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A successful drug delivery system must overcome complex biological barriers. For particles injected 

into the blood, one of the first and most critical barriers pertains to blood stability to circulate 

through the human body. To effectively design drug delivery vehicles, interactions between the 

particles and blood, as well as the aggregation behavior, must be understood. This work presents a 

method to analyze particle size and aggregation in blood plasma using a commercially available 

nanoparticle tracking analysis (NTA) system. As a model system, fluorescently labeled polystyrene 

nanoparticles were incubated in goat blood plasma and analyzed using NTA. The particles incubated 

in plasma were found to have a protein corona that is larger than what has been observed by 

dynamic light scattering (DLS) in diluted plasma. Particles that were decorated with a PEG layer were 

also found to have large protein coronas in undiluted plasma. Because NTA is based on a unique 

visualization method, large multicomponent aggregates could be observed and quantified in a 

manner not feasible with other techniques. PEGylation of the particles was found to decrease the 

multicomponent aggregation from 1000 +/- 200 particles for unmodified to 200 +/- 30 particles for 

1K PEGylated per 1 x 105 total particles. 

1. Introduction 
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Targeted drug delivery has the potential to revolutionize medicine by increasing the efficacy of drugs 

while decreasing the unwanted side effects associated with them.[1] Drug delivery can be an 

important treatment option for diseases such as cancer, where the toxicity of chemotherapy drugs 

limits the dosages.[1] Despite numerous studies investigating drug delivery particles for cancer 

therapies, very few clinical products have resulted due to the numerous biological hurdles that drug 

delivery particles must overcome.[2–7] 

The first hurdle faced by targeted drug delivery particles upon injection into the bloodstream is the 

need for circulation. In order to successfully deliver therapeutics to the correct part of the body, the 

particle must remain in circulation long enough to find the target. The circulation half-life depends 

on the interactions between the components in the blood and the particles themselves. Specifically, 

the adsorption of certain opsonins onto drug delivery particles leads to clearance of the particles 

from the bloodstream through phagocytosis.[8–10] This rapid clearance directs the particles to the 

liver or the spleen instead of the intended target, resulting in failure of the drug therapy.[4,9,11,12] 

Several strategies have been employed to improve particle circulation with the end goal being 

enhanced permeability and retention of the drug in question. One such strategy is PEGylation, the 

attachment of polyethylene glycol (PEG) ligands.[11,13,15] Additional methods include attachment of 

“markers of self” ligands and designed attachment to blood cells.[16–19] Many drug delivery systems 

use particles between 10 and 100 nm in diameter to avoid this phenomenon; however, the 

interactions between blood and the particles typically causes a particle size increase, either through 

the formation of a protein corona or aggregation.[5, 20–25] This size increase greatly increases the 

number of particles removed from circulation before reaching the intended target.  
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Protein corona development and aggregation behavior of particles are typically determined by 

measuring particle size with dynamic light scattering (DLS).[5,14,24–34] DLS requires a pure sample with 

monodisperse particles to ensure an accurate measurement of particles in the sample suspension.[14] 

While some studies have found it is possible to measure particles in blood plasma using DLS, 

measuring particles directly in whole blood or even blood plasma is a difficult task, as the 

components of blood will scatter light as well. [5,34,35] Thus, DLS measurements are only possible for 

certain size ranges of particles and with complex curve fitting. As a result, suspensions of particles in 

blood are often washed to remove the excess blood components, diluting the solution dramatically 

to measure the particles by DLS.[5,27-32,35] While this technique allows for the accurate analysis of 

particle size after incubation in blood, it does not capture the actual environment that the particles 

encounter in vivo.[9,20,35] Despite the need for a method to analyze particle behavior in blood plasma, 

there are very few reports on particle behavior in these environments.[14,34,36-40] This article uses 

Nanoparticle Tracking Analysis (NTA) to investigate the behavior of polystyrene (PS) particles in 

blood plasma. This method uses the fluorescently labeled particles to reduce the effects of scattered 

light from the components of blood plasma. Fluorescent particle analysis in blood plasma has been 

shown to be successful in methods such as fluorescence correlation spectroscopy[38] and 

fluorescence single particle tracking[36], and NTA provides an alternative approach.[14,35]  NTA 

eliminates the need for a monodisperse selection of particles within analyzed samples, allowing for 

interactions to be measured between particles and blood. Upon analysis, a substantial protein 

corona, much larger than measured by DLS, is found to form on the particles in blood plasma, and 

large multicomponent aggregates are observed and quantified. 

2. Results 
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2.1. Measuring Nanoparticles in Blood Plasma 

Using fluorescent particles enables the observation of interactions between particles and blood 

plasma. While in fluorescent mode, the amount of scattered light captured by the microscope is 

decreased, requiring an increase in the camera level used by the image (Figure S1). Scatter mode, on 

the other hand, observes all light scattered by all components in the system, whether polystyrene, 

blood components, or even dust and debris. Figure 1 shows the progression of the observation of a 

sample in scatter mode to fluorescent mode.  

Figure 1-a shows the observed light from a scatter mode analysis of a sample of PS particles in blood 

plasma. The blue pixels represent points of saturated scattered light; however, it is almost 

impossible to visually determine the PS particles from debris within the sample. NTA also cannot 

specifically analyze the scattered light from the PS particles in these videos. Figure 1-b displays the 

observed light from blood plasma without added PS particles analyzed using “fluorescent mode” on 

the Malvern Nanosight NS300 NTA system, while Figure 1-c shows the observed light from a blood 

plasma sample with added fluorescently labeled PS particles. Figure 1-b and 1-c show a noticeable 

decrease in observed light, as the light scattered by various debris and blood components in the 

sample is blocked by the fluorescent filter. Figure 1-b shows that the blood plasma itself has little to 

no background fluorescence, meaning that the points of light seen in Figure 1-c are exclusively from 

the fluorescently tagged PS particles. Figure 1 proves that the fluorescent capabilities of NTA allow 

for analysis of PS particles in blood plasma without a considerable dilution of the sample. 

2.2.  Comparison with DLS 

To compare the size results attained from NTA with those from DLS, blood plasma or serum must be 

diluted such that the scattered light intensity from the particles is greater than the scattered light 
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intensity from the components of the blood plasma. To achieve this, the unmodified PS particles 

were incubated in blood plasma and then diluted with saline solution to various dilutions. The 

particles were then analyzed using NTA, and when the solutions were dilute enough, they were also 

analyzed with DLS. This experiment was also completed using PS particles incubated in pure saline 

solution to provide a standard for size of the PS particles. Figure 2-a shows the size analysis results 

from NTA of PS particles incubated in two different batches of goat blood plasma dilutions and pure 

saline solution, in which the mode hydrodynamic diameter of particles in each dilution is plotted 

against the dilution factor on a logarithmic scale. The dilution factor is calculated as the final volume 

of the diluted measurement solution divided by the volume of the initial incubation solution. Figure 

2-b shows the size analysis results of the same PS particles incubated in pure saline and then 

measured using DLS, in which the intensity of the light is plotted against the hydrodynamic diameter 

of the particles on a logarithmic scale. Figure 2-c depicts the same PS particles measured in blood 

plasma at different dilutions using both NTA and DLS. Like Figure 2-a, Figure 2-c plots the mode 

hydrodynamic diameter of particles in each dilution against the dilution factor on a logarithmic scale. 

The results of the protein corona dilution experiments in Figure 2-a show that as the blood plasma 

solutions become more dilute with a higher dilution factor, the measured hydrodynamic diameters 

of the particles decrease. The error bars in Figure 2 represent the standard deviation and these same 

plots are displayed with standard error in the supplemental information (Figure S2). The measured 

hydrodynamic diameter of the particles in concentrated blood plasma was proven to be statistically 

different than the hydrodynamic diameter in the most diluted blood plasma by a single factor 

analysis of variance test (ANOVA) and a Games-Howell pairwise comparison for both sets of blood 

plasma in Figure 2-a (Figure S3 and S4). NTA provides a standard error of less than 5 nanometers per 
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each data point in Figure 2-a, giving accurate size measurements for each dilution. In Figure 2-a, the 

PS particles in saline did not display a statistically different size across each dilution, as proven by 

single factor ANOVA Games-Howell pairwise comparison, demonstrating that the dilution method 

did not affect the hydrodynamic diameter of the particles (Figure S5). 

Figure 2-b demonstrates the clear and concise measurements given by DLS when measuring the PS 

particles in pure saline solution. In contrast, DLS measurements obtained from particles incubated in 

blood plasma were considered “of too poor quality for cumulative analysis” unless diluted to the 

lowest concentration used in this study, a dilution factor of 512 corresponding to approximately 

0.07% blood plasma. Due to the residual blood components present in higher concentrations of 

blood plasma, accurate particle sizes could not be interpreted; therefore, the only reportable DLS 

measurement in blood plasma came from a dilution factor of 512, as seen in Figure 2-c. The reported 

size of the particles from DLS at a dilution factor of 512 agree with the NTA reported size at the same 

dilution. 

2.3.  Particle PEGylation 

Polyethylene glycol (PEG) is often attached to particles utilized in drug delivery to make use of its 

“stealth” properties to decrease interactions between the particles and blood components11.  To 

demonstrate these effects, PS particles were PEGylated with PEG of different molecular weights: 

1,000 g mol-1 (1K), 5,000 g mol-1 (5K), 10,000 g mol-1 (10K) and 30,000 g mol-1 (30K). Figure 3-a 

displays the size distribution of the hydrodynamic diameters of the unmodified PS particles when 

incubated in saline compared to the same particles incubated in plasma. The normalized 

concentration of the particles against their respective sizes are reported to compare the size 

distribution in saline to that in plasma. The corresponding size distribution graphs for the PEGylated 
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particles are reported in Figure S6. While this experiment was repeated many times for each type of 

PEGylation, these results only show one representative individual NTA run. For each PEGylation the 

particles experience a noticeable size increase upon incubation in plasma compared to incubation in 

saline from the development of a protein corona.  

Table 1 reports the thicknesses of the protein coronas developed on the different PEGylated 

particles: unmodified, 1K PEGylated, 5K PEGylated, 10K PEGylated, and 30K PEGylated. DLS 

confirmed successful PEGylation by showing an increase in zeta potential on PEGylated PS particles 

compared to the negative zeta potential of the unmodified carboxylate-PS particles (Figure S7, S8). 

Transmission electron microscopy (TEM) was also used to display a PEG layer on the surface of 

PEGylated PS particles (Figure S9). As displayed by the schematic in Figure 3-b, the protein corona 

thickness is calculated by subtracting the measured hydrodynamic diameter of the particle in saline 

(the size of the PS particle with no protein corona) from the measured hydrodynamic diameter of 

the particle in plasma and dividing by 2.27 There is approximately an 11-nanometer range between 

the thickest protein corona and the thinnest, which develop on the 1K and 30K PEGylated particles, 

respectively. The 1K PEGylated particles developed the thickest protein corona (72 +/- 36 nm) and 

the 30K PEGylated particles developed the thinnest (61 +/- 16 nm); however, a single factor ANOVA 

and Games-Howell pairwise comparison on this data proved that the developed protein coronas on 

the 1K and 30K PEGylated particles did not have statistically different thicknesses (Figure S10). The 

protein corona developed on unmodified polystyrene particles is 63 +/- 17 nm. The developed 

protein corona accounts for approximately a third of the total size of the particles. 

2.4.  Homogeneous Aggregation 
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It is well known that the presence of salt can cause aggregation between particles (homogeneous 

aggregation) in solution because the salt screens the charges on the particles, and thus the charge 

repulsion between particles decreases. Since blood contains a relatively high salt content, particles 

were first tested in normal saline for homogeneous aggregation behavior. PS particles with different 

surface functional groups (sulfate, carboxylate, or amine) were incubated in saline and analyzed for 

the presence of homogeneous aggregation.  PS particles with sulfate functional groups were found 

to readily aggregate after brief incubation with normal saline, while PS particles decorated with 

amine functional groups showed some aggregation in both saline and water. Carboxylate PS 

particles did not appear to aggregate in normal saline (Figure S11) as the size distribution in water 

and saline are similar. For this reason, PS-carboxylate particles were used for further experiments in 

blood plasma.  

2.5.  Multicomponent Aggregation 

NTA provides the ability to visually confirm the occurrence of multicomponent aggregation upon 

particle incubation in blood plasma. Figure 4-a displays a screenshot of a large multicomponent 

aggregate of particles moving through blood plasma. This aggregate is confirmed as a 

multicomponent aggregate because of its motion, represented by the blue tracking lines following 

the particles. The blue lines describing the motion of particles in the multicomponent aggregate are 

straight, with very little variation in direction and all the particles in the aggregate moving in the 

same manner. Conversely, individual particles have very erratic motion paths, which is shown by the 

red tracking lines describing their motion. By comparing the movement of particles in the videos, a 

number of particles in multicomponent aggregates can be quantified. A multicomponent aggregate 

was defined as  
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containing at least two particles that were moving together without the ‘wiggle’ of Brownian 

motion. Multicomponent aggregates can be differentiated from homogeneous aggregates as a 

particle aggregating with another particle would appear as a larger, brighter dot in the videos and 

not separate dots moving in the same manner as described here. Figure 4-b quantifies the total 

number of particles in multicomponent aggregates per 1 x 105 total particles that developed over a 

24-hour period of particle incubation in plasma. There is a significant decrease in the number of 

particles that form multicomponent aggregate found in the suspensions of unmodified particles than 

those of PEGylated particles (Figure S12). The highest number of particles in multicomponent 

aggregates observed was approximately 1000 +/- 200 particles per 1 x 105 particles in the 

unmodified particle suspensions. The least amount of particles in multicomponent aggregates 

observed was approximately 200 +/- 30 particles per 1 x 105 particles in the 1K PEGylated particle 

suspensions. There was not a statistical difference in the normalized number of particles in 

multicomponent aggregations between the different PEGylated particle groups. 

3. Discussion 

NTA can characterize particle behavior in blood plasma, and the results of the dilution and 

aggregation experiments validate that it is possible to measure this behavior in undiluted blood 

plasma. [5,14,35] Due to the use of Alsever’s solution as the anticoagulant, the highest blood plasma 

solution tested in this study was a 35.5% dilution of blood plasma and isotonic salt solution (dilution 

factor 0), making the lowest dilution 0.07% blood plasma (dilution factor 512). A table corresponding 

the dilution factor to approximate blood plasma percentage is available in Table S1. An 

anticoagulant is necessary to prevent clotting from occurring during the experiment, but by using 
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other types of anticoagulant, higher blood plasma concentrations can be achieved. For instance, 

using bovine blood plasma with sodium citrate as the anticoagulant results in a maximum blood 

plasma concentration of 96% and particles can still be analyzed at these concentrations with minimal 

background noise (Figure S13). At the same time, particle hydrodynamic diameter measurements 

using DLS in solutions containing higher than 0.07% blood plasma were inconclusive, as the presence 

of blood plasma components made it difficult to determine the signal from the particles. 

Upon increasing dilution of the blood plasma with saline, the hydrodynamic diameters of the 

particles decreased as their corresponding solutions became more dilute. According to the hard/soft 

protein corona model, the proteins in the loosely bound soft corona more readily desorb and adsorb 

from the particle surface.[22,34] As more saline is added, the equilibrium shifts toward more proteins 

in the soft corona desorbing than adsorbing, causing an incremental decrease in the hydrodynamic 

size that is observed as more saline is added to the particles after incubation.[23,33] As more saline is 

added, many of the proteins contributing to the soft protein corona are being washed off of the 

particles, which causes the observed size decrease in the NTA results in Figure 2-a. DLS data can only 

be obtained at a dilution factor of 512, where it agrees with NTA data at that blood plasma 

concentration. The size measured by NTA at the dilution factor of 512, however, is significantly 

different than the size measured by NTA at the highest concentration tested (Figure S3 and S4). A 

difference of approximately 30 nm exists between the particle diameters in the two extremes of 

blood plasma concentration. The highest plasma concentration tested is a more accurate 

representation of the particle size and protein corona size the particle would have in the body.  

An alternative explanation to the increase in particle size with increasing blood plasma 

concentration could be the depletion effect, the phenomenon where the surface area of the 
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particles is unavailable to blood plasma proteins due to overcrowding of particles in solution. 

Theoretically, this would attribute the increase in measured size of the particles through NTA not to 

the protein corona, but to the particle concentration increase in incubation solution for each 

subsequent dilution. Despite this possibility, Figure 2-a demonstrates that the depletion effect is not 

occurring in these experiments. There is a very clear increase in the y-intercept of the fitted 

equations describing the hydrodynamic diameter trend of particles incubated in blood plasma 

compared to those incubated in pure saline. In the lowest percent plasma measurements (where 

particle concentration in the plasma during incubation is highest), this difference still exists, and the 

size of the measured particles only increases from there. Because such a large difference in size is 

observed between a dilution factor of 512 and pure saline, it can confidently be stated that proteins 

are being bound to the nanoparticle surface, forming the hard corona. The increase in size with 

increasing blood plasma concentration can then be attributed to the soft protein corona, and not 

the depletion effect. 

The use of NTA to analyze particles in blood plasma allows for the testing of various particle surface 

chemistries and their effects on the protein corona. It was expected that 1K, 5K, 10K and 30K 

PEGylated particles should have smaller protein coronas than the unmodified particles; however, the 

calculated protein corona thicknesses derived by NTA measurements in Table 1 show little 

change.[8,11] This behavior could be attributed to the inclusion of the soft protein corona in NTA 

measurements. The soft protein corona is comprised of loosely bound proteins; therefore, the flow 

rate of the particle suspension through the microfluidic viewing device of the NTA will have a 

significant effect on the soft protein corona. Varying the flow rate will vary the shear force applied to 

the nanoparticles and, therefore, the adherence of soft corona proteins to the PS particles, 
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ultimately leading to the derived particle size in plasma, and total protein corona thickness, to be 

dependent on the sample flow through the microfluidic device (Figure S14). As blood flow rate can 

vary in the body, it is important to analyze protein corona development under flow.  

Using DLS, particles must either be washed or measured in filtered or diluted plasma or 

serum, producing reported protein corona thicknesses in the literature less than 40 nm on 

polystyrene particles. [28–30,38] This is much smaller than the 63 +/- 17 nm thick protein corona 

measured in 35.5% plasma solution in this study, yet comparable to the 24 +/- 13 nm thick protein 

corona measured at a dilution factor of 512. The DLS protein corona measurements in literature 

have larger errors than those obtained by NTA, and only represent the hard protein corona since DLS 

is unable to represent the effects of undiluted plasma or serum on particles.[28–30] The observed 

protein corona developed on the various PEGylated particles in this study was between 61 and 72 

nm thick. This measurement was also significantly larger than protein coronas on PEGylated particles 

measured by DLS in literature, which vary between 5 and 40 nm thick (depending on surface charge 

and original particle size).[27,31,32] The reports in the literature represent measurements of the hard 

protein corona after washing or measurements in filtered or diluted plasma, serum, or plasma 

protein solution, and therefore are unable to characterize the full developed protein corona in 

undiluted plasma.35  

While beyond the scope of this paper, efforts have been made to characterize the 

composition of the protein corona. The literature shows the hard protein corona on polystyrene 

nanoparticles to be primarily made of apolipoprotein AI, human serum albumin, fibrinogen, IgG, 

transferrin and inter-alpha-trypsin inhibitor heavy chain, among others.[30,39-42] It has also been found 

that nanoparticle PEGylation can affect the protein corona composition.[41,42] Additionally, efforts 
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have been made to characterize the adsorption rates of various proteins onto nanoparticles in 

various complex biological milieu, which can be done through fluorescence correlation 

spectroscopy[43-46], and nuclear magnetic resonance spectroscopy[46], among others[37]. The protein 

corona is an integral factor in cell uptake of nanoparticles; therefore, both the protein composition 

and binding kinetics should be considered when formulating nanoparticle drug delivery systems. 

By observing the particles in blood plasma over time, this method shows that the interactions 

between particles and blood plasma not only lead to a particle size increase, but they can also cause 

multicomponent aggregation of particles and plasma components. As displayed by the error bars in 

Figure 4-b, there is no statistical significance between the normalized number of particles in 

aggregates for any one surface modification of the particles; however, the statistical difference 

between the 1K, 5K, 10K and 30K PEGylated PS particles in aggregates and the unmodified PS 

particles in aggregates is a clear indication that manipulating the surface of drug delivery vehicles 

decreases the multicomponent aggregation of particles in plasma (Figure S11). 

4. Conclusion 

There is a clear need to increase our understanding of how the human body interacts with materials, 

especially in the field of targeted drug delivery. Using NTA to analyze particles in blood plasma 

provides helpful insight into how blood components affect the size and aggregation behavior of drug 

delivery vehicles injected into undiluted blood plasma that cannot be studied by other methods 

which require extensive dilution or washing and remove the soft protein corona. Information from 

these experiments will allow for the optimization of different tunable surface properties, such as 

PEGylation. With a method now in place for experiments using NTA in blood plasma, different 

properties of the vehicles can be explored to further understand and design particles to create the 
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most effective and most efficient circulation of targeted drug delivery vehicles through the 

bloodstream.  

5. Experimental Section 

Blood Plasma Preparation: Whole goat blood treated with the anticoagulant Alsevers solution was 

ordered from Lampire Biological Laboratories (catalog# 7202503). Upon receipt (3 days after the 

blood was drawn), the whole blood was centrifuged at 2000 RCF for 10 minutes and the blood 

plasma was separated from the blood cells. The centrifugation procedure was repeated 3 times to 

remove all the blood cells. Kinematic viscosity measurements were made on the blood plasma and 

all blood plasma dilutions using a glass capillary Ubbelholde viscometer (Fisher Scientific catalog# 

13614F) in a water bath at 37°C. Kinematic viscosity values used were the average of 10 

measurements. To convert this to dynamic viscosity, the density of blood plasma needs to be taken 

into account. Human blood plasma density can be approximated to 1.0025 g cm-3, while Alsever’s 

solution can be approximated to the same as a 90% medical saline solution, or 1.0046 g cm-3. Taking 

these values into account, we approximated the density of blood plasma to be 1.0000 g cm-3, after 

concluding that the error in the size measurements from the NTA was larger than the error created 

by the density assumption. 

Dilution Experiment: FluoSpheres® carboxylate-modified polystyrene nanoparticles 200 nm in 

diameter labeled with a yellow-green dye (excitation 505 nm, emission 515 nm) were purchased 

from ThermoFisher (catalog# F8811). 100 µL of the as-received particle solution was diluted with 

900 µL of normal saline to create a solution with a concentration of particles ready to be used in 

experiments. The PS particles from this solution were incubated in various amounts of plasma for 10 
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separate dilutions with the amount of plasma being incrementally halved for each dilution. For each 

dilution, the designated amount of plasma was pipetted into a 2 mL Eppendorf tube, followed by an 

amount of diluted particle solution, the concentration of which being adjusted to give the ideal 

concentration range for NTA analysis of around 8 x 108 particles per ml. The tube was vortexed for 

10 seconds and placed into a water bath uniformly set to 37°C (in order to simulate the temperature 

conditions of the human body) and left to incubate for 10 minutes.  

After the incubation period, the appropriate amount of saline, also warmed to 37°C, was added to 

the sample and the tube was vortexed again for 10 seconds. Each sample was loaded into a Malvern 

NanoSight NS300 to be pumped continuously through the microfluidic viewing device with a syringe 

pump and measured. The temperature inside the chamber of the Nanosight NS300 that held the 

sample was held constant at 37°C. The syringe pump was set to an appropriate flow rate such that 

the particles took approximately 5-10 seconds to pass the viewing area (equivalent to a flow rate of 

100 au on the specific system used for many of the measurements, though this number varied on 

different instruments). The instrument was set to take in between seven and ten videos for each 

measurement, with each video lasting 60 seconds. The solutions were analyzed using a 488 nm laser 

with the Nanosight NS300 set to fluorescent mode using a 500 nm fluorescent filter. Each dilution 

was created three times and then ran through the Nanosight NS300 as described above. 

Analysis of the resulting videos was done using the NTA 3.2 software provided by Malvern. The 

threshold was set such that most of the particle centers were detected and a minimum amount of 

background noise was detected. The resulting data on particle tracking and size was checked for 

vibration errors. Any runs labeled as ‘high vibration’ by the software were thrown out and not 

included in the averages. Only measurements that had 4 or more runs without a high vibration error 
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were included for size analysis and measurements without at least 4 useable runs were repeated. 

The resulting particle sizes were adjusted for viscosity by multiplying the reported particle diameter 

by the ratio of the viscosity of pure water at 37 ⁰C (the default viscosity used for calculation by the 

Nanosight NS300) to the measured viscosity of the blood plasma. 

Particle PEGylation: PS particles were pegylated using amine functionalized 1k linear PEG (Nanocs 

cat#PG1-AM-1k), 5k linear PEG (Nanocs cat#PG1-AM-5k), 10k linear PEG (Nanocs cat#PG1-AM-10k), 

and 30k linear PEG (Nanocs cat#PG1-AM-30k). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC)/sulfo-N-hydroxysuccinimide (NHS) chemistry was used to attach the amine 

modified PEG to the carboxylic acid functionalized particles. To do this, 1 mL of 2 mM EDC in 2-(N-

morpholino)ethanesulonic acid (MES) buffer was added to 50 µL of PS particles (as received). The 

solution was then briefly vortexed and allowed to react for 10 min at room temperature on a rotator 

while covered in foil. Next, sulfo-NHS was added to a concentration of 5 mM and allowed to react for 

10 min at room temperature on a rotator while covered in foil. 

The samples were centrifuged at 21,130 RCF for 1 hour and the supernatant was removed. The 

particles were dispersed in PBS by tip sonication at 20% power on ice, using 1 second pulses with 5 

seconds in between each pulse 5 times for a total of 5 seconds of pulse time. 10 mg of each type of 

PEG was then added to the PBS/activated particle solution. The sample was briefly vortexed and 

allowed to react for 2 hours at room temperature on a rotator while covered in foil. 

The particle solution was again centrifuged at 21,130 RCF for 1 hour, the supernatant was removed 

and saline was added. The sample was centrifuged and washed with saline two more times. On the 

final wash, the particles were again dispersed in saline to a total volume of 1 mL. Finally, dilutions 

were then measured in the NTA in order to determine particle size and concentration. 



 

  

 

This article is protected by copyright. All rights reserved. 

18 

 

PEGylation of the particles was studied by measuring Z-potential. For that, a solution of 1 mL of each 

of the samples with a minimum concentration of particles of 109 particles/mL was used. By 

measuring z-potential with a Zetasizer nano ZS, Malvern Instrument, it was possible to compare 

unmodified particles and PEGylated ones. 

PEGylation of PS-particles was also characterized by FEI Tecnai G2 Spirit Twin Transmission Electron 

Microscopy (TEM) at an operating voltage of 120 kV. For the sample preparation, particles were 

dried on 300-mesh copper-coated grids with a carbon film purchased from Electron Microscopy 

Science. Samples were stained with uranyl acetate to increase the contrast of the polymer.   

Homogeneous Aggregation Experiment: FluoSpheres® polystyrene nanoparticles 200 nm in diameter 

labeled with a yellow-green dye (excitation 505 nm, emission 515 nm) that were either carboxylate-

modified, amine-modified, or sulfate-modified were purchased from ThermoFisher (catalog# F8811, 

#F8764 and #F8848). 10 µL of the as-received particle solution was diluted with 1 mL of normal 

saline or water. 100 µL of diluted particle solution was added to 10 mL of saline or water. 1 ml of the 

solution was removed and NTA measurements were done on the Nanosight NS300 at 37°C using a 

488 nm laser and 500 nm long pass filter. 

Multicomponent Aggregation Experiment: A sample of PS particles was incubated in plasma and 

placed on a tube rotator in an incubator at 37°C. A sufficient amount of particle solution was added 

in order to have a concentration of 8 x 108 particles per mL of solution for ideal analyzing conditions 

for NTA. After 10 minutes of incubation, a 1 mL sample of the particles in plasma was analyzed using 

NTA on the Nanosight NS300 for the “0 hour” measurement and measured in the same manner as 

described in the “Dilution Experiment” section. 
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The particles were incubated in the blood plasma continuously for 24 hours inside of the incubator. 

A 1 mL sample of solution was removed to be measured at 0 hours, 4 hours, 9 hours, 12 hours, 15 

hours, 18 hours, 21 hours, and 24 hours. The videos of fluorescently tagged particles moving through 

the plasma were then viewed and analyzed in order to count the total number of particles that 

aggregated in each video for each type of PS particles. These numbers were compared to the total 

number of particles counted in the video, as reported by the NTA software, and normalized results 

comparing the number of particles in aggregates per 1 x 105 particles were calculated across 

samples. A normalization to 1 x 105 particles was chosen in order to account for any differences in 

concentration of particles across measured samples. For each particle type, the number of particles 

in aggregates per 1 x 105 particles were averaged across each time point and error bars represent 

the standard error between time points. 
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Supporting information is available online from the Wiley Online Library or from the author. 
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Figure 1. Schematics and results from NTA of carboxyl-PS nanoparticles in blood 

plasma. (a) Schematic showing the unfiltered scattering of light in scatter mode (Left). 
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PS nanoparticles as well as components in blood plasma scatter light, leading to an 

increased and non-selective signal being sent to the detector (right). (b) Schematic 

showing the filtered scattering of light in fluorescent mode (left). Only light scattered at 

wavelengths above the fluorescent filter get received by the detector, where the lack of 

any fluorescent tagging leads to an extremely low signal (right). (c) Schematic showing 

the filtered scattering of light in fluorescent mode (left). PS nanoparticles can be 

fluorescently tagged in order to emit light that can permeate the fluorescent filter, 

creating a selective visual result that only detects the tagged carboxyl PS particles 

(right). 
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Figure 2. (a) NTA measurements of PS particles incubated in saline (black) and two 

batches of goat blood plasma (red, blue) and subsequently diluted. For saline 

measurements, the initial amount of blood plasma was replaced with saline. Displayed 

error bars represent standard deviation for each data set. (b) DLS measurement of PS 

particles in pure saline. Displayed error bars represent standard deviation for each data 

set. (c) Comparison of results using both NTA and DLS of measurements of PS particles 

incubated in blood plasma and subsequently diluted using saline. DLS measurements in 

solutions with dilution factors less than 512 were reported as “too poor for cumulative 

analysis”, and were omitted from the figure. Displayed error bars represent standard 

deviation for each data set. 
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Figure 3. (a) NTA size distribution plot of unmodified PS particles in saline and blood plasma. The 

displayed size disparity between particles incubated in saline and plasma confirm the presence of a 

protein corona. Displayed error bars represent the standard error for each data set. (b) Schematic 

justification of protein corona thickness calculations. The difference between the measured 
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hydrodynamic diameter of PS particles in plasma and saline is equal to twice the thickness of the 

protein corona, which can be halved to give us the effective corona thickness. 

 

 

Figure 4. Presence of large multicomponent aggregates of particles in blood plasma 

appear in NTA videos. (a) Screenshot of NTA of carboxylate-PS nanoparticles in goat 

blood plasma during video processing. Particle tracks are represented by the blue and 

red lines. Particles in multicomponent aggregates have relatively straight particle paths 

compared to individual particles. Schematic of a multicomponent aggregate with 

particle tracks is depicted in the bottom right corner. (b) Quantification of number of 

particles in multicomponent aggregates per 1x10
5
 particles over 24 hours of incubation 

in goat blood plasma. Displayed error bars represent standard error for each data set. 
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PS Particle Modification 
Mode Hydrodynamic 

Diameter in Saline (nm) 

Mode Hydrodynamic 

Diameter in Goat Blood 

Plasma (nm) 

Calculated Protein Corona 

Thickness in Goat Blood 

Plasma (nm) 

Unmodified 196.1 +/- 3.2 322.3+/- 16.9 63.1 +/- 17.2 

1K PEGylated 209.0 +/- 15.7 353.8 +/- 33.1 72.4 +/- 36.7 

5K PEGylated 208.6 +/- 5.9 338.2 +/- 18.4 64.8 +/- 19.4 

10K PEGylated 216.1 +/- 8.0 354.8 +/- 29.4 69.3 +/- 30.5 

30K PEGylated 244.7 +/- 5.1 366.3 +/- 15.7 60.8 +/- 16.5 

 

 

Table 1. Mode hydrodynamic diameters of PS particles with various PEGylations in 

saline and blood plasma measured by NTA. Includes calculated protein corona 

thickness of the particle variants in goat blood plasma. Displayed error represent 

standard deviation for each data set. Data with standard error presented in Table S3.  

Table of Contents Entry: Interaction between nanoparticles and proteins is one of the major 

limitations for drug delivery systems. This work presents a methodology based on nanoparticle 

tracking analysis (NTA) to characterize this interaction. Fluorescently labeled nanoparticles can be 

imaged using NTA to characterize the entire protein corona in undiluted plasma. Due to the unique 

visualization of NTA, multicomponent aggregation can also be quantified.  
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