. Flow cytometry measurements have revealed scatter in plots of side scatter intensity versus forward scattered intensity45,46 which may be related to morphological/density differences between particles. Video holography of protein aggregates has shown scatter in the index-radius plots.29 Scatter in interferometric scattering intensity among submicrometer aggregates of similar size as measured by electron microscopy has been reported.32 

In this study, we have employed two independent methods to quantify the average density distribution of protein aggregates versus size. We fluorescently labeled NISTmAb protein monomer and then created aggregates using a stir-stress. Fluorescence labeling has been commonly used in flow cytometry as a method to differentiate protein aggregates from non-proteinaceous particles such as silicone oil droplets.15,45,47,48 Fluorescence labeling of IgG using Alexa Fluor 488 was used to unambiguously detect particles of biotherapeutics in complex matrices such as human serum.49 Here, the fluorescent brightness of individual aggregates of labeled protein was converted to protein mass using an appropriate calibration method50, and these density values were combined with the particle ECD to obtain an estimate of particle density. We used an orthogonal method, video holography, on the same lot of fluorescently labeled, stir-stressed NISTmAb, to obtain comparable data. We also compare results with a previous study that used sedimentation to estimate  , but was limited by low particle count for analyzing   distributions.28

The results demonstrate that the distribution of average aggregate density is both very broad and asymmetric.  Knowledge of this distribution may be important in relating biological consequences to analytic measurements. Also, for many instruments, differences   or n from the mean value can result in signal differences that cause a particle to be counted in a different size bin. For example, for light obscuration, a high-density particle will scatter more light than a low-density particle of the same size, resulting in that particle being placed in a larger size bin.  At the low size range of the instrument, the instrument will be increasingly sensitive only to the higher-density particles, resulting in loss of particle counts.  Such effects are shown to be occurring in the results reported here, where many more particles are detected at the small size end of the distribution by fluorescence imaging compared to brightfield imaging.

Materials and Methods

Materials

Bulk-labeled, fluorescent microspheres were acquired from Spherotech (Lake Forest, IL, catalog number FP-34505-5-4) 51 with a nominal diameter of 3.2 µm, number concentration (or equivalently, number density) of 107 1/mL, and a maximum emission intensity at 505 nm. 

[bookmark: _Hlk94862173][bookmark: _Hlk94862704]The protein we use for these experiments is NISTmAb, intended as a widely available, “industry standard monoclonal antibody for pre-competitive harmonization of best practices and designing next generation characterization technologies for identity, quality, and stability testing” 30. We chose this material to be representative of monoclonal antibodies used in drug products that would be available for others to do comparable research.  The NISTmAb is available as reference material (RM 8671) from NIST.52 A vial of RM 8671 contains 800 µL of 10 mg/mL IgG1κ (molecular mass  150 kDa), a monoclonal antibody in histidine buffer: 12.5 mmol/L L-histidine and 12.5 mmol/L L-histidine HCl (pH 6.0).  The buffer solution density rs was measured to have a value of 1.00 g/mL at 25 ºC.

Labeling of NISTmAb

[bookmark: _Hlk58399284]NISTmAb was buffer-exchanged out of histidine buffer and into PBS pH 7.4 using a 5 mL dialysis cassette (molecular weight cut off  8 kDa to 10 kDa ) and adjusted to pH  8 using NaOH buffer. Labeling was performed with 400 mg Alexa488-TFP ester dye (Life Technologies Corporation, Grand Island, NY) dissolved in 100 mL dimethyl sulfoxide.  This solution was added to 2 mL of the antibody solution and allowed to react for 2 hours. The unbound dye was removed from antibody-dye conjugate using a disposable gel filtration column filled with Biogel® P-6 Media (BioRad, Hercules, California) to perform separation. The dyed protein collected was in a volume of  6.3 mL.  The degree of labeling was 3.19 mol AlexaFluor488 per 1 mol NISTmAb as determined by UV-Vis spectroscopy using a NanoDrop 2000 (ThermoFisher).  The dyed solution was dialyzed back into histidine buffer with the resulting concentration of 7.82 mg/mL in 12.5 mmol/L His and12.5 mmol/L HisCl at pH 6.0.

[bookmark: _Hlk94865716]A portion of this labeled NISTmAb solution was diluted to 1 mg/mL in histidine buffer. An aliquot of 2 mL of this solution was left unstressed. It was found that the stirring method was a simple and reproducible way to produce aggregates for study from NISTmAb. 
 A second aliquot used for imaging aggregates was stressed by stirring for two hours as described previously by Joubert et al.3 to create aggregates. This sample was diluted an additional factor of 25.  A third aliquot was stressed by stirring for three days, resulting in most of the NISTmAb being in the form of aggregates as described below. 

Brightfield and Fluorescence Measurements

For brightfield/fluorescence measurements, samples were drawn into rectangular-cross-section glass capillaries (VitroCom, Mountain Lakes, NJ) by capillary action. The glass capillaries have inner dimensions of 0.05 mm x 0.5 mm x 50 mm and were sealed at both ends with silicone high vacuum grease. We used a Leica DMRX microscope with a Hg arc lamp. Measurements were made using a 20×/0.4 NA microscope objective. The filter cube used for Alexa488 dyed protein had an excitation wavelength range of (460 to 500) nm and a detection wavelength range of (512 to 542) nm. The filter cube used for fluorescent microspheres had an excitation wavelength range of (430 to 460) nm and a detection wavelength range of (480 to 520) nm. Images were captured with an Andor Zyla 5.5 sCMOS camera (Oxford Instruments, Abingdon, UK) mounted to the microscope with a 1.25× coupler. The 16-bit image data files were stored as TIF files. Image area was 2560 x 2160 pixels, and pixel dimension was calibrated using measurements of a ruled graticule to have a value of 0.238 m/pixel. Fluorescent and brightfield images were corrected for variation in the source brightness over the image frame using images of the unstressed aggregate solution. A set of 34 images of protein aggregates were obtained. The aggregates had mostly settled onto the lower inner glass surface of the capillary, with only a few percent on the upper glass surface. Focus was set for imaging the particles that settled on the lower glass surface.

Image Analysis

Image files were processed for particle analysis using the NIST “Variable Threshold” (VT) software 44, a plug-in for FIJI53 which is a freely available version of ImageJ preloaded with additional plugins. The VT software can be used to improve boundary definition for samples with particles of widely varying contrast. The software produces a table of particle properties, including area, mean, max, minimum, and standard deviation of intensity. Area was converted to ECD and equivalent spherical volume (ESV).  Brightfield images were analyzed with VT method. The mean pixel intensity had a value of 18500. The image processing began by finding all particles defined by pixels darker than the mean by the threshold value of 575 or brighter than the mean by threshold value 650. This is the low threshold used to capture as many particles as possible while avoiding fragmentation. The variable threshold method was then applied, characterizing the dark pixels only, in which the threshold for boundary definition depends on the maximum intensity difference of the particle (relative to the background), followed by a recombination of any fragmented particles using a hull algorithm in ImageJ. The parameters for the variable threshold analysis were set based on a study of the NIST ethylene tetrafluoroethylene (ETFE) reference material 54 (See Supplemental Information Figure 2.)  which is designed to simulate the optical contrast, shape, and size distribution of protein aggregates. The analysis parameters used were chosen to give a particle size distribution that reproduced that reported for the reference. This method was checked on 1.95 m silica microspheres in a solution of glycerol/water to match approximate index difference of protein aggregates (Dn=0.02) (See Supplemental Information Figure 3.)  

Fluorescence images were analyzed twice by VT. The first analysis attempted to produce defined areas that would result in a boundary similar to that obtained from the brightfield image.  The second method produced dilated boundaries, based on the particle brightness, so as to define a region that includes most (>95%) of the light coming from a particle. Blooming and other artifacts that interfere with determining the boundaries of fluorescent beads of varying brightness have been reported with a number of segmentation methods tried.55 The local adaptive Canny edge detection can segment the image into many square sub-images and automatically find the local high and low threshold values of each sub-image for further edge detection.56 We considered a modified VT method with Canny edge 57 detection, but the results were similar to simply using the VT method as described above. Fragmented particles were not combined, in this case, and no hull analysis was performed on the fluorescent images. Fragmented particles were, however, excluded by subsequent filtering as described below.

To achieve correlated results on a particle basis between the brightfield and fluorescence images, an additional program was written that looked at VT-identified boundaries of particles from each of the three data sets (brightfield, fluorescence fixed, and fluorescence VT). The program identified particles, also known as regions of interest (ROIs), that were common to all three data sets. It also produced the full spreadsheet of properties produced by the three data sets and allowed for filtering of the commonly found particles based on any properties, combination of properties, or product, ratio, or other mathematical function of two or more properties. Because we were trying to obtain a density measurement that combines the information from particle area and fluorescent intensity, it was important to exclude fragmented particles, which could be identified based on ROIs that had vastly different areas among the three sets of analysis. Out of 27154 ROIs identified that were common to the three sets of analysis, 1032 were excluded because the area of brightfield ROI was smaller by more than a factor of five than the area of the  fluorescence VT-analyzed ROI, and an additional 269 fractionated particles were excluded by perimeter differences between the two fluorescent segmentation results (Supplemental Information Figures 4 and 5). The (small) effects of varying these exclusion criteria are shown in the Supplemental Information. Images of typical resulting identified particles are shown in Figure 1, sorted by particle ECD. For each identified particle there are three images shown with their boundary determined as follows: the lower is the brightfield image with boundary based on VT analysis, the middle is based on VT analysis of the fluorescence image designed to come close to the brightfield segmentation area, and the upper image is based on an expanded boundary of the segmentation from the middle fluorescence image, designed to collect most of the fluorescence.

Figure 2 shows the cumulative size distribution based on the above segmentation. The number of particles detected by brightfield was 26847 from the 34 images. Again, noting that most particles settled on the lower glass surface of the capillary, this corresponds to 5.1 x 107 particles/mL with ECD > 0.76 mm. Fluorescence imaging detected many more particles, 92783, corresponding to 1.7 x 108 particles/mL. The difference becomes pronounced for particles with ECD < 1 µm and shows that with the much lower background noise level, many more particles can be detected if the particles are fluorescently labeled. Probst et al. compared fluorescently labeled aggregates measured by imaging flow cytometry and dynamic imaging analysis (flow imaging).47 and found an 80 fold increase in particle counts by fluorescence detection for IgG aggregates and a factor of nearly 4000 for stressed lysozyme in the 1 µm to 10 µm size range!  The brightfield measurements here would be expected to be intermediate in sensitivity to fluorescence and commercial flow imaging, since the particles here are all fixed in one focal plane (having settled to the wall of the capillary), compared to flow imaging, where small particles would also be lost due to being out of the focal plane. The lower counts in brightfield imaging can be ascribed to small particles with small n failing to be detected under the threshold condition and noise level of the brightfield image. It should also be noted that the fluorescence image will detect bright, dense particles that may be well below 1 µm, but the limited resolution of the fluorescence would result in an assigned ECD of  1 µm, resulting in some overcount in the fluorescence size distribution.

The general process for obtaining a particle mass from the fluorescent image required a calibration factor relating brightness to mass. The general procedure was to produce, by three days of stirring, a sample in which nearly all the NISTmAb at 1 mg/mL was aggregated. This sample was centrifuged, and the fluorescence intensity of the supernatant, assumed to be from the small amount of remaining unaggregated protein, was compared to the fluorescence intensity of the unaggregated starting material at 1 mg/mL to determine the mass fraction of protein in the supernatant, from which we deduced the fraction in the aggregated state. Using this, the starting concentration (1 mg/mL), and the volume imaged, we obtain the brightness per milligram of aggregated protein. We note that the assumption of the supernatant being without aggregates does not affect the results very much since the sample was so highly aggregated. Even if the supernatant was all aggregates, the results are affected by only twenty percent. The sample used to measure aggregates of individual particles was stressed by two hours of stirring and then diluted. As a result, a slightly more sensitive camera setting was used, which was calibrated by measuring the ratio of the brightness of unaggregated material for both camera settings. With this scale factor, and the relation between brightness and mass, we computed the protein portion of the mass of each imaged particle based on the particle’s intensity. We then used the estimated volume, combined with the assumed solid density of the protein portion of the protein aggregate, to determine the included mass from the solution in the pores. The average density is the sum of the protein mass and solution mass, divided by the particle’s volume.  

The detailed calibration process to obtain an estimated average density is shown in Table 1. In step A, we measured the mean fluorescence intensity of a 1 mg/mL solution of labeled NISTmAb in the rectangular-cross-section glass capillary. In step B, we measured the intensity of an aliquot of this solution that was centrifuged at 2500 x g for 5 min. This process produced no visual change and no change in the mean intensity. In step C we measured the mean intensity of the aliquot which had been stir-stressed for 3 days, consisting of a high concentration of aggregates. There is a significant drop in intensity compared to A, presumably due to quenching of the fluorophore when aggregates are formed. In step D, we centrifuged as just described a portion of this aliquot. We extracted the supernatant and measured the mean fluorescence intensity. The intensity ratio of D to A corresponds to a good estimate of the unaggregated fraction of the stir-stressed sample and is reported in E. The remaining fraction, shown in F, is the portion of the sample in aggregate form. In G is reported the difference between C and F, the mean brightness assigned to the aggregates. The starting concentration of the solution is indicated in H, so that the average concentration of aggregates in the cell is EH=0.96 mg/mL. The imaged volume giving rise to this mean intensity value is the cell thickness times the pixel area as shown in J. K lists the value of the intensity signal to mass ratio, given by the ratio of the mean brightness from the aggregates and product of the density I and volume J. The illumination was adjusted to a higher value to collect fainter particles when the particle image sets were collected. This illumination level would have resulted in saturated pixels in the more highly aggregated and highly concentrated calibration data used to generate the signal in C. The mean intensity value reported in L is the result of this illumination level on unaggregated NISTmAb. The ratio of this intensity to the intensity for the calibration A is shown in M. This scales the conversion factor of K to produce the value in N which is the calibration parameter used to calculate the protein mass Mp of a particle. To obtain the density for each particle, we also need the portion of the particle’s mass that is solution Ms. The solution volume Vs is obtained by subtracting from the particle volume V the volume of the particle constituted of protein, which is assumed to be the protein mass of the particle divided by the density of solid protein Mp/ protein (protein=1.41 g/cm3 ).31  Summing the protein mass and the solution mass (M s = Vs /s) and dividing by the particle volume V gives the average particle density: 

p= Mp (1  s / protein ) /V + s			(1)

Estimated particle volume was calculated using an equivalent elliptical volume based on a fit of the image to an ellipse and revolving around the major axis (assuming the particle settled with the major axis parallel to the image plane.) The data is generally plotted using the difference between the average particle density and the solution density: D = p - s .
Video Holography
Video holographic microscopy measures the size and refractive index of subvisible colloidal particles. 58,59  Particles flow through a microfluidic channel where they are illuminated with a collimated laser beam as shown schematically in Figure 3. Laser light scattered by a particle interferes with the incident laser beam and creates a hologram of the particle. Each hologram is recorded by a camera for analysis. A model hologram is computed using Lorenz-Mie theory and compared to the recorded hologram. The fit of the computed hologram to the measured hologram is optimized to determine the diameter (dp) and the refractive index (np). Lorenz-Mie theory assumes that the particles are spheres. 59,60 The optimized diameter and refractive index are the parameters that best approximate an effective sphere that describes the particle. This approach has been shown to provide accurate results even with significant departures from sphericity. 29,61,62 Video holography has been used in the study of protein aggregates under a variety of different conditions. 63,64 Video holographic microscopy measurements were made using xSight (Spheryx, Inc., New York, NY). The measurements were made at 25 oC. An aliquot of 30 mL was injected into the sample reservoir of xCell (Spheryx, Inc.) with a 50 m optical path length. xSight measures particles from 500 nm to 10 m in diameter. As mentioned in the introduction, the index of refraction results can be converted to D by multiplying by the conversion factor 1.54 g/cm3.28  Conversely, density results can be converted to index of refraction by dividing this factor.
Sedimentation
Results obtained here will be compared to results from a previous report in which  was measured by obtaining tracks of NISTmAb aggregates sedimenting in a capillary of buffer solution. 28  In those measurements the particle hydrodynamic equivalent spherical diameter was based on Brownian motion using mean square displacement (MSD) analysis. The density was obtained from the settling velocity under gravity combined with Stokes’ law.  
Results and Discussion

The values for p we report fall well below the values used in the literature as noted above of 1.30 g/cm3 to 1.37 g/cm3 (density difference from water of =300 mg/cm3 to 370 mg/cm3). Figure 4a shows the normalized distribution of densities for particles of average diameter 2.0 m with two size bin widths equal to 0.2 m and 0.4 m. The  distribution for this particle size is centered around a peak maximum at =20 mg/cm3  with a full width at half maximum of 21 mg/cm3. Given that the distributions for the two size bin widths were very similar, we used the wider width, corresponding to ±10% of the median ECD, to analyze additional data, which allowed for the inclusion of more particles. Figure 4b shows that the normalized  distribution for particles of average diameter 2.0 m is narrower than the  distribution for the entire set of data. 

Figure 4c compares the normalized  distribution obtained by sedimentation28 with the  distribution produced by the present fluorescent method. The sedimentation data was obtained from protein aggregates with diameters from 1.8 to 2.2 m. In that measurement, there was broadening due to the assessment of size based on Brownian motion using mean square displacement (MSD) analysis.  To minimize that, only tracks longer than 1000 one second time steps were used.  There were 167 particles used to generate the curve. A total of 9615 particles are included in the fluorescence data which is a larger number than the MSD data because only a single image is required for the fluorescence data, compared to 1000 images (or more) for the MSD tracking analysis. The difference in peak location may be the result of the different imaging system (the MSD was done using a flow microscope) where, as was reported previously, the average density depends strongly on size below approximately 3 m.

To demonstrate that the measured width of the distributions is not an artifact of the measurement process, we analyzed data from similarly characterized fluorescent microspheres. We normalized the intensity data to the median intensity value to account for the differences in brightness of the fluorophores in aggregates versus the microspheres and normalized the frequency data by the total number of samples.  Figure 4d shows the results which indicate a narrower distribution for the microspheres. The ability of video holography to produce tight distributions and resolve index of refraction differences has been reported by Wang et al.29

The normalized  distributions measured by fluorescence and video holography for different average particle diameters are shown in Figure 5 as histograms. For the fluorescence measurements, the narrowest size distribution occurs for aggregates with diameters in the 2 m size range (2 m ± 0.2 m). The results for the median, first and third quartiles, and full width at half-maximum for particles of 1 m, 2 m, and 3 m are summarized in Table 2. At larger sizes, the fluorescence data show an increased prevalence of higher density particles (>50 mg/cm3) at ESDs at or above 3 m, while for video holography the width decreased slightly going to 5.0 mm.

[bookmark: _Hlk94867072]Figure 6 shows a comparison of  as a function of particle size for different measurement methods. For each method, the data points represent median values for data collected in bins for each particle size as described in the caption. The sedimentation results are from an orthogonal method in which particle size is determined by analysis of the Brownian motion of each particle and the average density difference from the liquid by the sedimentation rate of each particle as it falls under gravity in a vertical column.28 All results show for particles with diameters greater than 2.5 mm, an average density difference (with respect to water)  in the range of 20 mg/cm3 to 30 mg/cm3, which as mentioned above, is much less than the typically used value (=300 mg/cm3  to 370 mg/cm3). This corresponds to water fractions ranging from 95% to 93%.  Below 2.5 mm the measurements show a rise in density. A highest p value of 1.069 g/cm3 at 0.9 mm was measured from fluorescence and 1.227 g/cm3 at 0.25 mm was measured by video holography, corresponding to water fractions of 83% and 39%, respectively.  These results are similar to those we have reported previously by an orthogonal sedimentation method. This rise in density with decreasing size is to be expected, since as size diminishes towards the single molecule, the density must eventually approach that of the pure protein value (protein=1.41 g/cm3 ).31  It should be noted that this rise in density is occurring at the low extreme of the size measurement range, where there is the possibility that some lower density particles are not being detected due to lack of contrast.

[bookmark: _Hlk94866788]The results provide additional motivation to revise measurement calibration procedures for protein aggregates.  Density values for particles larger than 2.5 mm of 30 mg/cm3 translate to an index of refraction difference Dn of 0.02 (dividing by the conversion factor 1.54 g/cm3 as described in the methods section). Use of the new NIST ETFE-based reference material54 where Dn ranges from 0.015 to 0.05 as particle size ranges from 10 mm to 1 mm,11 is a much improved match compared to polystyrene latex beads with Dn = 0.257. Light obscuration would also benefit from the use of calibration materials with Dn closer to the values for protein aggregates. Perhaps a method using the ETFE reference material could be established. For instruments using the RMM method, the results also suggest using a density value much lower than the values (1.30 g/cm3 to 1.37 g/cm3) commonly used. The rise in density we observe for smaller sizes presents a challenge for obtaining accurate results using a single calibration material or value. 

Given the distribution of particle densities within a given size band, we sought to determine if there were image features which would correlate with the measured density. A simple example of particle images filtered on the basis of D > 50 mg/cm3 and D < 20 mg/cm3 for different sizes is shown in Figure 7. It is evident that for particle sizes > 1 mm the average intensity of the particles in the brightfield images is much lower (darker) for the particles with  > 50 mg/cm3. For the particles with ECDs near 1 mm, there is little difference between the two density values.

A comparison of three particle image parameters, mean pixel intensity, minimum pixel intensity, and standard deviation of pixel intensity plotted against the density difference 
for particles of ECD 2.5 mm ± 0.25 mm is shown in Figure 8a. Particles were grouped by density in bins of width 10 mg/cm3. It is evident that there is a correlation for each of these parameters with density: for  <50 mg/cm3, the mean and minimum pixel intensities fall with increasing density, while the standard deviation rises with increasing density. For   >50 mg/cm3 these values appear to saturate. An example of one of these parameters, the mean brightfield pixel intensity, is plotted against density difference  for particles of ECD 1.5 mm to 4.5 mm in Figure 8b. For particles with ECDs > 1.5 mm there is a clear correlation between mean image intensity and particle density, while, in agreement with the images of Figure 7c, for particles with ECDs  in the 1.5 mm bin the correlation is not present. 

The relation between a particle’s appearance and density is likely a contributor to the success of the phenomenological variable threshold analysis for improved particle boundary detection.44 The correlation may serve as an additional tool for particle identification using machine learning methods, although given the distributions in density shown in this work, this will not be on a particle by particle basis, but rather using pools of particles.65  

Conclusions 
We have measured the distributions of spatially averaged density for stir-stressed NISTmAb aggregates by a fluorescence labeling method (labeling prior to aggregation) and by video holography. The fluorescence labeling revealed the interesting result that more than three times as many particles were detected in fluorescence imaging compared to brightfield imaging, using segmentation threshold parameters that are commonly used by instruments. The difference, mainly for particles with ECD < 1.0 mm, warrants further study, but is likely an example of the possibility that particles on the low n part of the distribution do not show up in brightfield imaging.  The distribution of average density is generally broad, with the narrowest distribution measured by the fluorescence method for 2.0 mm particles having a full-width-half-maximum of  =  21 mg/cm3, with a lower quartile, median and upper quartile values of 15 mg/cm3, 21 mg/cm3, and 28 mg/cm3, respectively. Video holography found a full width half maximum of  = 33 mg/cm3 at 2.0 mm, with a lower quartile, median and upper quartile values of 19 mg/cm3, 29 mg/cm3, and 44 mg/cm3, respectively. Below 2.0 mm, both methods indicated a broader distribution with higher median density with decreasing size. At larger sizes than 2.0 mm, the fluorescence method saw an increase in the distribution width, while for video holography the width decreased slightly with increasing ECD. Both methods showed a low value for the average particle density for particles greater than 3 mm, in the range of 1.02 g/cm3 to 1.03 g/cm3, which is substantially lower than the often-used value of 1.37 g/cm3. This average density range corresponds to water fractions ranging from 95% to 93%. The results also show an increase in median particle density as the diameter decreased below 2.0 mm as expected, since the particles must eventually reach the pure protein value of 1.41 mg/mL at monomer size. A highest density value of 1.069 g/cm3 at 0.9 mm was measured from fluorescence and 1.227 g/cm3 at 0.25 mm was measured by video holography, corresponding to water fractions of 83% and 39%, respectively.  These results are similar to those we have reported previously by an orthogonal sedimentation method.  Image data also show a correlation between particle density and mean and minimum intensity, and standard deviation of intensity, in the brightfield image. It should be pointed out that the results for density may be different with different stress methods. The relation is suggested by the results seen here, the correlation with density and image properties, and in Joubert et al. 3 where a correlation between stress method and image properties was observed.

While there are some differences in the results for average density measurement among the methods (quantitative phase imaging, sedimentation, video holography, and fluorescence), the results all point to density/index of refraction values that are far closer to that of the buffer solution than are typical in the calibration materials (typically polystyrene microspheres) used for commercial instruments. For light obscuration and flow image analysis, the results here suggest the use of calibration methods that use materials with optical properties closer to that of protein aggregates, such the silica calibration microspheres in sucrose solutions by Matter et al.20  or the NIST ETFE  reference material54.  While microspheres have the advantage of a well-defined narrow size distribution, the ETFE particles more closely approximate the random shape and fractal nature of protein aggregates, and thus likely better approximate their light scattering properties. The dispersion in density for particles in specific size bins can be used for more advanced models to process light obscuration and imaging data, especially concerning the ends of the size distribution, where the instrument may detect particles with higher n but lose those particles of the same size but lower n. For  resonant mass measurement, the results here point to using a much lower density value than the typical 1.37 g/cm3 (as mentioned above) and, using software, similarly accounting for changes in n with size, and the effect of the density distribution, as in the case for light obscuration and flow imaging.  
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Table Captions

Table 1. A description of the steps used to obtain an estimated density for a particle based on the fluorescence intensity and particle volume (which is calculated as an ellipse fitted to the particle boundaries revolved around the larger of the two axis parameters).

Table 2. Results from Dr distributions from Fluorescence Data (Fluor.) and Video Holography (Video Holog.) for particles of three average ECD values. Units of data are mg/cm3.

Figure Captions

Figure 1. Images of particles grouped by size. (a) Particles of ECD 6 mm, size bin is ±10% of ECD. There are three images for each particle (stacked vertically). The lowest of the three images is the brightfield image, with the particle boundary set by the variable threshold method. The middle image is the fluorescence image, with the particle boundary set by the variable threshold method, with parameters designed to approximate the boundary of the brightfield segmentation boundary.  The upper image is the same fluorescent image with an expanded segmentation boundary, designed to catch most of the light from the particle. (b-f) Similarly arranged as in (a) with ECD’s of 5 mm, 4 mm, 3 mm, 2 mm, and 1 mm, respectively. Image brightness and contrast are the same for all brightfield images, but have been adjusted to display the full set of images as clearly as possible in the 256-bit format. The same is true for the fluorescent images.

Figure 2. Cumulative particle count vs ECD for particles detected by fluorescence and brightfield imaging. Upper right shows images of particles detected by fluorescence but not picked up in brightfield imaging. Both images for each particle include the boundary detected by fluorescence. Lower left shows the median of binned ECD values from fluorescence imaging vs ECD from brightfield imaging. To produce the graph in this inset, only particles detected with both methods are considered. For each particle the ECD from the two imaging methods is obtained. The brightfield image results are sorted into bins based on ECD with bin width set to 0.5 mm for ECDs < 4 mm, 1 mm for ECDs > 4 mm and  < 6 mm, and a final bin including particles with ECD > 6 mm. The median values of those bins provides the Median ECDB for brightfield imaging, and the median value of the corresponding fluorescent ECD values provides the Median ECDF for fluorescent imaging. The parameters for segmentation of the fluorescence were selected to come as close as possible to achieving a straight line with slope 1 (as indicated by the line in the inset.) The cumulative particle count for each method (large graph) includes all particles detected by fluorescence, of which there were many not picked up by brightfield imaging for ECD’s below 3.5 mm.


Figure 3. Video holography: Particles flow through a microfluidic channel and are illuminated by a laser beam. The scattered light from a particle interferes with the incident light to create a hologram. The holograms are captured with a camera for analysis with a multi-parameter optimization fitting algorithm based on comparison with holograms generated using Lorenz-Mie theory. 

Figure 4. Normalized distribution of NISTmAb aggregate density difference Dr = rp-rs  where rp is the spatially averaged density of protein aggregates, defined as the total mass, including solution, divided by the volume, and rs is the solution density,  based on fluorescence measurements for (a) particles in a bin of width 0.4 mm and 0.2 mm around 2.0 mm, showing that 0.4 mm is a satisfactory bin width (b) all particles vs particles with diameter 2.0 mm  (c) particles of aggregated NISTmAb of hydrodynamic diameter 2.0 mm measured by sedimentation compared with particles of brightfield diameter around 2.0 mm measured by the present fluorescence method, showing a somewhat narrower distribution and peak at lower density using the fluorescence method. (d) The normalized distribution of intensity/median fluorescence intensity (which is proportional to density) for NISTmAb aggregates and bulk fluorescent microspheres of nominal diameter 3.2 µm.

Figure 5. Density histograms by  Fluorescence and Video Holography. For fluorescence, indicated size for each graph is the brightfield ECD for the bin of data plotted, and the ECD size bin is ± 10% of ECD. For video holography, the size is that reported by the instrument, and the range for the 1.0 mm label includes all particles less than 1.25 mm, for 5.0 mm label  the range includes all particles greater than 4.75 μm, all other histograms the range is ±0.25 mm of the label value. The frequency in each distribution was normalized by the total number of particles in the distribution. 

Figure 6. Average density  Dr versus ECD by three methods: fluorescence (squares), sedimentation (diamonds), and video holography (triangles).  For fluorescence measurement, bin width was 0.5 μm for ECDs < 4 μm, 1 μm for ECDs > 4 μm and  < 6 μm,  and the point at ECD= 6.6 μm averaged all the results for particles greater than 6 μm.  For the sedimentation measurement, the bins are 1 μm wide, and for the video holography measurement the bins were 1 μm wide above 1 μm and 0.5 μm wide below. Error bars are standard error of the mean. By comparison, typical values of Dr for solid protein and the resonant mass method are 410 mg/cm3 and 300-370 mg/cm3, respectively.

Figure 7. Differences in particle images for density difference > 50 mg/cm3 and density difference 10 mg/cm3 < 20 mg/cm3.  (a) Particles of ECD 6 μm, size bin is ± 10% of ECD. Upper pair of images are for the same particle by fluorescence (upper) and brightfield (lower) with density difference > 50 mg/cm3 . Lower pair of images are for density difference range from 10 mg/cm3 to 20 mg/cm3. (b-f) Similarly arranged as in (a) with ECD’s of 5 μm, 4 μm, 3 μm, 2 μm, and 1 μm, respectively. Brightness range for all brightfield images is the same and set as follows. The range in pixel intensity values for imaged particles ranged from 7000 to 26000 (out of a maximum 16 bit value of 65535.) To allow the faint 1 mm particles to show here, the range was adjusted to 15000 to 26000, with pixels below 15000 set to black. This was translated to 256 gray levels for display purposes. The fluorescence range is also the same for all images and scale as pixel intensity. Denser particles appear brighter in fluorescence and darker in brightfield.

Figure 8. (a) Mean (circles) and minimum (squares) pixel intensity and standard deviation of pixel intensity (diamonds, left axis) of the brightfield image for particles of ECD 2.5 μm ±  0.25 μm versus average density.  Particles were grouped by density in bins of width 10 mg/cm3 . (b) Mean brightfield pixel intensity versus average density for different particle ECD (ECD size bin is ± 10% of ECD). Particles were grouped by density as in (a).









































[image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ]Figure 1. Images of particles grouped by size. (a) Particles of ECD 6 mm, size bin is ± 10% of ECD. There are three images for each particle (stacked vertically). The lowest of the three images is the brightfield image, with the particle boundary set by the variable threshold method. The middle image is the fluorescence image, with the particle boundary set by the variable threshold method, with parameters designed to approximate the boundary of the brightfield segmentation boundary.  The upper image is the same fluorescent image with an expanded segmentation boundary, designed to catch most of the light from the particle. (b-f) Similarly arranged as in (a) with ECD’s of 5 mm, 4 mm, 3 mm, 2 mm, and 1 mm, respectively. Image brightness and contrast are the same for all brightfield images, but have been adjusted to display the full set of images as clearly as possible in the 256 bit format. The same is true for the fluorescent images.
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Figure 2. Cumulative particle count vs ECD for particles detected by fluorescence and brightfield imaging. Upper right shows images of particles detected by fluorescence but not picked up in brightfield imaging. Both images for each particle include the boundary detected by fluorescence. Lower left shows the median of binned ECD values from fluorescence imaging vs ECD from brightfield imaging. To produce the graph in this inset, only particles detected with both methods are considered. For each particle the ECD from the two imaging methods is obtained. The brightfield image results are sorted into bins based on ECD with bin width set to 0.5 mm for ECDs < 4 mm, 1 mm for ECDs > 4 mm and  < 6 mm, and a final bin including particles with ECD > 6 mm. The median values of those bins provides the Median ECDB for brightfield imaging, and the median value of the corresponding fluorescent ECD values provides the Median ECDF for fluorescent imaging. The parameters for segmentation of the fluorescence were selected to come as close as possible to achieving a straight line with slope 1 (as indicated by the line in the inset.) The cumulative particle count for each method (large graph) includes all particles detected by fluorescence, of which there were many not picked up by brightfield imaging for ECD’s below 3.5 mm.
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Figure 3. Video holography: Particles flow through a microfluidic channel and are illuminated by a laser beam. The scattered light from a particle interferes with the incident light to create a hologram. The holograms are captured with a camera for analysis with a multi-parameter optimization fitting algorithm based on comparison with holograms generated using Lorenz-Mie theory. 
 



Figure 4. Normalized distribution of NISTmAb aggregate density difference Dr = rp-rs  where rp is the spatially averaged density of protein aggregates, defined as the total mass, including solution, divided by the volume, and rs is the solution density,  based on fluorescence measurements for (a) particles in a bin of width 0.4 mm and 0.2 mm around 2.0 mm, showing that 0.4 mm is a satisfactory bin width (b) all particles vs particles with diameter 2.0 mm  (c) particles of aggregated NISTmAb of hydrodynamic diameter 2.0 mm measured by sedimentation compared with particles of brightfield diameter around 2.0 mm measured by the present fluorescence method, showing a somewhat narrower distribution and peak at lower density using the fluorescence method. (d) The normalized distribution of intensity/median fluorescence intensity (which is proportional to density) for NISTmAb aggregates and bulk fluorescent microspheres of nominal diameter 3.2 µm.
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Figure 7. Differences in particle images for density difference > 50 mg/cm3 and density difference 10 mg/cm3 < 20 mg/cm3 .  (a) Particles of ECD 6 mm, size bin is ± 10% of ECD. Upper pair of images are for the same particle by fluorescence (upper) and brightfield (lower) with density difference > 50 mg/cm3 . Lower pair of images are for density difference 10 mg/cm3 < 20 mg/cm3. (b-f) Similarly arranged as in (a) with ECD’s of 5 mm, 4 mm, 3 mm, 2 mm, and 1 mm, respectively. Brightness range for all brightfield images is the same and set as follows. The range in pixel intensity values for imaged particles ranged from 7000 to 26000 (out of a maximum 16 bit value of 65535.) To allow the faint 1 mm particles to show here, the range was adjusted to 15000 to 26000, with pixels below 15000 set to black. This will be translated to 256 gray levels for display purposes. The fluorescence range is also the same for all images and scale as pixel intensity. More dense particles appear brighter in fluorescence and darker in brightfield.
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Figure 8. (a) Mean (circles) and minimum (squares) pixel intensity and standard deviation of pixel intensity (diamonds, left axis) of the brightfield image for particles of ECD 2.5 mm ±  0.25 mm versus average density.  Particles were grouped by density in bins of width 10 mg/cm3 . (b) Mean brightfield pixel intensity versus average density for different particle ECD (ECD size bin is ± 10% of ECD). Particles were grouped by density as in (a).
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Figure 5. Density histograms by Fluorescence and Video Holography. For fluorescence, indicated size for each graph is the brightfield ECD for the bin of
data plotted, and the ECD size bin s + 10% of ECD. For video holography, the size is that reported by the instrument, and the range for the 1.0 um label
includes all particles less than 1.25 um, for 5.0 um label the range includes all particles greater than 4.75 um, all other histograms the range is £0.25
um of the label value. The frequency in each distribution was normalized by the total number of particles in the distribution.
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Figure 6. Average density Ap versus brightfield ECD by three methods: fluorescence (squares),
sedimentation (diamonds), and video holography (triangles). For fluorescence measurement, bin width was
0.5 um for ECDs < 4 ym, 1 um for ECDs >4 ym and < 6 um, and the point at ECD= 6.6 um averaged all the
results for particles greater than 6 um. For the sedimentation measurement, the bins are 1 um wide, and
for the video holography measurement the bins were 1 um wide above 1 um and 0.5 um wide below. Error
bars are standard error of the mean.
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