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Abstract 

Flow imaging microscopy was introduced as a technique for protein particle analysis a few 

years ago and has strongly gained in importance ever since. The aim of the present study 

was a comparative evaluation of four of the most relevant flow imaging micros copy 

systems for biopharmaceuticals on the market: MFI4100, MFI5200, FlowCAM VS1, and 

FlowCAM PV. Polystyrene standards, particles  generated from therapeutic monoclonal 

antibodies, and sil icone oil  droplets were analyzed by all  systems . The performance was 

critically assessed regarding quantification, characterization, image quality, differentiation 

of protein particles and sil icone oil  droplets, and handling of the systems. The FlowCAM 

systems, especially the FlowCAM VS1, showed high resolution images. The FlowCAM PV 

system provided the most precise quantification of particles of therapeutic monoclonal 

antibodies, also under impaired optical conditions by an increased refractive index of the 

formulation. Furthermore, the most accurate differentiation of protein particles and 

sil icone oil  droplets could be achieved with this instrument. The MFI systems provided 

excellent size and count accuracy (evaluated with polystyrene standards), especially the 

MFI5200 system. This instrument also showed very good performance for protein 

particles, also in case of an increased refractive index of the formulation. Both MFI 

systems were easier to use and appeared more standardized regarding measurement and 

data analysis as compared to the FlowCAM systems. Our study shows tha t the selection of 

the appropriate flow imaging microscopy system depends strongly on the main output 

parameters of interest and it is recommended to decide based on the intended 

application 
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Introduction 

Protein aggregates and particles are important qua lity attributes of therapeutic protein 

formulations (1–3). Especially micron sized aggregates (subvis ible protein particles) (4) are 

considered as critical due to their potential risk of enhancing an immunogenic response 

(5). Quantification of (not necessarily proteinaceous) subvisible particles larger than 10  µm 

and 25 µm in parenterals is required by the pharmacopoeias, and is commonly performed 

using light obscuration (LO) techniques (6,7). For therapeutic protein products regulatory 

agencies increasingly ask for quantification and characterization of particles with a size 

below 10 µm by an orthogonal approach (8,9). Furthermore, the availability of an 

increasing number of emerging techniques (10,11) extends the spectrum of particle 

analysis tools and enables a more detailed characterization of the particles counted. These 

factors inspired the development of a new educational chapter USP<1787> entitled 

“Measurement of Subvisible Particulate Matter in Therapeutic Protein Injections” (12). It is 

currently being discussed whether this chapter should include particle analysis starting 

already from 2 µm as well as the use of additional techniques, such as flow imaging 

microscopy. Flow imaging microscopy has already been used extensively in research and 

development (13–19) and more recently also for quality control/routine testing (own 

experiences). However, it needs to be considered that the calculation of particle size 

depends on the underlying measurement principle and may differ between LO and flow 

imaging microscopy. Moreover, comparison of results is influenced by the type of 

diameter selected for data evaluation and the algorithm that the instrument is using.  
 

Flow imaging microscopy uses a CCD camera with high magnification to capture images of 

the sample solution passing through a thin flow cell. The flow cell  is i l luminated and 

particles with a different refractive index (RI) than the solution decrease the light intensity 

compared to the background and can be detected on the captured images (20,21). Particle 

size and count information is then generated based on image analysis. Besides 

quantification, the digital particle images allow for subsequent morphological 

characterization including size, shape and optical parameters. This, however, requires 

sufficiently high image quality to draw reliable conclusions (21). A prominent application 

example is the differentiation of sil icone oil  droplets and protein particles in prefil led 

syringes and cartridges. For this approach, flow imaging microscopy has been successfully 

applied in several studies (22–24). In general, flow imaging microscopy tends to be more 

sensitive than LO for smal l transparent protein particles and therefore usually detects 

higher particle numbers (13,15,25). An increased RI of the formulation, leading to a 

decreased RI difference between particles and formulation, can impede a correct 
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detection of protein particles by l ight-based techniques. Compared to LO, MFI was shown 

to be slightly more robust against such a decreased RI difference (13,26). 
 

There are several flow imaging microscopy instruments available on the market provided 

by different suppliers. Those are, for example, Sysmex Flow Particle Image Analyzer (FPIA) 

3000 by Malvern Instruments (Worcestershire, UK), various Occhio Flowcell systems by 

Occhio (Angleur, Belgium), the MicroFlow Particle Sizing System by JM Canty (Buffalo, 

New York), several Micro-Flow Imaging (MFI) systems by Protein Simple (Santa Clara, 

California), and various Flow Cytometer And Microscope (FlowCAM) systems by Fluid 

Imaging (Yarmouth, Maine). In this study, MFI and FlowCAM systems with different 

settings were evaluated (Table 1). Both systems are often used for the analysis of 

subvisible particles in research and development and partly also for routine testing in a QC 

environment. A short general article about the handling of MFI and FlowCAM is available 

(27), but no comprehensive report about a direct comparison of the four systems has 

been published until  now. 
 

Here we present the first study thoroughly challenging four of the most relevant flow 

imaging microscopy systems for biopharmaceuticals on the market: MFI4100 and MFI5200 

as well as FlowCAM VS1 and FlowCAM PV. By that we want to provide a basis for the 

increasing use of such systems in QC and support industry and authorities in their efforts 

towards new standards in the field of subvisible particle characterization.  

Materials & Methods 

Materials 

Infl iximab (Remicade®, lots no. 7GD9301402, 7FD8701601, 7RMKA81402, pooled) and 

rituximab (MabThera®, lot no. B6082) were provided by local hospitals. Polystyrene 

particle standards were purchased from Duke Scientific (through Thermo Scientific, 

Fremont, California) and diluted in water for analysis. 
 

Sucrose, sodium hydroxide, di -sodium hydrogenphosphate dehydrate, and sodium 

dihydrogenphosphate dihydrate were purchased from Merck KGaA (Darmstadt, 

Germany). Sodium chloride, sodium citrate dehydrate, and polysorbate 80 were from 

VWR (Darmstadt, Germany). Sil icone oil  with a viscosity of 1000 cSt (as l isted in the Ph.Eur. 

monography for sil icone oil  as a lubricant (24)) was purchased from Sigma Aldrich 

(Steinheim, Germany). The water used in this study was highly purified water (Advantage 

A10 purification system, Mill ipore, Newark, New Jersey). 
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Sucrose solutions were prepared by dilution (w/w) of a 70% (w/w) solution, fi ltered using 

a 0.2-µm cellulose acetate syringe fi lter (Minisart®, Sartorius Stedim Biotech, Aubagne, 

France) and air bubbles were removed by centrifugation for 5  minutes at 7,000 g 

(Centrifuge 5810R, Eppendorf, Hamburg, Germany) prior to use. 

Preparation of protein samples 

Rituximab solution at a concentration of 1 mg/mL was prepared by dilution of 10 mg/mL 

rituximab commercial product in 25 mM citrate buffer (pH 6.5) containing 154 mM NaCl 

and 0.07% polysorbate 80 (formulation buffer). The formulation was fi ltered using a 

0.2 µm polyethersulfone syringe fi lter (Sartorius, Göttingen, Germany) and kept at 2-8°C 

for a maximum of one week. Heat-stressed rituximab was prepared by incubating 1.5  mL 

of the 1 mg/ml rituximab solution for 30 min at 71 °C in a thermomixer (Eppendorf, 

Hamburg, Germany). Stressed rituximab at 1 mg/mL (protein particles stock suspension) 

was stored at 2-8°C until  the measurement. 
 

Infl iximab solution at a concentration of 1  mg/mL was prepared by dilution of 10 mg/mL 

infl iximab commercial product in 100 mM phosphate buffer (pH 7.2). The formulation was 

fi ltered through a 0.2-µm polyethersulfone syringe fi lter. Stir-stressed infl iximab was 

prepared by incubating 8 mL of the 1 mg/mL infl iximab solution in a 10R glass vial using a 

18-mm Teflon®-coated stir bar at 250 rpm for 24 hours at room temperature on a 

magnetic stirrer (MR Hei -Standard, Heidolph, Schwabach, Germany). 
 

For analysis of protein samples, stressed protein solution was diluted in the appropriate 

buffer (fi ltered through a 0.22-µm cellulose acetate/nitrate membrane fi lter, MF-

Mill ipore®, Mill ipore), sucrose solution or water. 

Preparation of silicone oil emulsion 

Silicone oil  was added to fi ltered formulation buffer in a particle-free 15-mL conical tube 

to a final concentration of 2% (w/v) to generate an emulsion without additives. After 

vortexing briefly, si l icone oil  droplet formation was induced by sonication in a water bath 

(Sonorex, Brandelin, Berlin, Germany) for 10 min. Fresh sil icone oil  emulsion (sil icone oil  

droplet stock emulsion) was prepared on the day of the measurement and kept at room 

temperature.   
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Preparation of individual and mixed samples of silicone oil droplets and protein particles 

Silicone oil  droplet stock emulsion and/or protein particles stock suspension was diluted in 

unstressed protein solution or fi ltered formulation buffer for the preparation of mixed and 

individual samples. Mixed samples were prepared in a number ratio of 10:90 based on 

particle counts > 2 µm determined by MFI4100. Individual samples were prepared to 

contain the same number of sil icone oil  droplets and protein particles, respectively, as in 

the mixed samples and are referred to as the theoretical concentration. All  samples were 

prepared to a final protein concentration of 0.5 mg/mL rituximab. The samples were 

gently mixed with a pipette, kept at room temperature and measured on the day of 

preparation. 

Refractive index determination 

Refractive indices of sucrose solutions were determined using an Abbé refractometer (Carl 

Zeiss, Oberkochen, Germany). Measurements were performed in triplicate at a 

wavelength of 589 nm at room temperature and the mean value was calculated. 

Light obscuration (LO) 

Polystyrene standards were analyzed by l ight obscuration using a PAMAS SVSS-C 

(Partikelmess- und Analysesysteme, Rutesheim, Germany) equipped with an HCB-LD-

25/25 sensor in order to obtain a reference value for l inearity evaluation with polystyrene 

standards of MFI4100, MFI5200, FlowCAM VS1, and FlowCAM PV. Samples were diluted to 

a concentration of approx. 103 particles/mL as a reference point for the flow imaging 

microscopy instruments. Three measurements of a volume of 0.3  mL for each sample 

were performed with a pre-run volume of 0.5 mL at a fixed fi l l  rate, emptying rate and 

rinse rate of 10 mL/min and the mean particle concentration per  mL was reported by the 

system. Samples were measured in triplicate and mean and standard deviation were 

calculated. 

Micro-Flow Imaging 

MFI4100 

An MFI4100 system (ProteinSimple) equipped with a 100-µm flow cell, operated at high 

magnification (14x) and controlled by the MFI View software version 6.9 was used. The 

system was flushed with 5 mL purified water at maximum flow rate and flow cell  

cleanliness was checked visually between measurements. Water, the appropriate sucrose 

solution, fi ltered unstressed rituximab formulation (0.5  mg/mL) or the appropriate 

formulation buffer was used to perform “optimize i l lumination” prior to each 
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measurement to ensure correct thresholding of the MFI system. Samples of 0.65 mL with 

a pre-run volume of 0.3 mL were analyzed at a flow rate of 0.1 mL/min and a fixed camera 

rate (not adjustable by the user) leading to a sampling efficiency of about 5 -8%. Samples 

were measured in triplicate and mean and standard deviation were calculated. 

MFI5200 

An MFI5200 system (ProteinSimple) equipped with a 100-µm flow cell  and controlled by 

the MFI View System Software (MVSS) version 2-R2.6.1.20.1915 was used. The system was 

flushed with 10 mL purified water at maximum flow rate and flow cell  cleanliness was 

checked visually between measurements. “Optimize i l lumination” prior to each 

measurement was done comparably to MFI4100. Samples of 0.5  mL with a pre-run 

volume of 0.2 mL were analyzed at a flow rate of 0.17 mL/min and a fixed camera rate 

(not adjustable by the user) leading to a sampling efficiency of about 80 -85%. Samples 

were measured in triplicate and mean and standard deviation were calculated. 

Particle data analysis MFI 

For both systems, MFI View Analysis Suite (MVAS) version 1.2 was used for data analysis. 

Particles stuck to the flow cell  wall were only counted once and edge particles were 

excluded from analysis. Particle size was evaluated as the diameter of a circle with the 

same projected area as the particle (designated as ECD, equivalent circular diameter, in 

the MFI software). For the discrimination of sil icone oil  droplets and protein particles, a 

minimum of 20 particles (MFI4100) or 50 particles (MFI5200) above 5  µm clearly 

recognizable as sil icone oil  droplets was selected for the “find similar” operation in the 

MVAS software. 

FlowCAM analysis 

FlowCAM VS1 

A FlowCAM VS1 Benchtop B3 system (Fluid Imaging Technologies) was equipped with a 

50 µm single-use cell, a 20x magnification lens and controlled by the VisualSpreadsheet 

software version 3.1.10. A new 50-µm multi-use flow cell  was recently introduced, but was 

not available at the time of the study. The system was flushed with 1 mL purified water at 

a flow rate of 0.5 mL/min and flow cel l  cleanliness was checked visually. 0.5 mL sample 

solution with a pre-run volume of 0.5 mL (primed manually into the flow cell) was 

analyzed with a flow rate of 0.07 mL/min and a camera rate of 20 frames/s leading to a 

sampling efficiency of about 5-8%. Only dark pixels were selected for particle size 

determination at the preset default threshold value of 20. Particle size was evaluated as 

the diameter of a circle with the same projected area as the particle (designated as ABD, 

area based diameter, in the FlowCAM software). For the discrimination of sil icone oil  
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droplets and protein particles, a fi lter can be developed and the parameters can be saved 

in the software. However, to ensure comparability with the MFI systems and to represent 

the analysis of a single sample as good as possible, the selection of sil icone oil  droplets in 

this study was performed on a sample-by-sample basis. A minimum of 20 particles above 

5 µm clearly recognizable as sil icone oil  droplets was selected for the “find similar as 

selected” function. Samples were measured in triplicate and mean and standard deviation 

were calculated. 

FlowCAM PV 

A FlowCAM PV-100 Benchtop system (Fluid Imaging Technologies) was equipped with a 

80-µm multi-use cell, a 10x magnification lens and controlled by the VisualSpreadsheet 

software version 3.4.2. The system was flushed with 5x1 mL purified water by the flushing 

function in the software and flow cell  cleanliness was accepted if less 10 particles were 

counted in 0.02 mL of water in the “autoimage mode (no save)”. 0.5 mL sample solution 

with a pre-run volume of 0.2 mL (primed manually into the flow cell) was analyzed with a 

flow rate of 0.04 mL/min and a camera rate of 21 frames/s leading to a sampling efficiency 

of about 80-85%. Dark and light pixels were selected for particle size determination at the 

preset default threshold value of 30. Particle size was evaluated as the diameter of a circle 

with the same projected area as the particle (designated as ABD, area based diameter, in 

the FlowCAM software). For the discrimination of silicone oil  droplets and protein particles 

through the “find similar” operation, a minimum of 100 particles above 5  µm clearly 

recognizable as sil icone oil  droplets was selected to generate a l ibrary. The complete 

particle population was fi ltered by the “find similar as l ibrary” function. The resulting 

particle population was sorted by fi lter score and particles with fi lter scores of 0 to 5 (with 

0 describing images which the highest match to the images in the library) were defined as 

sil icone oil  droplets. This procedure was necessary as the software was not able to 

perform the same “find similar as selected function” as applied for the FlowCAM VS1 

which was probably due to the clearly higher number of particles images by the FlowCAM 

PV. Samples were measured in triplicate and mean and standard deviation were 

calculated. 

Performance evaluation 

Critical performance parameters (e.g. image quality, size accuracy, and several other 

factors as described below) were ranked relatively withi n the evaluated systems. The 

system with the strongest performance for one specific parameter was scored as “4” 

(++++), the system with the weakest performance in this parameter was scored as “1” (+). 

In detail, the performance was quantified as follows: The image quality parameters were 
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evaluated by eye. Polystyrene sizing and counting performance was judged with respect to 

the specifications by the manufacturer (NIST-traceable), l inearity was evaluated based on 

the deviation from the theoretical concentra tion expected from the dilution factor and the 

linearity of the obtained concentrations (assessed by the R2 value). For the robustness 

towards RI influences, the relative decrease in the measured protein particle 

concentration in formulations with a higher  RI was used for the ranking. The 

differentiation of sil icone oil  droplets and protein particles was evaluated based on the 

match with the theoretical concentration within the system (based on individual samples) 

and the standard deviation, defined as prec ision. The rating of handling parameters was 

based on the personal judgment of the authors. 

Results and discussion 

Count and size performance with polystyrene standards 

The four systems MFI4100, MFI5200, FlowCAM VS1, and FlowCAM PV were first evaluated 

regarding their size and count performance with monodisperse certified polystyrene 

standards. All  systems determined the correct concentration of a 5  µm polystyrene count 

standard with 3000 ± 300 particles/mL > 3 µm (Table 2).  
 

Concentration linearity was evaluated with different dilutions of 5-µm polystyrene size 

standards over a wide range from about 4x10 2 to 8x106 particles/mL. The obtained 

concentrations for particles > 3 µm (as specified for the 5-µm count standard) were 

compared to the theoretical concentration as determined by LO in the low concentration 

range (4056 particles/mL for the second highest dilution) and calculated for the higher 

concentrations (Figure 1). All  systems showed good overall  l inearity, but underestimated 

the particle number at high concentrations (Figure 1A) probably due to coincidence of 

particles, meaning that two particles which are located very closely next to or behind each 

other are detected as one particle. For the highest concentration of theoretically 8x10 6 

particles/mL, a measurement was only possible with the MFI4100 and FlowCAM VS1. 

MFI5200 and FlowCAM PV were not able to handle such high particle concentrations as 

the measurements were automatically aborted at 1x106 and 5x105 captured particles, 

respectively. This is due to a software setting l imiting the number of captured particles to 

500,000 per analysis to ensure proper data handling. The limit can be increased, but this 

would slow down data processing by the software. For the sample with a theoretical 

concentration of 4x106 particles/mL, MFI4100, MFI5200, and FlowCAM VS1 

underestimated the particle concentration by less than 10%, whereas the FlowCAM PV 

system detected 25% less particles than actually expected. In the medium concentration 
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range of theoretically 4x103 to 1x106 particles/mL, all  systems showed good results 

(Figure 1B and C). Whereas the FlowCAM systems slightly underestimated the 

concentration, the MFI4100 system overestimated the concentration in the case of 

theoretically 4x105 particles/mL. The MFI5200 system constantly showed deviations from 

the theoretical concentration of less than 2%. For the lowest concentration of 

theoretically 406 particles/mL, MFI4100, MFI5200 and FlowCAM PV showed large 

deviations of 11-28% and only the FlowCAM VS1 system detected the theoretical 

concentration within 1% (Figure 1C). All  systems showed large relative standard deviations 

in the low concentration range below 4x103 particles/mL (8% for MFI5200, 18% and more 

for the other systems). 
 

Size accuracy was evaluated with monodisperse polystyrene size standards of 2, 5, and 

10 µm. Overall, the MFI systems rendered images of poorer resolution, but better size 

accuracy as compared with the FlowCAM systems evaluated in this study (Table 2 and 

Figure 2). The MFI4100 system underestimated the size of the 2 µm polystyrene standards 

due to resolution limitations for those small particles, but showed satisfying size accuracy 

for 5 µm and 10 µm as well as a narrow distribution for all  sizes (Figure 2A). MFI5200 was 

the only system that determined all  sizes accurately and with a high precision (Figure 2B). 

The images of size standards obtained by the MFI systems appeared rather blurry,  but 

comparable in size and optical appearance, leading to the observed good size accuracy 

and precision. In contrast, the images obtained by the FlowCAM systems showed high 

resolution and sharpness, but also a large variability in size and optical appeara nce. 

Especially the FlowCAM VS1 system showed clear deviations from the correct size (Table 

2) and also a broad size distribution with apparently more than one population per 

analyzed size standard (Figure 2C). This is particularly striking for the 10 µm polystyrene 

standard, for which two apparent populations around 10  µm and 12 µm were detected. 

The 10 µm peak particles appear to be captured in focus, whereas the 12  µm peak 

particles appear out of focus as indicated by the concentrical rings. Although the FlowCAM 

software VisualSpreadsheet is theoretically able to exclude out-of-focus particles, this was 

not performed as it would compromise the accuracy of the particle concentration and 

does therefore not represent a suitable option for real protein sample analysis. The 

FlowCAM PV rendered images of slightly lower resolution, but in return better size 

homogeneity leading to better size accuracy and precision (Figure 2D). For a mixed sample 

of 2 µm, 5 µm, and 10 µm polystyrene size standards, the described differences in image 

quality and homogeneity led to a better separation between the sizes in the MFI systems 

as compared with the FlowCAM systems (Figure 2A-D, lower panels). The underlying 

reasons for the differing image quality and homogeneity are assumed to be (i) the 

magnification and (i i) the depth of focus (Table 1). Furthermore, the threshold value in the 
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FlowCAM systems influences the size accuracy as there is always a trade-off between size 

accuracy and image fragmentation. 

Image properties 

As discussed above, differences in the image properties and especially in the image 

homogeneity lead to divergences in size determination. Furthermore, the image quality is 

a crucial parameter for morphological analysis and for a reliable discrimination of  different 

particle types, e.g. proteinaceous vs. non-proteinaceous particles. Therefore, we 

compared images of polystyrene standards, artificially generated sil icone oil  droplets, and 

protein particles (heat-stressed rituximab) (Figure 3). In general, images provided by the 

FlowCAM systems appeared sharper and of higher resolution than images captured by the 

MFI systems. This is mainly due to the smaller focus area and higher magnification of the 

FlowCAM optics. Thus, many morphological details were already visible on particles as 

small as 5 µm in size, especially for the FlowCAM VS1 system. However, the small focus 

area caused particles of the same type to appear optically different, which could be well 

observed on images for polystyrene standards and silicone oil  droplets. Dark particles with 

a bright halo as well as bright particles with a dark edge and several nuances in between 

were detected within one sample. For protein particles, images captured by the FlowCAM 

systems appeared more uniform regarding the optical contrast than for polystyrene 

standards and sil icone oil  droplets. The MFI4100 system provided comparable images of 

protein particles. In contrast the images captured by the MFI5200 system appeared more 

variable, presumably due to its larger vi ew window which results in different i l lumination 

of particles depending on their location within the view window. For protein particles, this 

can lead to a high diversity in the optical appearance due to diffraction patterns within 

those heterogeneous particles (21). However, it is difficult to judge which instrument 

displays the real heterogeneity of protein particles as this is not known. The difference in 

sharpness and resolution between MFI systems and FlowCAM systems was particularly 

obvious for protein particles with sizes of about 5  µm and 10 µm. Here, FlowCAM images 

provide more morphological details, whereas MFI images appear rather blurry. 

Furthermore, the MFI systems capture only pixels of the particle which are darker than 

the background. In contrast, the FlowCAM systems use a different background calibration 

procedure allowing the additional depiction of pixels brighter than the background which 

probably result from specific diffraction patterns (21). This contributes to the enhanced 

visibility of morphological details but also leads to the heterogeneity in FlowCAM images. 

Within the brands, the MFI4100 and FlowCAM VS1 captured better images than the 

MFI5200 and FlowCAM PV.  
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Figure 1: Linearity of particle concentration measurements by MFI4100, MFI5200, FlowCAM VS1, and FlowCAM 

PV. 5 µm PS standards measured at various dilutions. The theoretical concentrations are based on the counts of 

the second highest dilution obtained by LO (result: 4056 particles/mL). A) Full concentration range, B) zoom into 

medium concentrations, C) zoom into low concentrations. Error bars represent standard deviations from 

triplicate measurements.  
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An additional cause of image variability in the FlowCAM systems for polystyrene standards 

and sil icone oil  droplets might be the il lumination of the flow cell. While the background 

of an MFI flow cell  appears uniformly grey (Supporting information, Figure S1A and B), the 

background of a FlowCAM flow cell  seems to be less evenly i l luminated, especially for the 

FlowCAM VS1 system (Supporting information, Figure S1C and D). This can affect the 

overall  brightness of an image depending on where within the flow cell  it was captured. 

According to the manufacturer, this feature is currently under development for the 

FlowCAM systems. 
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Figure 2: Size accuracy and precision of 2 µm, 5 µm and 10 µm PS size standards measured separately (upper 
panels) and as a mix (lower panels) by A) MFI4100, B) MFI5200, C) FlowCAM VS1, and D) FlowCAM PV. 
Representative images are shown above the corresponding peak of the size distribution.  

Quantification of protein particles 

Because the captured particle images form the basis for particle analysis, a potential 

correlation between image quality and detected particle numbers was investigated. To 

this end, protein particles were generated by heating a rituximab formulation and 

analyzed by the four systems. Due to the time-shifted availability of the FlowCAM systems, 

the exact same sample could not be analyzed in parallel by all  four systems. Instead, one 

sample was analyzed in parallel by the MFI4100 and FlowCAM VS1 (Figure 4A). Another 

sample, prepared later under the same conditions, was analyzed in parallel by the 

MFI5200 and FlowCAM PV as well as by MFI4100 for comparison (Figure 4B). Thus, the 



Chapter 6 

122 

difference in the cumulative size distribution between Figure 4A and 4B can be attributed 

to the variability in the sample preparation. System-dependent differences can only be 

evaluated within Figure 4A or within Figure 4B. Although the image resolution for particles 

below 2 µm was poor and the official lower size l imit of the FlowCAM systems is 2  µm, 

counting of particles could be performed for particles > 1 µm with satisfying data quality 

for all  systems. This has been shown before for the MFI4100 system (26). For the same 

sample, the FlowCAM VS1 system detected more particles below 3  µm but fewer particles 

above 3 µm, particularly above 10 µm, as compared with the MFI4100 system.  
 

 

Figure 3: Representative images of polystyrene standards, silicone oil droplets and protein particles (heat -
stressed rituximab) of different particle sizes scaled to the same image size.  

A possible reason for this might be image fragmenta tion which was observed for the 

FlowCAM VS1 when using the setting “only dark particles” (Figure 5). It seems that bright 

parts of particles were detected as the particle boundary by the software. This effect was 

observed for particles larger than 10 µm. Although image fragmentation might also have 

occurred for smaller particles it could not be confirmed by optical evaluation of the images 

due to resolution limitations. Changing the settings to “dark & light” might have decreased 

this effect but, as discussed earlier, failed to provide the correct size for polystyrene size 

standards and was therefore not chosen. This shows again that the user has to accept a 

certain trade-off between good size accuracy and robustness against image fragmentation 

for the FlowCAM systems. On the one hand, this brings along certain user -dependency 

and data variability and there is no optimal setting for all  purposes. On the other hand, 

those many adjustable settings in the FlowCAM systems enable the handling of a specific 

problem. In contrast, the MFI systems require the trust of the user in the predefined 

settings which cannot be changed. For the other systems evaluated in this study image 

fragmentation was not observed for the same samples. However, for an IgG-containing 
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sample from a different study image fragmentation was observed for the MFI4100 system 

(data not shown due to confidentiality). 
 

 

Figure 4: Cumulative particle counts for protein particles of heat-stressed rituximab analyzed by A) MFI4100 and 
FlowCAM VS1 and B) MFI4100, MFI5200, and FlowCAM PV. Error bars represent standard deviations from 
triplicate measurements. 

For the second sample analyzed, MFI5200 and FlowCAM PV detected similar size 

distributions with slightly less particl es detected by the FlowCAM PV system (Figure 4B). 

Clearly more small particles larger than 1 µm were detected by the MFI5200 system, 

pointing on the one hand towards a better sensitivity for small transparent particles, on 

the other hand potentially also towards undetected image fragmentation. For the 

FlowCAM PV system it needs to be considered that the official size range of this system 

starts only at 2 µm and was extended consciously in this study. For total particle 

concentrations larger than 2 µm, similar concentrations were detected by all  three 

systems. The difference for particles larger than 10 µm is probably due to the low total 

number in this size range causing higher standard deviations. In general, the MFI5200 and 
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FlowCAM PV showed lower standard deviations for total particle counts larger than 1 µm 

as compared with the MFI4100 and FlowCAM VS1, as could be expected from the 

differences in the analyzed volume. 
 

It was shown earlier that l ight-based quantification of protein particles is influenced by the 

RI of both, particles and surrounding formulation and that this effect is partly system 

dependent (26). Therefore, the robustness of MFI4100, MFI5200, and FlowCAM PV 

towards RI influences  was determined by quantifying protein particles larger than 1 µm 

(stir-stressed infl iximab) in the same concentration in formulations of increasing RI, 

adjusted by addition of sucrose (Figure 6). The FlowCAM VS1 system was not available at 

the time of these experiments. Particle concentrations obtained by MFI4100 were rather 

sensitive to an increase in RI of the formulation. In 20% sucrose (RI  1.36), 80% of the 

original particle concentration was stil l  detected whereas in 50% sucrose (RI  1.42), only 

25% could be detected. MFI5200 and FlowCAM PV were both more robust towa rds RI 

influences: in 20% sucrose, 93% and 89% of the original particle concentration, 

respectively, were stil l  detected and in 50% sucrose the apparent concentration decreased 

only to 54% and 69% with MFI5200 and FlowCAM PV, respectively. The reason for the 

superior performance of MFI5200 and FlowCAM PV is potentially connected to optimized 

optical settings of these newer systems. Two different control experiments in a previous 

study have shown that the particle concentration was not affected directly by the high 

sucrose concentration, e.g. by dissolution or generation of particles (26). Instead, the 

decreased RI difference between particles and surrounding formulation reduced the 

apparent particle concentration. The RI of a 20% sucrose solution (1.36) represents 

pharmaceutically relevant conditions, e.g. at high protein concentration or a combination 

of excipients such as sucrose and high protein concentration (26). 
 

 

Figure 5: Images of protein particles around 10 µm (heat-stressed rituximab) captured by the FlowCAM VS1 
system. Red boxes indicate overlapping or doubly imaged regions in two separate images due to image 
fragmentation. 



Flow imaging microscopy for protein analysis  

125 

Differentiation of silicone oil droplets and protein particles 

A major advantage of flow imaging microscopy as compared with other analytical 

techniques for subvisible particles, e.g. LO or electrical sensing zone analysis, is the 

possibil ity to characteri ze particles based on images (10). Parameters such as shape and 

transparency can be used to differentiate between different particle types by 

mathematical fi lters (22,23). In this context, the discrimination of silicone oil  droplets and 

protein particles is especially relevant due to the increasing application of prefil led 

syringes. Similar to a previous study protein particles (heat-stressed rituximab) and 

sil icone oil  droplets were generated to represent particles and droplets in marketed 

products (22). The samples were analyzed by MFI4100, MFI5200, FlowCAM VS1, and 

FlowCAM PV as individual samples (to obtain the theoretical concentration within the 

same system) and in controlled mixtures. The “find similar” algorithm in the respective 

software was used to differentiate between sil icone oil  droplets and protein particles. Due 

to the time-shifted availability of the FlowCAM systems, the exact same sample could not 

be analyzed in parallel by all  four systems. Instead, one group of samples was analyzed in 

parallel by the MFI4100 and FlowCAM VS1 (Figure 7A and C). Another group of samples 

which was prepared later under the same conditions was analyzed in parallel by the 

MFI5200 and FlowCAM PV (Figure 7B and D). The concentration was adjusted in such a 

way that similar total particle counts larger than 1 µm were obtained for both groups of 

samples with the MFI4100 as the bridging instrument. However, the relative size 

distribution for protein particles differed clearly between the two sample groups. Thus, 

the differentiation performance was evaluated within the systems, but not between the 

systems. The evaluation was based on the match of the detected concentration (in mixed 

samples) and the theoretical concentration (in individual samples) within each system. 

The theoretical concentration may differ from system to system and is only valid for the 

mixed samples analyzed by the same system. Although an optical discrimination of 

sil icone oil  droplets and protein particles based on the particle images, which is the basis 

for the “find similar” operation, was only reasonable for particles of 5 µm and larger, the 

“find similar” function of the software was able to differentiate particles down to 2  µm. 
 

The FlowCAM PV system showed the best match with the theoretical concentration, thus 

the best differentiation of sil icone oil  droplets and protein particles (Figure 7D). The 

MFI5200 and FlowCAM PV (Figure 7B and D) showed a higher precision than the MFI4100 

and FlowCAM VS1 (Figure 7A and C). Overall, the FlowCAM systems (Figure 7C and D) 

showed better differentiation accuracy than the MFI systems (Figure 7A and B), probably 

due to the higher image quality. However, the differences were rather small and results 

might depend on the specific sample properties. In conclusion, all  systems pr oved to be 
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suitable for the differentiation of sil icone oil  droplets and protein particles from 2 to 

10 µm. For particles below 2 µm, alternative techniques such as resonant mass 

measurement (RMM) can be beneficial (22). For particles larger 10 µm, it is recommended 

independently of the system to differentiate particles by optical evaluation of the images 

rather than by applying the “find similar” function. This approach is feasible due to the 

clear images and usually low particle counts in this size range. 
 

 

Figure 6: Total particle counts for protein particles of stir-stressed infliximab for fixed particle concentrations in 
sucrose solutions of varying concentration and thus RI. Error bars represent standard deviations from triplicate 
measurements. 

Handling of the systems 

Concerning the hardware, MFI systems only allow the adjustment of the sample volume. 

This ensures standardized, user-independent measurements and repeatable results, but 

requires full  trust in the settings predefined by the manufacturer, which cannot be 

customized to specific needs or samples. In contrast, the FlowCAM systems allow changes 

in optical settings (e.g. threshold, shutter and gain) or technical settings (flow rate, image 

capture rate) offering customization of the analysis to specific needs for experienced 

users, but impede comparability between samples analyzed by different operators, at 

different times or even by different instruments of the same type. 
 

The exchange of a flow cell, which requires the adjustment of the focus as a critical 

parameter for image-based particle analysis, is straightforward and unambiguous for the 

MFI systems. For the FlowCAM systems, especially the FlowCAM VS1, this process was 

found to be cumbersome but this is currently being improved by the manufacturer. 

Furthermore, the MFI systems use a peristaltic pump enabling high flow rates and large 

volumes which is useful for an efficient cleaning step, but the flow rate needs to be 

calibrated regularly. The FlowCAM systems for small volumes (as applicable for protein 

samples) are typically equipped with a syringe pump, which does not require calibration 



Flow imaging microscopy for protein analysis  

127 

by the user, but is restricted in volume and speed limited by the flow cell  diameter. Thus, 

cleaning cycles with FlowCAM need to be performed several times with low volume an d 

flow rate, especially in case of small syringe sizes. 
 

 

Figure 7: Cumulative particle counts comparing theoretical concentrations (based on individual samples 
measured with the corresponding instrument) and determined concentrat ions (mixed samples) of artificially 
generated silicone oil droplets and protein particles (heat-stressed rituximab) in a droplet/particle ratio of 10:90 
(based on particle counts > 2 µm with MFI4100). A) MFI4100, B) MFI5200, C) FlowCAM VS1, D) FlowCAM PV. 
Error bars represent standard deviations from triplicate measurements.  
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Concerning the software, the MFI systems use different software types for the 

measurement (MFI View software for MFI4100, MVSS for MFI5200) and the data analysis 

(MVAS), whereas the FlowCAM systems apply the same software for both steps 

(VisualSpreadsheet). While the latter allows the analysis of the particle population, 

regarding size distribution and cropped images, already during the measurement as a real 

time analysis, this data becomes available only after the measurement for the MFI 

systems. However, the MVAS software includes an essential function to “remove stuck 

particles” (particles stuck to the flow cell  wall which would otherwise be counted on every 

image they were captured on). This option is not yet available for VisualSpreadsheet but is 

currently under development. In both software solutions, particle data can be exported in 

many different ways and the raw data of every single particle (e.g. shape or transparency 

values) is available. MVAS enables export of single particle images, whereas 

VisualSpreadsheet offers collages of particle images. Regarding the differentiation of 

sil icone oil  droplets and protein particles, the analysis of a single sample is simpler in 

MVAS, while VisualSpreadsheet enables the generation of l ibraries from selected particles, 

which can be used to build a fi lter for future samples. In addition, VisualSpreadsheet 

offers the possibil ity to sort the resulting population of similar particles by “fi lter  score”, 

i .e. by similarity to the selected particles. Taken together, MFI systems are more 

standardized, whereas FlowCAM systems are designed for more flexibil ity for the user, 

concerning both hardware and software. 

Conclusions 

Our study showed that the selection of the appropriate flow imaging microscopy system 

depends strongly on the main output parameters of interest and the intended application. 

Each system shows its strengths and weaknesses in different aspects (Table 3). We 

categorized the four systems evaluated in this study based on the technical data and the 

results obtained in this study into high-resolution systems (MFI4100 and FlowCAM VS1, 

because of higher image quality, but lower sampling efficiency) and high -efficiency 

systems (MFI5200 and FlowCAM PV, because of slightly lower image quality, but higher 

sampling efficiency as compared to the corresponding system from the same 

manufacturer). The best images were obtained by the FlowCAM VS1 system, which was 

seen as the best system among the high-resolution instruments. The best performance 

regarding particle counting accuracy and precision was achieved by the MFI5200 system, 

which appeared to be the preferred system among the high-efficiency instruments. The 

MFI4100 and the FlowCAM PV system were observed as all -round systems which might be 

a good compromise between the other two systems that are more biased towards particle 

counting (MFI5200) or particle imaging (FlowCAM VS1).  



Flow imaging microscopy for protein analysis  

129 

 

Ta
b

le
 3

: R
e

su
lt

s 
o

f p
o

ly
st

yr
en

e 
st

an
d

ar
d 

m
ea

su
re

m
en

ts
 w

it
h 

M
FI

4
10

0,
 M

FI
52

00
, F

lo
w

C
A

M
 V

S1
, a

n
d 

Fl
o

w
C

A
M

 P
V

. 

Fl
o

w
C

A
M

 P
V

 

+
+

+
 

+
+

+
 

+
 

+
+

 

+
+

 

+
+

+
+

 

+
+

 

+
 

+
+

+
+

 

+
+

+
+

 

+
+

+
+

 

+
+

+
+

 

+
+

 

+
+

 

+
+

+
 

+
+

+
+

 =
 s

tr
on

ge
st

 p
e

rf
o

rm
an

ce
;  

+
+

+
 =

 s
e

co
nd

 s
tr

on
ge

st
 p

er
fo

rm
an

ce
; 

+
+

 =
 t

h
ir

d
 s

tr
on

ge
st

 p
er

fo
rm

an
ce

; 

+
 =

 w
e

ak
e

st
 p

e
rf

o
rm

an
ce

; a
ll 

cr
it

er
ia

 w
er

e 
ju

dg
e

d 
o

n
ly

 r
e

la
ti

ve
ly

 a
m

on
g 

th
e

 e
va

lu
at

ed
 s

ys
te

m
s.

 

 

Fl
o

w
C

A
M

 V
S1

 

+
+

+
+

 

+
+

+
+

 

+
 

+
 

+
 

+
 

+
+

+
 

+
+

+
+

 

+
 

n
.a

. 

+
+

+
 

+
+

 

+
 

+
 

M
FI

5
2

0
0

 

+
 

+
+

 

+
+

+
+

 

+
+

+
+

 

+
+

+
+

 

+
+

 

+
+

+
+

 

+
+

+
+

 

+
+

+
 

+
+

+
 

+
+

 

+
+

+
 

+
+

+
+

 

+
+

+
 

+
+

+
+

 

M
FI

4
1

0
0

 

+
+

 

+
 

+
+

+
+

 

+
+

+
 

+
+

+
 

+
+

+
 

+
 

+
+

 

+
 

+
+

 

+
 

+
 

+
+

+
 

+
+

+
+

 

P
ar

am
e

te
r 

R
e

so
lu

ti
o

n 

C
o

n
tr

as
t 

w
it

h
in

 t
he

 p
ar

ti
cl

e 

Im
ag

e
 c

o
n

si
st

e
nc

y 
(s

ta
n

d
ar

d
s)

 

A
cc

u
ra

cy
 

P
re

ci
si

o
n 

A
cc

u
ra

cy
 

P
re

ci
si

o
n 

Li
n

e
ar

it
y 

P
re

ci
si

o
n 

R
o

b
u

st
n

e
ss

 a
ga

in
st

 R
I i

nf
lu

en
ce

s 

M
at

ch
 w

it
h

 t
h

e
 th

eo
re

ti
ca

l c
o

nc
en

tr
at

io
n 

P
re

ci
si

o
n 

 

H
ar

d
w

ar
e

 

So
ft

w
ar

e
 fo

r 
m

e
as

u
re

m
en

t 

So
ft

w
ar

e
 fo

r 
d

at
a 

an
al

ys
is

 

Im
ag

e
 p

ro
p

e
rt

ie
s 

P
o

ly
st

yr
e

n
e 

si
ze

 

P
o

ly
st

yr
e

n
e 

co
u

n
t 

P
ro

te
in

 P
ar

ti
cl

e 

q
u

an
ti

fi
ca

ti
o

n
 

D
if

fe
re

n
ti

at
io

n
 o

f  

si
li

co
n

e
 o

il 
d

ro
pl

et
s 

an
d

 

p
ro

te
in

 p
ar

ti
cl

es
  

H
an

d
li

n
g 



Chapter 6 

130 

Acknowledgements 

We thank Axel Wilde from Anasysta (distributor of Fluid Imaging in Germany) and Josh 

Geib from Fluid Imaging for providing access to the FlowCAM systems and Dave Palmlund 

from Fluid Imaging for helpful comments to the manuscript. 

  



Flow imaging microscopy for protein analysis  

131 

References 

1.  Carpenter JF, Randolph TW, Jiskoot W, Crommelin DJA, Middaugh CR, Winter G, et al. Overlooking 

subvisible particles in therapeutic protein products: gaps that may compromise product quality. J 
Pharm Sci. 2009 Apr;98(4):1201–5.  

2.  Carpenter J, Cherney B, Lubinecki A, Ma S, Marszal E, Mire-Sluis A, et al. Meeting report on protein 
particles and immunogenicity of therapeutic proteins: filling in the gaps in risk evaluation and 
mitigation. Biologicals. 2010 Sep;38(5):602–11.  

3.  Hawe A, Wiggenhorn M, van de Weert M, Garbe JHO, Mahler H-C, Jiskoot W. Forced degradation of 
therapeutic proteins. J Pharm Sci. 2012 Mar;101(3):895–913.  

4.  Narhi LO, Schmit J, Bechtold-Peters K, Sharma D. Classification of protein aggregates. J Pharm Sci. 2012 
Feb;101(2):493–8.  

5.  Rosenberg AS. Effects of protein aggregates: an immunologic perspective. AAPS J. 2006 Jan;8(3):E501–
7.  

6.  Ph.Eur. 2.9.19. General, particulate contamination: sub-visible particles. In: The European 
Pharmacopoeia,. 7th ed. 2011.  

7.  USP <788>. Particulate Matter in Injections. In: The United States Pharmacopoeia, National Formulary. 
2009.  

8.  Kirshner LS. Regulatory expectations for analysis of aggregates and particles. In: Colorado Protein 
Stability Conference. Breckenridge, CO; 2012.  

9.  Guidance for Industry: Immunogenicity Assessment for Therapeutic Protein Products. Biotechnol Law 
Rep. 2013 Jun;32(3):172–85.  

10.  Zölls S, Tantipolphan R, Wiggenhorn M, Winter G, Jiskoot W, Friess W, et al. Particles in therapeutic 
protein formulations, Part 1: overview of analytical methods. J Pharm Sci. 2012 Mar;101(3):914–35.  

11.  Burg TP, Godin M, Knudsen SM, Shen W, Carlson G, Foster JS, et al. Weighing of biomolecules, single 
cells and single nanoparticles in fluid. Nature. 2007 Apr 26;446(7139):1066–9.  

12.  Narhi LO. AAPS update on USP expert committee for Sub visible particle analysis. Newsletter of the 
AAPS Aggregation and Biological Relevance Focus Group. 2012;3(2).  

13.  Demeule B, Messick S, Shire SJ, Liu J. Characterization of particles in protein solutions: reaching the 
limits of current technologies. AAPS J. 2010 Dec;12(4):708–15.  

14.  Sharma DK, Oma P, Pollo MJ, Sukumar M. Quantification and characterization of subvisible 
proteinaceous particles in opalescent mAb formulations  using micro-flow imaging. J Pharm Sci. 2010 
Jun;99(6):2628–42.  



Chapter 6 

132 

15.  Wuchner K, Büchler J, Spycher R, Dalmonte P, Volkin DB. Development of a microflow digital imaging 
assay to characterize protein particulates during storage of a high concentration IgG1 monoclonal 
antibody formulation. J Pharm Sci. 2010 Aug;99(8):3343–61.  

16.  Joubert MK, Luo Q, Nashed-Samuel Y, Wypych J, Narhi LO. Classification and characterization of 
therapeutic antibody aggregates. J Biol Chem. 2011;286(28):25118–33.  

17.  Barnard JG, Babcock K, Carpenter JF. Characterization and quantitation of aggregates and particles in 
interferon-β products: Potential links between product quality attributes and immunogenicity. J Pharm 
Sci. 2013;102(3):915–28.  

18.  Barnard JG, Singh S, Randolph TW, Carpenter JF. Subvisible particle counting provides a sensitive 
method of detecting and quantifying aggregation of monoclonal antibody caused by freeze -thawing: 
Insights into the roles of particles in the protein aggregation pathway. J Pharm Sci. 2011;100(2):492–
503.  

19.  Patel AR, Lau D, Liu J. Quantification and Characterization of Micrometer and Submicrometer Subvisible 
Particles in Protein Therapeutics by Use of a Suspended Microchannel Resonator. Anal Chem. 2012 Jul 
13;84(15):6833–40.  

20.  Sharma DK, King D, Oma P, Merchant C. Micro-flow imaging: flow microscopy applied to sub-visible 
particulate analysis in protein formulations. AAPS J. 2010 Sep;12(3):455–64.  

21.  Brown L. Characterizing Biologics Using Dynamic Imaging Particle Analysis. Suppl to BioPharm Int. 
2011;August:4–9.  

22.  Weinbuch D, Zölls S, Wiggenhorn M, Friess W, Winter G, Jiskoot W, et al. Micro-flow imaging and 
resonant mass measurement (archimedes) - complementary methods to quantitatively differentiate 
protein particles and silicone oil droplets. J Pharm Sci. 2013;102(7):2152–65.  

23.  Strehl R, Rombach-Riegraf V, Diez M, Egodage K, Bluemel M, Jeschke M, et al. Discrimination between 
silicone oil droplets and protein aggregates in biopharmaceuticals: a novel multiparametric image filter 
for sub-visible particles in microflow imaging analysis. Pharm Res. 2012 Feb;29(2):594–602.  

24.  Sharma D, Oma P, Krishnan S. Silicone Microdroplets in Protein Formulations - Detection and 
Enumeration. Pharm Technol. 2009;33(4):74–9.  

25.  Huang C-T, Sharma D, Oma P, Krishnamurthy R. Quantitation of protein particles in parenteral solutions 
using micro-flow imaging. J Pharm Sci. 2009 Sep;98(9):3058–71.  

26.  Zölls S, Gregoritza M, Tantipolphan R, Wiggenhorn M, Winter G, Friess W, et al. How subvisible 
particles become invisible-relevance of the refractive index for protein particle analysis. J Pharm Sci. 
2013 Mar 5;102(5):1434–46.  

27.  Wilson GA, Manning MC. Flow imaging: Moving toward best practices for subvisible particle 
quantitation in protein products. J Pharm Sci. 2013;102(3):1133–4.  

 

  



Flow imaging microscopy for protein analysis  

133 

Supplementary information 

 

Figure S1: Images of a clean flow cell (purged with water) in A) MFI4100, B) MFI5200, C) FlowCAM VS1, and D) 
FlowCAM PV. 



 




