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Abstract 

The objective was to evaluate performance, strengths and limitations of the microfluidic 

resistive pulse sensing (MRPS) technique for the characterization of particles in the size 

range from about 50 to 2000 nm. MRPS, resonant mass measurement (RMM), nanoparticle 

tracking analysis (NTA) and dynamic light scattering (DLS) were compared for the analysis 

of nanometer-sized polystyrene (PS) beads, liposomes, bacteria and protein aggregates. An 

electrical conductivity of at least 3 mS/cm (equivalent to 25 mM NaCl) was determined as a 

key requirement for reliable analysis with MRPS. Particle size distributions of PS beads 

determined by MRPS, NTA and RMM correlated well. However, counting precision varied 

significantly among the techniques, and was best for RMM followed by MRPS and NTA. As 

determined by measuring single and mixed PS bead populations, MRPS showed the highest 

peak resolution for sizing. RMM and MRPS were superior over DLS and NTA for the 

characterization of stressed protein samples. Finally, MRPS proved to be the only analytical 

technique able to characterize both bacteria and liposomes. In conclusion, MRPS is an 

orthogonal technique alongside other established techniques for a comprehensive analysis 

of a sample´s particle size distribution and particle concentration.  
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Introduction 

Particles ranging from a few nanometers up to several hundred micrometers receive 

substantial attention in the biopharmaceutical industry, for example, as unwanted 

particulate impurities in drug products, as drug delivery systems (e.g., liposomes) and as 

active pharmaceutical ingredients (APIs, e.g., virus-like particles, viruses, exosomes, 

bacteria, cells)1,2. 

Particulate impurities found in therapeutic protein drug products can have various sources 

and may include environmental contaminants, impurities related to excipients or 

degradants of excipients, and proteinaceous particles formed due to instability of the API3. 

Particulate impurities can impair product stability, quality and safety, and may cause serious 

adverse effects in patients, such as capillary occlusion, hypersensitivity reactions and 

neutralizing antibody formation4-6. The wide size range and heterogeneous distribution of 

protein aggregates and other impurities pose a great challenge in protein drug development 

and quality control. Since no current analytical technique is able to comprehensively 

characterize the entire protein aggregate population, several complementary methods 

must be utilized7-9. Even though regulatory authorities increasingly demand the 

characterization of protein therapeutics within the nanometer size range10, technical 

limitations of currently available instruments with respect to robustness and low 

throughput make the development and validation of methods to size and quantify particles 

within this range extremely challenging11,12. 

Drug delivery systems within the nanometer size range (e.g., liposomes, polymer-based 

nanoparticles) are often applied to control the biodistribution profile of small and large 

molecules, to promote their selective and specific targeted release, or to protect the API 

from proteolytic degradation upon administration1,13. The efficacy and safety of 

nanoparticulate formulations depend to a significant extent on their size, quantity and 

heterogeneity14. In addition, utilization of genetically engineered microbes and viruses has 

become a promising tool for therapies against life-threatening diseases, such as cancer15. 

For all of these therapeutic agents, adequate particle characterization methods are required 

for the determination of product quality.  



 

34 

Currently, common techniques used for particle characterization in the nanometer and low 

micrometer size ranges include transmission electron microscopy9,16, flow cytometry12, 

dynamic light scattering (DLS)17,18, asymmetrical flow field-flow fractionation19, resonant 

mass measurement (RMM)18,20,21 and nanoparticle tracking analysis (NTA)22-25. Each of these 

techniques has its own strengths and limitations, based on a distinct measurement 

principle, and covers a specific size range9,23,26. Despite the availability of several methods, 

our ability to characterize particle populations within the nanometer and low micrometer 

size ranges is limited and analytical gaps remain27. 

Resistive pulse sensing has been widely reported as a technique for characterization of 

single molecules as well as particles sizing up to several micrometers28. It is based on the 

electrical sensing zone technique, or Coulter principle, where the size of a particle is 

measured based on the resistance change it induces upon passage through a small orifice. 

The technique was primarily developed for counting and sizing of human cells. With the 

advancement of microfluidics, microfluidic resistive pulse sensing (MRPS) based methods 

have been developed. The MRPS technology is employed in nCS1, which utilizes disposable 

polydimethylsiloxane (PDMS) cartridges for particle sizing and counting. The covered size 

range is cartridge dependent and ranges from about 50 to 2000 nm. In order to characterize 

particles within this range, four types of cartridges are available, namely TS-300 (50-300 

nm), TS-400 (65-400 nm), TS-900 (130-900 nm) and TS-2000 (250- 2000 nm). The principal 

component of the cartridge is the sensing electrode, which is fixed between a fluidic resistor 

and a nanoconstriction. The motion of the analyte with suspended particles is controlled 

within the microfluidic channels with pressurized air. Particles are directed through the 

orifice of the nanoconstriction where a single passage induces a change in the electric 

current. This event is characterized by an induced nanoconstriction resistance (ΔR) which 

changes the fluid potential (ΔV) in contact with the sensing electrode. Its magnitude then 

depends, accordingly to the Maxwell’s equation29, on the occupied volume by the particle 

at the constriction, and thus particle size, as described in more detail elsewhere30.   

Recently, Barnett et al. performed a comparison of nCS1 to light scattering-based 

techniques, such as DLS and size exclusion chromatography with multi-angle static light 
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scattering, for the characterization of silicone oil droplets and protein particles in 

formulations exposed to various stress conditions31. In our study, we extended the 

investigation of MRPS by exploring the potential and limitations of nCS1 for the 

characterization of various types of nanometer-sized particles with special focus on 

biological applications. In addition, a direct comparison of MRPS with other submicron 

particle characterization techniques, i.e., DLS, NTA and RMM, which are commonly applied 

during biopharmaceutical drug product development, was performed to assess each 

method’s strengths and weaknesses.  

 

Materials and Methods 

Materials 

Polysorbate 20, sodium chloride and ten-fold concentrated phosphate buffer saline (PBS) 

were obtained from Sigma-Aldrich (Steinheim, Germany). Dibasic and monobasic sodium 

phosphate was purchased from VWR (Bruchsal, Germany). In-house Milli-Q water 

(resistivity 18.2 MΩ cm) was dispensed from an Advantage A10 purification system 

(Millipore, Newark, New Jersey). All diluents used in the study were freshly filtered using a 

0.1 µm Millex-VV syringe filter unit (Millipore, Schwalback, Germany) and dilutions were 

performed under laminar air flow conditions. 

Polystyrene (PS) nanometer standard beads with diameters of 203 ± 5 nm (PS203nm), 297 

± 7 nm (PS297nm), 495 ± 8 nm (PS495nm), 799 ± 9 nm (PS799nm) and 1030 ± 9 nm 

(PS1030nm) were purchased from Fisher Scientific (Ulm, Germany). Dilutions of the PS 

beads were performed in formulation buffer containing  0.1% w/v polysorbate 20, unless 

otherwise stated. 
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Preparation of proteinaceous particles 

Bovine serum albumin (BSA) (Sigma-Aldrich, Steinheim, Germany; LOT 193829) was used to 

generate proteinaceous particles. A 10 mg/mL protein solution was prepared by dissolving 

lyophilized BSA in single strength PBS (pH adjusted to 4.75 with 1 M HCl). The solution was 

filtered by using a 0.1-µm polyethersulfone syringe filter and 1-mL aliquots were artificially 

stressed in 2-mL Eppendorf tubes by using a Thermomixer (Eppendorf, Hamburg, Germany) 

at 67 oC/1400 rpm for 5 min. In order to homogenize the sample, aliquots were pooled into 

a Falcon tube and subsequently aliquoted into 1.5-mL Eppendorf tubes for long term 

storage at -80 oC. Thawed aliquots were measured with Micro-Flow Imaging and DLS to 

demonstrate vial-to-vial consistency (n=3) as well particle stability at room temperature 

over 8 hours (data not shown). To obtain optimal proteinaceous particle concentrations for 

each analytical technique, the thawed samples were diluted with PBS (pH 7.4). 

Preparation of liposomes 

Negatively charged liposomes (-21 mV, determined with Zetasiser nano ZS), composed of 

distearoyl phophatidylcholine, distearoyl phosphatidylglycerol and cholesterol, were kindly 

provided by Naomi Benne (Leiden Academic Centre for Drug Research) and were prepared 

as described elsewhere32. 

Preparation of probiotic bacterial samples 

Pharmaceutical-grade probiotic bacteria containing two strains of Lactobacillus (L. 

helveticus R-52 and L. rhamnosus R-11) were purchased as Lacidofil from Institut Rosell Inc., 

Montreal, CA. About 40 mg of the capsule’s dry powder blend was dissolved in 10 mL of 150 

mM NaCl in a 15-mL Falcon tube (VWR, Bruchsal, Germany) and mixed at 10 rpm for 15 min 

by using a rotating mixer. Volume-based dilutions in 150 mM NaCl were performed and 

samples were measured within 2 hours post preparation.  

Dynamic light scattering (DLS) 

DLS was performed by using a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) 

equipped with a 633-nm He-Ne laser set at an angle of 173o. Single-use PS semi-micro 
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cuvettes with a 10-mm path length (Brand, Wertheim, Germany) were filled with 0.5 ml of 

sample for each measurement. The attenuator was set automatically depending on the 

particle concentration. Samples were equilibrated to a working temperature of 25 oC for 60 

seconds prior to each analysis. The Z-average diameter (Z-ave), polydispersity index (PDI) 

and intensity-weighted size distribution were derived from the autocorrelation function by 

using the Dispersion Technology Software version 6.01 with CONTIN smoothing algorithm. 

Each measurement was performed in triplicate. 

Nanoparticle tracking analysis (NTA) 

NTA data was obtained with a NanoSight (Model LM20, Malvern Instrument, Malvern, UK) 

instrument with a 405-nm laser (blue), a sample chamber and a Viton fluoroelastomer O-

ring. Samples were injected into the chamber by using a 1-mL silicone-free syringe and the 

purging volume was 0.3 mL. A video capture was initiated immediately after injection and 

a triplicate measurement of 60-second replicates was performed. All measurements were 

collected at room temperature with camera levels set to optimal values and 200 valid tracks 

must have been recorded for a valid measurements. Data collection and evaluation was 

done with the NanoSight software version 3.2, unless otherwise stated.   

Resonant mass measurement (RMM) 

Particles were analyzed with a Archimedes system (Malvern Instrument, Malvern, UK) 

equipped with a Hi-Q Micro Sensor (Malvern Instrument) operated by a ParticleLab 

software version 2.01. Prior to each set of measurements, the instrument was calibrated 

with PS1030nm followed by a measurement of Milli-Q water to confirm cleanliness of the 

system. Between sample measurements two “sneeze” operations were performed and the 

system was flushed for 5 minutes with Milli-Q water to avoid carry-over. Samples were 

loaded for 40 seconds and the limit of detection (LOD) was determined automatically by the 

software. A density value of 1.05 g/cm3 was used for PS beads, 1.34 g/cm3 for protein 

particles and 1.16 g/cm3 for bacteria33, and solely negatively buoyant particles were 

considered. Measurements were performed in triplicate and for each replicate 150 nL was 

analyzed, where a minimum of 50 particle counts were recorded.  
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Microfluidic resistive pulse sensing (MRPS) 

Microfluidics-based resistive pulse sensing measurements were performed by using an 

nCS1 instrument (Spectradyne, Torrence, USA) equipped with disposable PDMS cartridges: 

TS-400 (size range 65-400 nm), TS-900 (size range 125-900 nm) and TS-2000 (size range 250-

2000 nm). A running buffer of PBS (pH 7.4) with 1% w/v polysorbate 20 was used to 

generate an appropriate ionic electrical current in the analyte and ensure an appropriate 

flow of particles leaving the cartridge to the waste reservoirs. The running buffer does not 

have contact with the analyte prior to the nano-constriction, thereby avoiding cross-

contamination. Approximately 3 µL of sample was used for each measurement and not less 

than 500 particles were counted per analysis. To achieve appropriate sizing of the analyzed 

particles, a calibration step for each cartridge was required. Calibration was performed by 

using PS beads (495 ± 8 nm) diluted in analyte’s diluent consisting of 0.1% polysorbate 20. 

Collected data was analyzed by using nCS1 Data Analyzer (Spectradyne, Torrence, USA). 

Filters were applied for data analysis in order to exclude false-positive signals. The used 

filters excluded detected particle events characterized by user defined transit time, signal-

to-noise ratio, peak symmetry and/or diameter.  

Conductivity measurements 

Electric conductivities of samples were measured in triplicate at 25 oC by using a 

SevenCompact S230 basic conductivity meter (Mettler Toledo, Columbus, USA), calibrated 

with a 1.413 µS/cm standard 

Results  

Impact of conductivity on sample analysis by MRPS  

At first, the impact of conductivity on the MRPS technique’s performance for particle sizing 

and counting was investigated. A consistent precision of measurement of the mean 

diameter and concentration of PS1030nm beads suspended in solutions with a conductivity 

ranging from ~3 mS/cm (equivalent to 25 mM NaCl) up to ~17 mS/cm (150 mM NaCl) could 

be achieved, independent of pH and ionic species (Figure 1). Below ~3 mS/cm, however, 
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there is a notable decrease in the measured mean diameter as well as an increase in particle 

count. The higher baseline noise (Figure 2 A, 2 B and Supplementary figure S1) increases the 

limit of detection. The overestimated particle concentration at low electrical conductivity is 

related to the measuring principle of MRPS. Media with low ionic strength lead to an 

increased detected transit time of a particle passing through the nanoconstriction, as shown 

in Figure 2 C (see also discussion section). 

 

Figure 1: Sizing and quantification of PS1030 beads suspended in solutions with increasing ionic strength using 
cartridge TS-2000. The top x-axis shows the molar concentration of NaCl corresponding to the electrical conductivity 
values at the bottom x-axis. Each data point represents a single measurement. Horizontal solid and dashed lines 
indicate the reference particle size and concentration, respectively, specified by the manufacturer. 
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Figure 2: Particle size distribution characterized with MRPS (nCS1 equipped with a TS-2000 cartridge) for PS1030nm 
beads suspended in Na2HPO4 solution with low Na2HPO4 concentration (5 mM) (a) and high Na2HPO4 
concentration (150 mM) (b). Scatter plot of measured diameter versus transit time for PS1030nm at high (blue) and 
low (green) Na2HPO4 concentration (c). 

 

Repeatability of sizing and counting of monodisperse nanoparticles by MRPS 

Repeatability was assessed by comparing the detected particle concentration, mean and 

mode diameter size in nm, as well as peak centroid of five replicate measurements of 

PS495nm and PS1030nm suspended in single strength PBS with 0.1% polysorbate 20 

(conductivity ~14 mS/cm) by using TS-900 and TS-2000 cartridges, respectively. The results 

obtained from measurements performed with one single cartridge (intra-cartridge 

variability) and with multiple cartridges (inter-cartridge variability) from a single batch were 

used to calculate the CV% of replicate measurements (Table 1). For each of the measured 

parameters, the variance of the replicate intra- and inter-cartridge measurements was 

statistically equal (one-sided ANOVA, *p< 0.05 confidence level) for both cartridge types. 
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Table 1. Comparison of MRPS repeatability in sizing and counting of PS495nm and PS1030nm in five replicate 
measurements using single (intra) and multiple (inter) cartridges for two types of cartridges (TS-2000 and TS-
900). PS beads were suspended in PBS (pH 7.4) with 0.1% w/v polysorbate 20. 

 

 

 

 

 

 

Accuracy and precision of MRPS compared to DLS, NTA and RMM using monodisperse 
nanoparticles 

Accuracy and precision for sizing and counting of triplicate measurements of monodisperse 

PS beads were compared for DLS, NTA, RMM and MRPS. Because of the differences in the 

working size ranges of each technique, two distinct PS bead sizes were selected to perform 

a cross comparison between all four techniques.  

Size accuracy was determined based on comparing the mean size diameter, peak maximum, 

and particle size distribution defined as span, calculated as ((D90-D10)/D50), and percentile 

values at 10%, 50% and 90% (D10, D50, D90). Sizing precision of each technique was evaluated 

based on the standard deviation of the above mentioned values over the replicate 

measurements. The estimated particle concentration of the PS standard sizing beads was 

calculated based on the size-, density- and mass-concentration values specified by the 

manufacturer. This approach was chosen because, to the best of our knowledge, there are 

no certified counting standard beads available in the required size range.  

As the concentration of the PS sizing beads is not traceable, and the concentration is based 

on an estimation, absolute counting accuracy could not be tested. Therefore, a relative 

comparison between the techniques in particle counting and examination of the precision 

in determination of particle concentration was done instead. The stated particle 

concentration limits for TS-900 and TS-2000 are estimates based on the PS bead 

specifications from the manufacturer.  

Measurement 
Cartridge 

type 

Bead size 

(nm) 

Particle 

concentration 

(p/ml) 

Mean 

diameter 

(nm) 

Mode 

diameter 

(nm) 
Centroid 

(nm) 

Coefficient of variation (%) 

Inter 
TS-2000 1030 ± 9 

6.45 5.18 7.27 4.71 

Intra 7.11 3.42 5.53 6.34 

Inter 
TS-900 495 ± 8 

13.98 5.11 5.14 5.06 

Intra 19.42 4.10 4.20 4.48 
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For both PS bead populations, a good agreement in the determined mean diameter and 

maximum peak position was found among all evaluated techniques (Table 2). DLS 

measurements of both PS bead standards resulted in ca. 10% greater size values compared 

to the single particle counting techniques. RMM provided lowest span value for a single 

population of PS beads and with it the highest accuracy in characterization of the particle 

size distribution. All techniques showed similar particle size distribution percentile values, 

indicating similar accuracy in sizing of PS beads in the presented setting. Percentiles of 

obtained distributions are not presented for DLS as it is not recommended calculating these 

value because of the inherent errors present in the deconvolution of the correlation 

function used for particle measurements 34.  

Table 2. Descriptors of particle size distributions obtained from measuring single populations of PS203nm and 
PS799nm beads with DLS, NTA, RMM and MRPS. Values are presented as mean values of replicate measurements 
and errors are standard deviations of the triplicate measurements. Span represents width of the size distribution 
((D90-D10)/D50). *Parameters of main peak reported 

Technique 

Bead 

diameter 

size (nm) 

Mean 

diameter 

(nm) 

Peak 

max 

(nm) 

D10 (nm) D50 (nm) D90 (nm) Span 

DLS* 

203 

234 ± 5 220 ± 0 - - - - 

NTA 193 ± 1 198 ± 2 166 ± 1 194 ± 1 213 ± 3 
0.25 ± 

0.06 

MRPS 187 ± 7 178 ± 6 162 ± 2 182 ± 1 222 ± 2 
0.33 ± 

0.01 

DLS* 

799 

879 ± 5 825 ± 0 - - - - 

RMM 805 ± 1 792 ± 4 747 ± 4 780 ± 1 822 ± 2 
0.10 ± 

0.01 

MRPS 799 ± 15 758 ± 3 737 ± 12 792  ± 12 886 ± 10 
0.19 ± 

0.01 

 

PS495nm beads were measured with the three techniques within the estimated 

concentration range from 1*106 p/ml up to 1*1010 p/ml (Figure 3 A). All techniques showed 

strong linearity (>0.98) for measured bead concentrations within their working counting 

range.  
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For MRPS a concentration range of approximately 5*107-1*1010 p/ml could be covered with 

cartridge TS-900 and of 5*106-5*109 p/ml with cartridge TS-2000. Consequently, MRPS was 

the only technique able to cover the entire concentration spectrum, showing a superior 

dynamic range compared to RMM and NTA. Although it was possible to carry out 

measurements at lower tested concentrations, the required number of measured particles 

stated in Materials and Methods section could not be reached within a practical timeframe 

(Figure 3 A, empty symbols).  

 

Figure 3: (A) Relation between theoretically estimated and measured concentration of PS495nm obtained by NTA, 
RMM and MRPS. Empty symbols represent measured samples with a particle concentration below the 
recommended concentration range for the given technique 

Because of the limitations of RMM and NTA to detect PS495nm beads (see discussion 

section), we further investigated PS799nm and PS203nm beads to compare the relative 

accuracy and precision in quantification of nm-sized particles between MRPS, NTA and 

RMM. The PS beads were analyzed at three dilutions. For PS799nm, RMM reported higher 

measured particle concentrations compared to MRPS by 50% for the two lowest and by 25% 

for the one highest estimated concentrations (Figure 3 B). NTA determined a much higher 

particle concentration of PS203nm for all three dilutions compared to MRPS and showed 
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particle concentrations up to 8 fold higher compared to the estimated concentrations 

calculated based on manufacturer specifications (Figure 3 C). 

The technique with the highest repeatability in determining particle concentration was 

RMM, which showed an average deviation of 3±2% for replicate measurements among the 

three concentrations. Precision in particle count for MRPS was dependent on the used 

cartridge and an average 5±3% and 10±3% deviation was found for TS-2000 and TS-900, 

respectively. NTA was the technique with the lowest precision in particle counting for which 

the deviation varied from 8% to 30% for the highest and lowest estimated PS bead 

concentration, respectively. 

 

Size resolution of MRPS in comparison with DLS, NTA and RMM  

In order to compare the size resolution and the ability to discriminate multimodal particle 

size distributions, PS297nm, PS495nm and PS799nm beads were analyzed individually and 

as mixtures (Figure 4). Gaussian curves were plotted for each distribution and the peak max, 

peak start and peak end was obtained. In addition, full width at half maximum (FWHM), 

which refers to the width of the peak at 50% of the peak height, was considered 

(Supplementary table S1). Furthermore, the impact of the polydispersity on the measured 

size distribution was investigated. The particle size distributions for the single particle 

counting techniques (NTA, RMM and MRPS) are presented in 10 nm bins, whereas DLS 

results are presented as a series of logarithmically spaced size bin values derived by the 

used software.  
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Figure 4 A presents the particle size distributions of triplicate measurements of three 

monomodal bead populations (beads measured individually) performed by DLS, NTA, RMM 

and MRPS. For the characterization of nanometer-sized PS beads, DLS and MRPS proved to 

be superior to RMM or NTA with respect to the covered sizing range. Although DLS could 

cover the full size range presented in Figure 4 A, the technique showed the broadest peaks 

for monodisperse beads with FWHM values 5- to 15-fold greater compared to MRPS. It must 

be noted that DLS does not count individual particles but provides an intensity-weighted 

distribution of the overall population, which is naturally weighted according to the light 

scattering intensity of each particle fraction. Therefore, the obtained size distributions 

obtained with DLS will vary significantly to the other single particle analysis techniques and 

a direct comparison should not be performed. For NTA, RMM and MRPS the determined 

mean size diameter and FWHM values correlated well. Of note, RMM showed the highest 

precision in determination of particle size distribution.  

Figure 4 B presents particle size distribution of multimodal PS bead suspensions (beads 

analyzed as mixture). Measurements with DLS showed only one single peak with a Z-

average diameter of 785 nm. So, resolving different size populations at equal molar ratio 

was not possible, as shown before35, and the strong bias towards larger particles in the 

intensity-weighted distribution provided by DLS displays the technique’s inaccuracy in 

characterization of polydisperse samples. For the remaining techniques, the difference in 

mean size between each PS bead population was enough to resolve the different bead sizes 

present in the mixture. For NTA and RMM mean size diameter and peak max for each 

population group agreed well between both the measurements of individual and mixed 

beads with values falling within 5% of each other. For MRPS measurements of multimodal 

populations the determined mean size diameter of PS799nm beads was used to calibrate 

the cartridge. The variation in mean size diameter of PS297nm and PS495nm between 

monomodal and multimodal populations was 7% and 14%, respectively.  

For quantitative determination of each technique’s size resolution we used equation 1, 

which is commonly applied in chromatography to determine the degree of separation of 
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two solutes36 and was used in a recent study on validation of the nanoparticle tracking 

analysis method24:  

𝑅𝑠 =  
tR2−𝑡𝑅1
𝑊1+𝑊2

2

                     (1) 

Where, tR1 and tR2 are local maxima of peak 1 and peak 2, and W1 and W2 are peak width 

at baseline of these peaks.  MRPS showed the highest Rs values compared to NTA and RMM, 

indicating high resolution capabilities in characterization of polydisperse samples.  

 

Applications of MRPS for analysis of pharmaceutically relevant particulate formulations in 
comparison to RMM, DLS and NTA 

Protein aggregates 

The stressed BSA formulation was diluted by a factor of 25-, 50-, 100-, 250- and 500-fold in 

PBS and the dilutions were studied with DLS, NTA, RMM and MRPS within the suitable 

working range with respect to particle concentration for each technique (Figure 5). At each 

dilution level DLS showed multiple peaks, including a peak at ca. 10 nm deriving from BSA 

monomer and smaller aggregates. Subpopulations of particles above 20 nm were not 

resolved and the PDI value was above 0.9.  
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Figure 5: Particle size distribution of stressed BSA. A1-A3 show PSD determined with DLS, MRPS (TS-900) and NTA 
at 100-, 250- and 500-fold dilutions. B1-B3 show PSD determined with DLS, MRPS (TS-2000) and RMM at 25-, 50- 
and 100-fold dilutions. Middle Y-axes relate to determined intensity with DLS, whereas Y-axes on the left and right 
side represent the measured concentration for each bin size and their scale is adjusted to each graph. Error bars 
represent the standard deviation of triplicate measurements. 

Figure 5 A1-A3 presents the particle size distributions of stressed BSA samples at 100-, 250- 

and 500-fold dilution, each measured with DLS, MRPS and NTA. The shape of the 

distribution determined with NTA shifted towards smaller sized particles for each 

subsequent dilution, whereas MRPS produced a consistent asymmetrical particle size 

distribution with a cut-off at a fixed lower limit of size detection. MRPS and RMM showed 

highly similar particle size distributions above 300 nm for protein aggregates at all three 

different dilutions (Figure 5 B1-B3).  

The decrease in sensitivity of NTA for smaller particles within samples that also contain a 

higher number of larger particles, led to an underestimation in the concentration of 

particles below 200 nm. Nonetheless, compared to MRPS, NTA reported an approximately 

10-fold higher determined particle concentration within the same measured size range for 
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each dilution. MRPS measured higher concentrations of particles above 300 nm compared 

to RMM, however the difference was below 18%.  

Liposomes  

Measurement of liposomes diluted 5000-fold in PBS was performed by using DLS, NTA and 

MRPS (Figure 6 A). DLS showed a Z-average diameter of 165 nm with a PDI of 0.09, indicating 

a homogenous particle size distribution. NTA showed a similar mean size diameter (159 nm) 

as DLS, with a relatively low average polydispersity of the size distribution (span-0.69) for 

each replicate. The mean size diameter determined with MRPS was 97 nm, which is 

significantly lower compared to the values obtained with the two light scattering-based 

techniques. Furthermore, MRPS produced a wider size distribution (span-1.23), suggesting 

a higher sensitivity towards the smallest and largest particles within the population.   

 
Figure 6: A) Particle size distribution of liposomes from NTA, DLS and MRPS (TS-400). For MRPS and 
NTA the determined particle concentration is reported on the left y-axis and the measured intensity 
with DLS is reported on the right y-axis. The diameter is shown in a logarithmic scale (x-axis). B) Particle 
size distribution of Lactobacilli determined by MRPS (TS-2000) and RMM. Error bars represent the 
standard deviation of the triplicate measurements. 

Quantification of the number of liposomes was carried out with NTA and MRPS. The 

reported mean particle concentration with NTA was 5.5-fold greater when compared to 

MRPS, which confirms the data obtained from measurement of PS beads (Table 2 and Figure 

3).  
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Lactobacilli 

A commercially available product, containing a mixture of Lactobacilli helveticus and 

Lactobacilli rhamnosus, was used to examine the suitability of MRPS for counting and sizing 

microorganisms, and the performance of MRPS was compared to that of RMM (Figure 6 B). 

The mean size for the bacteria population was 1037 nm according to MRPS, which correlates 

well with the mean diameter of 1075 nm obtained with RMM.  

Both techniques showed a similar concentration of Lactobacilli. The particle concentration 

within the size range 800-1600 nm, the expected size of the bacteria, was 3.52*106 and 

3.48*106 p/ml for MRPS and RMM, respectively. Particles detected below ca. 800 nm are 

most likely cell debris or particulate matter originating from the stock material and were 

not included in the calculation.  

 

Discussion 

We evaluated the MRPS technique for particle characterization to provide insights into its 

limitations and advantages. The electrical conductivity of the analyzed sample showed to 

be one of the most important factors for correct analysis with MRPS. An underestimation 

of the particle diameter and an overestimation of particle counts at low ionic strength 

(below 3 mS/cm) of the analyte suspension were observed. Lower reported diameter sizes 

for PS beads in samples with low electrical conductivity relate to the relatively lower 

induced ΔR at the nanoconstriction upon particle passage at the orifice. This  translates to 

a weaker output signal due to the decreased double-layer capacitance of the sensing 

electrode37. In addition, the thermal noise is increased at low ionic strength due to the 

reduced measurement bandwidth, leading to a higher baseline noise and increased number 

of false-positives (Supplementary figure S1) as well as a loss of particle detection at the 

lower end of the sizing range (Figure 2 A and 2 B). It must be noted that the conductivity 

threshold of 3 mS/cm applies solely to the TS-2000 cartridge and will increase in smaller 

cartridges which are equipped with a nanoconstriction of smaller orifice dimensions.  
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The apparent particle concentration increased in samples with a conductivity below 3 

mS/cm. MRPS determines particle concentration based on the mean transit time of single 

particle passages via a high current density surrounding the nanoconstriction. This high 

current density is significantly reduced at a low concentration of ionic species, and therefore 

the magnitude of this electric field is reduced for a prolonged time and a higher transit time 

is detected by the software (Figure 2 C).  

The cartridges are fabricated by using a micro-molding technique, where each batch is 

produced with a single mold with defined microfluidic channels. For accurate size 

determination it is recommended by the manufacture to spike in a reference standard (e.g., 

NIST PS beads) into the sample for a required size calibration. However, biological material, 

such as proteins, tend to irreversibly adsorb to PS beads, which may alter the size 

distribution of the PS particles as well as that of the analyte38. Moreover, the bead size may 

overlap with the size of particles in the sample. Because of the high intra-cartridge sizing 

precision shown within our study (Table 1), the size calibration measurement of each 

cartridge was performed after the sample measurement.  

Furthermore, the accuracy and precision of the four particle characterization techniques 

was evaluated using PS203nm and PS799nm. The mean diameter size values obtained with 

NTA, RMM and MRPS are slightly lower compared to DLS and in better agreement to the 

reference value. This trend was expected, as the dispersed particles scatter incident light 

proportional to at least the 2nd power of their radii (depending on the particle size, 

wavelength of the used laser and type of scattering) leading to a bias towards larger 

particles size in DLS39. A similar trend was observed by other authors who performed sizing 

comparisons between DLS and NTA22 or DLS and tunable resistive pulse sensing technique40. 

Furthermore, for both bead populations, MRPS, NTA and RMM showed a highly similar span 

values, indicating a similar accuracy in determination of the size distribution for 

monodisperse populations. The variation coefficient of the mean size determined with 

MRPS for PS beads was ca. 3-5%, which is superior to the repeability of NTA measurements 

stated in the literature (6.3% and 10% with software version 3.0 and 2.3, respectively)24. 
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However, values above 3% are inferior to that of RMM (0.3%) and DLS (1.1%)18, and to the 

results presented in Table 2.  

DLS does not quantify particles, but is a qualitative technique for assessing particle size 

distributions with a high sensitivity, or bias, to larger aggregates/particles within an 

analyzed sample. Therefore, DLS was not considered for the comparison of the techniques 

with respect to particle quantification. The particle concentration determined by MRSP, 

NTA and RMM varied for each sample to a significant degree. Such deviations in determined 

particle concentrations from different methods have been previously reported and a 

number of factors could contribute to these26,41. Firstly, in all current techniques for 

submicron particle measurements, a notably small sample volume is analyzed and therefore 

the extrapolation factor of particle counts to particles/mL is relatively high. For example, in 

our setup, NTA analyzes up to 0.08 nL per replicate – generating an extrapolation factor of 

about 1*109. The analyzed volume with MRPS is cartridge dependent. The TS-900 cartridge 

samples approximately 10 nL per replicate, yielding an extrapolation factor of about 1*105. 

With the TS-2000 cartridge and also with RMM, 150 nL were analyzed, resulting in an 

extrapolation of particle count of approximately 1.5*104. For comparison, methods used for 

characterization of micron sized particles, e.g., flow imaging microscopy, measure from 0.15 

up to 0.8 mL of sample and particle counts are corrected to particles/mL by a factor of 6.5 - 

1.25.  

Secondly, an additional source of discrepancies in particle count between each technique 

could be the different measuring principle used to determine the absolute particle 

concentration. NTA takes the average count of particles per frame and then divides it by the 

interrogated volume determined by the cell dimensions. RMM and MRPS measure the 

particle concentration based on the single transit time of a particle through a microfluidic 

channel and a high current density, respectively. The different algorithms and models used 

in each method can introduce errors that may lead to imprecision in the obtained particle 

concentrations. 

For the evaluation of size resolution, a mixture of three differently sized PS beads at a 

number ratio of 2:1:1 was considered as a suitable polydisperse model sample with no 
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overlap between particle size distributions of the three sets. The difference in mean size 

diameter between the PS297nm and PS799nm is above 2.5-fold, thus allowing to compare 

how well each instrument will be able to handle samples consisting of a broad range of 

particle sizes. Hence, for techniques with high resolution, the distinction of each population 

should be evident. In this study, we did not study other ratios of PS beads or the impact of 

concentration of distinct bead populations on the overall particle size distribution. Apart 

from DLS, all evaluated techniques showed good separation of peaks, with MRPS having the 

highest Rs value (Supplementary table S1). The incapability of resolving PS bead populations 

with DLS was expected, as discussed above. In the literature, NTA has been used to 

characterize PS particles from 30 nm up to 1000 nm in diameter22,25,42. However, the short 

wavelength laser used in our study limited the technique´s measurement capability of 

PS799nm due to the multiple scattering points present on a single particle, resulting in an 

interference that impedes correct particle tracking. Consequently, samples containing large 

particles may require additional sample preparation, e.g., filtration or centrifugation, prior 

to measurement with NTA for reliable characterization of the particle size distribution in 

the nanometer size range, as shown before for polydisperse protein aggregates25. RMM 

detects particles entering a microfluidic channel where they alter the resonance frequency 

of the suspended resonating cantilever20. The low density of PS beads (1.05 g/cm3) 

suspended in PBS affects the lower limit of size detection and increases it automatically to 

460 nm. This shows a critical limitation of RMM for the characterization of heterogeneous 

samples with particulate matter of low or unknown density where a significant error in the 

observed particle size distribution and particle concentration may be introduced.  

Artificially stressed BSA samples were submitted to dilution and the proteinaceous particles 

were characterized by the four evaluated techniques. As different dilution factors may alter 

the protein particle concentration and/or size distribution25, in our study comparative 

characterization was performed by measuring samples submitted to identical dilutions. 

MRPS showed to be capable of analyzing polydisperse proteinaceous samples on particle-

by-particle basis to which sample dilution had not effect on the determined particle size 

distributions, as opposed to NTA or DLS. The bell shape distribution towards particles of 

larger sizes (clearly visible in Figure 5 A and 5 B) for protein aggregates seen with NTA has 
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been observed in the past by other authors22,25,43. Factors contributing to an inaccurate 

determination of particle size distribution by NTA for polydisperse samples include: 1) the 

relatively low particle counts obtained from a single measurement, as well as 2) the loss in 

sensitivity for smaller, weakly scattering particles, therefore showing bias towards a limited 

particle population. The derived Z-average diameter from DLS is an intensity-based overall 

average size based on a specific fit to the raw correlation function data. Therefore, the 

obtained data did not provide accurate information on particle populations within the 

sample, as this technique is not suitable for such polydisperse samples18. RMM and MRPS 

presented highly similar results for the proteinaceous samples with respect to particle size 

distribution and particle concentration.  

For liposomes, DLS and NTA determined a higher mean size diameter of the population 

compared to MRPS, due to the above discussed bias of these techniques. Similar to protein 

aggregates, the difference in refractive index between buffer and liposomes is relatively 

small, resulting in a low light scattering intensity. Thus, the smallest particles within the 

population will not be detected with the two light scattering-based techniques and the 

reported distribution will be shifted to higher particle sizes. Additionally, the loss of 

sensitivity with NTA towards the smallest and largest particles within a polydisperse sample 

is indicated by the 2-fold smaller span value for liposome samples compared to MRPS 

(Supplementary table S2). Furthermore, the liposome concentration determined by NTA 

was significantly higher as compared to MRPS, which is in agreement with the results for PS 

beads (Figure 3). Previously reported comparative analysis between NTA and the resistive 

pulse sensing (RPS) technique, also showed an approximate 10-fold overestimation in 

concentration by NTA and the heavy influence of the operator settings on the quantitative 

assessment 44.   

Characterization of bacterial cells using RMM and RPS was previously reported in the 

literature 33,45,46. The two instruments determine the mean particle diameter via two distinct 

measuring principles using particle mass or volume, respectively. The obtained mean 

diameter values with RMM and MRPS vary from the cell dimensions of rod-shaped 

Lactobacilli stated in literature determined by using electron microscopy (L. helveticus – 6.0 
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x 0.7-0.9 µm and L. rhamnosus  2.0-4.0  x 0.8-1.0 µm)47. The measured diameters acquired 

with both used techniques refer to the volume-equivalent spherical diameter, which is 

characterized by:  

dV=(
6

𝜋
𝑉)

1

3
          

 (2) 

Where dV is the diameter of a sphere with the same volume (V) as the particle. Using 

equation 2 and the reference bacteria dimensions to calculate dV, we would expect the 

volumetric mean diameter to be in the range between 1.2 and 1.9 µm. Therefore, both 

MRPS and RMM may underestimate the mean size of elongated particles. These results 

align with the work carried out by Cavicchi et al., who showed a significant underestimation 

of dV with the electrical sensing zone instrument for rod-shaped micrometer-sized 

particles48. The shape of particles would also have an impact on the reported mean 

diameter with DLS or NTA. Further investigation of the influence of particle shape and 

morphology on reported mean particle size and concentration with nanoparticle 

characterization techniques is therefore recommended.  

Each of the evaluated technique in this study operates on a distinct principle. The suitability 

of each technique depends on the intended application, i.e., type of sample, required read-

out and purpose of the analysis. In Table 3 we compare the four techniques to assist the 

reader in selecting the most appropriate technique for a given experimental setup. For 

instance, for a rapid and qualitative determination of the presence of particles, DLS can be 

recommended. However, for quantitative characterization of particle size distribution and 

particle concentration, single particle counting techniques (NTA, RMM, MRPS) are 

preferred. The other main factors to consider are the physical properties of the analyzed 

particles (e.g., size, refractive index, density, shape) and sample (e.g., viscosity, conductivity, 

particle concentration). As an example, highly concentrated protein solutions come along 

with a high viscosity and a high refractive index. In this case, the performance of light 

scattering-based techniques, such as NTA and DLS, is compromised, and RMM and MRPS 
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may be superior. With respect to highly viscous samples, software operating DLS, NTA and 

RMM allows the user to input the analyzed sample’s viscosity. So far, such an option does 

not exist for the software operating MRPS and therefore, calibration beads of known size 

and concentration must be spiked into the sample to perform the required calibration.  
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Conclusions 

MRPS showed to be a useful orthogonal technique for particle sizing and counting alongside 

DLS, NTA and RMM, which are frequently used in the (bio-)pharmaceutical field.. For 

measurements with nCS1 the sample of interest must have electrical conductivity above ~3 

mS/cm for proper sizing and counting. Sizing of PS standard beads with each of the four 

techniques showed comparable results. Particle concentrations obtained by MRPS and 

RMM were similar, whereas NTA showed 5- to 10-fold higher particle counts. Apart from 

DLS, all techniques were able to resolve different size populations in polydisperse samples. 

The applicability of MRPS was further illustrated by the successful characterization of 

relevant samples, including protein aggregates, liposomes and bacteria. In conclusion, we 

have shown that MRPS is a valuable technique for analyzing particles in the nanometer- and 

low micrometer-size range.   
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Supplementary materials 

 

Supplementary figure S1: Output signal versus time for PS1030nm suspended in Na2HPO4 solution with low 
Na2HPO4  concentration (5mM) (A)  and high Na2HPO4  concentration (150mM) (B). Events marked with red circle 
represent particle detection. Selected events in the dashed black rectangle represent detected false-positive 
events.  

 



 
  Su

p
p

le
m

en
ta

ry
 t

a
b

le
 S

1
: C

h
a

ra
ct

er
iz

a
ti

o
n

 o
f 

m
o

n
o

- 
a

n
d

 m
u

lt
im

o
d

a
l d

is
p

er
si

o
n

s 
o

f 
b

ea
d

s 
u

si
n

g
 D

LS
, N

TA
, R

M
M

 a
n

d
 M

R
P

S 

T
e

c
h
n
iq

u
e
 

P
S

 b
e
a
d
s
 

M
e

a
n
 d

ia
m

e
te

r 
(n

m
) 

P
e
a
k
 s

ta
rt

 

(n
m

) 

P
e
a
k
 m

a
x
 

(n
m

) 

P
e
a
k
 e

n
d

 

(n
m

) 

F
W

H
M

 

(n
m

) 
R

s
 

D
L
S

 

M
o

n
o
 P

S
2
9
7
n
m

 

 
3
3
7
 ±

 5
 

1
8
1
 ±

 1
5
 

3
4
2
 ±

 0
 

6
4
7
 ±

 5
6
 

2
4
9
 ±

 2
1
 

- 
M

o
n
o
 P

S
4
9
5
n
m

 
5
6
1
 ±

 3
 

3
2
6
 ±

 2
7
 

5
3
1
 ±

 0
 

1
0
0
6
 ±

 8
8
 

3
8
2
 ±

 3
7
 

M
o

n
o
 P

S
7
9
9
n
m

 
8
7
9
 ±

 5
 

6
1
5
 ±

 0
 

8
2
5
 ±

 0
 

1
2
8
1
 ±

 0
 

4
6
7
 ±

 7
 

M
u

lt
i 

8
3
3
 ±

 8
 

5
0
7
 ±

 4
1
 

8
2
5
 ±

 0
 

1
3
4
8
 ±

 1
1
7
 

5
0
8
 ±

 3
8
 

N
T

A
 

M
o

n
o
 P

S
2
9
7
n
m

 

 
2
8
9
 ±

 2
 

1
8
1
 ±

 6
6
 

2
8
8
 ±

 5
 

3
9
1
 ±

 3
7
 

7
0
 ±

 2
1
 

1
.3

8
 

M
u

lt
i 
P

S
2
9
7
n
m

 
2
8
2
 ±

 1
9
 

2
3
5
 ±

 1
7
 

2
8
5
 ±

 0
 

3
3
8
 ±

 2
5
 

4
5
 ±

 1
7
 

M
o

n
o
 P

S
4
9
5
n
m

 
4
3
2
 ±

 5
 

3
0
1
 ±

 1
5
 

4
5
1
 ±

 2
3
 

5
6
1
 ±

 3
0
 

8
6
 ±

 3
9
 

M
u

lt
i 
P

S
4
9
5
n
m

 
4
5
9
 ±

 1
9
 

3
9
1
 ±

 2
5
 

4
5
5
 ±

 0
 

5
3
5
 ±

 3
6
 

7
1
 ±

 1
8
 

R
M

M
 

M
o

n
o
 P

S
4
9
5
n
m

 

 
5
1
1
 ±

 1
 

4
4
0
 ±

 0
 

4
8
0
 ±

 0
 

5
1
7
 ±

 3
 

3
5
 ±

 1
 

3
.5

6
 

M
u

lt
i 
P

S
4
9
5
n
m

 
5
0
2
 ±

 1
 

4
3
3
 ±

 5
 

4
7
0
 ±

 0
 

5
1
3
 ±

 6
 

3
9
 ±

 4
 

M
o

n
o
 P

S
7
9
9
n
m

 
8
3
0
 ±

 6
 

7
2
0
 ±

 1
7
 

7
6
0
 ±

 0
 

8
1
0
 ±

 0
 

3
3
 ±

 4
 

M
u

lt
i 

P
S

7
9
9
n
m

 
8
1
2
 ±

 2
 

7
2
7
 ±

 6
 

7
6
0
 ±

 0
 

8
1
0
 ±

 0
 

3
7
 ±

 6
 

M
R

P
S

 

M
o

n
o
 P

S
2
9
7
n
m

 

 
2
9
6
 ±

 1
5
 

2
5
8
 ±

 1
5
 

2
8
5
 ±

 1
7
 

3
5
5
 ±

 1
0
 

5
0
 ±

 8
 

2
.4

1
 

M
u

lt
i 
P

S
2
9
7
n
m

 
2
6
0
 ±

 1
1
 

2
6
1
 ±

 1
1
 

2
5
1
 ±

 6
 

3
1
1
 ±

 2
3
 

4
3
 ±

 8
 

M
o

n
o
 P

S
4
9
5
n
m

 
4
9
9
 ±

 3
4
 

4
3
8
 ±

 3
0
 

4
9
8
 ±

 4
7
 

5
7
8
 ±

 3
7
 

7
7
 ±

 9
 

M
u

lt
i 
P

S
4
9
5
n
m

 
4
6
6
 ±

 2
0
 

4
0
1
 ±

 1
5
 

4
2
8
 ±

 1
2
 

4
9
8
 ±

 2
0
 

5
9
 ±

 1
4
 

4
.7

1
 

M
o

n
o
 P

S
7
9
9
n
m

 
7
9
9
 ±

 1
5
 

7
6
5
 ±

 2
0
 

7
9
2
 ±

 1
2
 

8
3
2
 ±

 1
5
 

3
7
 ±

 1
0
 

M
u

lt
i 
P

S
7
9
9
n
m

 
8
0
1
 ±

 4
3
 

7
7
2
 ±

 4
2
 

7
9
8
 ±

 3
8
 

8
3
2
 ±

 4
9
 

3
4
 ±

 5
 



 
 

65 

Supplementary table S2: Span of particle size distribution of PS beads and liposomes measured with MRPS and NTA. 
Mean values and standard deviations of triplicate measurements (n=3) 

Technique 
PS297nm beads Liposomes 

Span 

MRPS 0.33 ± 0.01 1.12 ± 0.04 

NTA 0.25 ± 0.06 0.67 ± 0.01 

 



 

66 


