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Nanoparticle Tracking Analysis for Rapid Online
Characterization of Nanomaterials
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1Department of Chemistry; University of California-Riverside, Riverside, CA 92521.

2Environmental Toxicology Graduate Program, University of California-Riverside, Riverside, CA
92521.

Abstract

Increasing applications of nanomaterials in consumer goods, industrial products, medical
practices, etc., calls for the development of tools for rapid separation, quantification and sizing of
nanoparticles to ensure their safe and sustainable employment. While many techniques are
available for characterization of pure, homogeneous nanomaterial preparations, particle sizing and
counting remains difficult for heterogeneous mixtures resulted from imperfect synthesis
conditions, aggregation responsive to change in distribution solutions, or degradation during
storage. Herein, nanoparticle tracking analysis (NTA) was coupled to asymmetrical flow field flow
fraction (AF4) using a splitter manifold to enable on-line particle separation and counting. The
high pressure and flow rate in AF4 were reduced to the levels compatible with NTA by the proper
flow splitting design; and a syringe pump was employed to withdrew fluid through the exit port of
NTA and maintain consistent flow rates entering NTA for proper particle sizing. Successful AF4-
NTA coupling was demonstrated by analyzing a mixture of polystyrene particles with the average
diameters around 50, 100, and 200 nm. Good correlation was observed between the amount of
each type of particle injected to and measured by the hyphenated system. The particle
concentrations acquired using on-line and off-line coupling of AF4-NTA also agreed well with
each other. The non-spherical nanoparticles like gold nanorods and hexagonal boron nitride
nanosheets were also analyzed to demonstrate the versatile applicability of this system. Our work
has proved that, AF4-NTA can achieve accurate particle counting on different populations of the
nanomaterials in a mixture, which cannot be done by either AF4 or NTA alone. It will be a
valuable tool for rapid characterization of heterogeneous nanomaterial solutions without
purification to fulfill the regulation requirement on the nanomaterial-containing products.

Graphical Abstract

"Corresponding author: Dr. Wenwan Zhong, Wenwan.zhong@ucr.edu.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website: Data and descriptions showing NTA scripting
and AF4 elution methods, batch mode NTA for PS bead mix, single against mixed population injections, and a description of NTA
size determination theory of spherical and non-spherical particles.
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INTRODUCTION

Nanotechnology has been integrated into a wide array of consumer products, urging
governing bodies of these markets to adopt guidelines or regulations regarding the reporting
and characterization of those nanomaterials due to their possible adverse environmental or
biological effects.1~6 The first nanomaterial reporting and labeling regulation in consumer
goods was established by the European Union (EU) for cosmetic products being sold in the
EU market in 2009.7 Specifically, the regulation asks: 1) does a product contain
nanomaterials that need to be reported; 2) does the size of the nanomaterial fall within the
regulation of 1-100 nm; and 3) what is the number size distribution of the nanomaterials?®
One of the challenging requirements in this regulation is the determination of a number size
distribution. This means the distribution must be generated from counted nanoparticles that
have been sized individually and not from measurements of the bulk solution. Similarly, in
the US, the Food and Drug Administration (FDA) requires that, if a product contains
nanomaterials, specific information about the physiochemical properties, purity, and toxicity
of the nanomaterials must be provided.® These guidelines also demands that the aggregation
and agglomeration properties of the nanomaterials in the product should be revealed.

Several techniques exist to satisfy these regulations, but they are usually technically
demanding, involve expensive instruments, and need multiple analyses to perform a full
characterization. Offline techniques like transmission electron microscopy (TEM)10-13,
scanning electron microscopy (SEM)4-20, and atomic force microscopy (AFM)21-24 can
produce number counting as well as size, but these methods are low in throughput and often
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require surface adsorption and drying, which may not capture the total concentration or
observe the nanoparticles in their native state in the sample matrix. Access may also be
limited in many cases due to the cost of instruments capable of the higher resolution needed
to detect in the sub 100 nm range. On the other hand, techniques like resistive pulse sensing
(RPS), dynamic light scattering (DLS) and multi angle light scattering (MALS) that can
individually size nanoparticles suspended in solution are available. But the low sample
throughput and variation of the data with respect to the pore size used in RPS complicate
data analysis and limit it in rapid nanoparticle quantification.2>26 DLS and MALS
instruments are highly efficient in acquiring particle concentration; and acquire diffusion
coefficient (D) via the time dependent scattering intensity fluctuation, which is then used to
calculate particle size using the Stokes Einstein equation.2’-28 However, since the intensity
of the scattered light rapidly decays with particle diameter, LS-based instruments have
difficulties in accurately sizing small particles.

Nanoparticle tracking analysis (NTA) is a recently introduced technique that can count and
size nanoparticles down to approximately 30 nm.25: 29-31 The system uses a fluidic channel
on top of a laser module that is angled to achieve total internal reflection. Nanoparticles in
the solution will scatter the incident light towards an objective lenses and camera system.
The system tracks the mean squared displacement of the particle and determines the
diffusion coefficient from the Brownian motion of the particle. By measuring individual
particles, NTA generates a histogram that displays accurate nanoparticle concentration and
size distributions. This technology avoids data bias from membrane pore size like in RPS. In
addition, NTA uses a fluidic channel setup which allows simple fluidic connections, making
it a strong candidate to be used as an online detector.

Pairing NTA with a separation system can enhance analysis repeatability and reduce sample
complexity. A good choice for this purpose is asymmetrical flow field flow fractionation
(AF4) because it combines filtration with size-based separations.32-34 It uses an open
channel design that is constructed with a singular membrane wall.3> The liquid leaving
through the membrane generates a crossflow that presses the analyte close to the membrane.
Particles will differentially diffuse against this crossflow towards the center of the channel
that relates to the hydrodynamic diameter. Larger analytes diffuse slower and thus stay
closer to the membrane wall and move more slowly in the channel; while the smaller ones
with higher diffusion coefficients will diffuse against the crossflow more, locating to higher
average distances from the membrane surface and eluting faster. AF4 can separate
nanomaterials with sizes ranging from nano- to micro-meters by simply adjusting the
crossflow to detector flow ratios.

To our knowledge, there has no report for directly coupling AF4 with NTA for particle
separation and counting. Herein, we design a simple connection interface between NTA and
AF4, and the resultant set-up allows rapid particle separation followed by online
concentration and size determination. We have demonstrated that the connection design can
successfully reduce the channel back-pressure and direct the eluent from AF4 to NTA at the
desired flow rates for accurate particle sizing. This system can handle diverse types of
nanomaterials, has good versatility with injection volumes or sample concentrations, and
does not require materials to carry labels or modifications for enhanced detectability.
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EXPERIMENTAL

Reagents and Materials.

FL-70 detergent (tetrasodium ethylenediamineteraacetate 1.4%, sodium oleate 0.5%, sodium
bicarbonate 0.1%, sodium carbonate 2.7%, triethanolamine oleate 3.8%, water 88.8%,
polyethylene glycol 0.9%, alcohol, C12-14-secondary, ethoxylated 1.8%), and the
polystyrene bead standards were purchased from Thermo Fisher Scientific (Waltham, MA).
While the claimed particle sizes were 50 nm, 100 nm, 200 nm (NIST 3000 series), based on
the Certificate of Analysis (COA) provided by the manufacturer, the actual size average was
measured by NTA to be 50 nm, 96 nm and 180-nm, respectively. However, for convenience
they were termed 50-, 100-, and 200-nm beads in this work. NanoXact gold nanorods with
the dimensions of 47.6 x 18.0 nm and 103.2 x 18.5 nm were purchased from nanoComposix
(San Diego, CA). The 2D nanomaterial of hexagonal boron nitride (hBN) with the average
lateral dimension around 150 nm and layer thickness < 10 nm was provided by Engineered
Nanomaterials Resource and Coodination center (ERCC), part of NHIR consortium at
Harvard HSPH-HIEHS Nanosafety Center. The detailed characterization of which was
reported in our previous work.36 A SLI-0430 Sensirion flow sensor kit was purchased from
Newark (Centerville, OH) for NTA flow rate measurements. A 9-port manifold was
purchased from Upchurch Scientific (Lakeforest, IL). Ultrapure H,0O (18.2 MQ) was
generated onsite with a Direct-Q 3 UV water purification system (MilliposeSigma;
Burlington, MA).

AF4-NTA Coupling Connection.

Procedures for preparation of the nanoparticle solution and the AF4 method used in our
analysis can be found in Supporting Information. Scheme 1 shows the fluidic connection of
our setup. A 9-port manifold was attached after the UV-Vis detector and before the NTA to
split the AF4 line into multiple flow paths, thus reducing the total pressure in each line. One
line was attached directly into the Low Volume Flow Cell manifold, while the other three
lines were connected to the fraction collector (FC) with equal length tubing. The waste port
of the NTA was connected to a New Era NE-500-X syringe pump controlled by Syringe
Pump Pro software. The lines were purged of air before equilibration. The desired flow rate
was generated by vacuum caused by gently withdrawing the syringe at a preset flow rate (15
pL/min) using the Syringe Pump Pro software.

Nanoparticle Analysis using NTA.

Particle counting was carried out on a Nanosight NS300 from Malvern Panalytical using a
low volume flow cell manifold and a 405 nm laser module. The video collection time was
determined as 60 s minus the processing time of each video, which was 5 s on the current
CPU of the system, making the video collection time 55 s. Detection threshold (DT) was
kept at 4, with camera levels being dictated by the particle’s optical properties. The video
was processed using the Malvern NTA 3.3 software. For mixture analysis, the camera level
was reduced in steps over the separation to avoid oversaturation of the camera when larger
particles were being measured. For example, when the polystyrene bead mixture was
measured, the camera level started at 13 for 20 minutes and then decreased to 10 for 20
minutes, before finally dropping to 6 for the final 20 minutes. A flow sensor was connected
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to the exit port of NTA to monitor flow rates throughout the runs. A flow rate of 15 uL/min
was induced by a New Era NE-500X syringe pump. Example scripts are shown in the
Supporting Information.

Offline analysis was performed using similar conditions, maintaining the video capture time
at 55 seconds and DT at 4. Camera levels were dependent on the size and optical properties
of the nanoparticle. A Harvard syringe pump was used to push offline samples through the
flow cell using arbitrary script settings values. Flow rates were set to 15 pL/min using the
generated standard curve (Figure S2) relating script settings to achieved flow rates. A setting
of 70 generated a flow of approximately 15 uL/min.

To process the online data files, a summary file containing all 55-s videos for a separation
was created by the software that contained each video’s distribution. Each video
corresponded to the data for that 1-minute interval used in the fractograms. To make the 3D
contour plot visually presentable, a baseline of 1x106 was set. In each 3D plot, Region of
Interest (ROI) boxes were marked, and the particle number counted within each ROI was
calculated by multiplying the volumetric particle concentration from each 55-s video (in
particles/mL per min) with the elution time of the ROI (in min) and the AF4 detector flow
rate before the splitter manifold (0.5 mL/min).

RESULTS AND DISCUSSION
Flow Splitting Design.

The outlet flow rate of AF4 is in the range of 5-0.1 ml/min, which is much higher than the
flow in the channel of NTA. Therefore, to use NTA as an online detector, a flow splitter is
needed to direct only a small portion of the AF4 eluent to NTA at compatible flow rates. As
shown in Scheme 1, we solved this issue by using a multi-port manifold (part C in Scheme
1). The challenge of such a junction design is to maintain a highly consistent flow rate going
into the NTA channel, regardless of any flow or pressure changes caused by the AF4
separation. This is because a typical AF4 separation method gradually decreases the
crossflow rate to obtain optimal elution times and resolution, in which the system pressure
should be varied to maintain a constant outlet flow rate. This dynamic pressure limits the
ability to split and control flow with static back pressure regulators, such as smaller ID
tubing, or by gravity. In our design, a syringe pump (part E in Scheme 1) is connected to the
exit port of NTA to withdraw liquid from NTA at a constant flow rate. Because the flow rate
of the tube connected to the NTA system would be much higher than that of the withdrawal
rate, the syringe pump acts as a flow regulator. If the system is purged of air, the
incompressibility of the fluid acts as a stable back pressure regulator, which helps alleviate
any pressure pulses caused by normal switching of the liquid pump check valves.

To maintain a low volume flow rate in the NTA line and accommodate a wide range of
system pressure in AF4, a 9-port manifold was employed in our design. A COMSOL
simulation was conducted to prove the plausibility of our design (Supporting Information).
More ports on the splitter manifold allowed additional FC lines to be opened, which reduced
the total pressure in each FC line to be close to atmospheric and eliminated the risk of
leakage and damage to the NTA channel. For example, if a system runs at 3—4 bar during
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separation, opening 1 NTA line and 3 FC lines is sufficient to keep the total pressure in each
line around 1 bar.

In order to decrease band broadening and retention time shifts induced by the drastically
different flow rates, the tubing length after the splitter going to the NTA must be reduced to
a minimal amount and connected into the “short” end of the channel that feeds directly into
the viewing window (See Picture in Supporting Figure S4). Additionally, the lines feeding
the FC must be kept at identical lengths or the sample bands would not be delivered at the
same time into the collection tubes. Finally, the FC lines must be kept open to atmosphere
and not be rejoined using a second manifold to prevent over pressurization of the NTA
channel.

The effectiveness of using a syringe pump at the exit port of NTA to control flow rates in
NTA while connected to AF4 was tested experimentally against hydrodynamic control, i.e.
using the height difference between the NTA and FC exit ports to control the flow rate in the
NTA line. Due to continuous pressure change throughout the AF4 separation process, the
hydrodynamic control method was not able to maintain steady flow rate and thus would only
be accurate for a small range of separation conditions (Figure 1A). In contrast, using a
syringe pump provided a nice consistent flow rate over the whole separation. In addition, the
minor pulses of the flow rate generated from the check valves were mostly eliminated (Inset
of Fig. 1A).

NTA Maximum Flow Rate Determination.

The Malvern NTA 3.3 software measures the speed of Brownian motion (random motion in
the x and y direction) of each particle to calculate the size of a particle. Because the particle
solution is pulled through the measurement channel by a syringe pump, all particles move
towards a constant direction, termed the x-direction drift, while also undergoing Brownian
motion, which has the random movement in all directions. The software would measure the
x-direction drift caused by the channel flow rate and remove it from each particle’s
measurement when computing the particle’s Brownian motion. However, the software can
only tolerate a flow rate within a certain range, and exceeding such a range, size and particle
number measurements would not be valid. Since the detector flow rate of AF4 is much faster
than that tolerable by NTA, and could vary to attain good analyte resolution, we needed to
determine the maximum flow rate the hyphenated system can handle. Thus, we connected a
flow sensor directly after the NTA exit port to measure the flow rate inside the NTA channel,
controlled the syringe pump setting to result in different flow rates (Supporting Figure S4),
and investigated the effect of flow rates on analysis of the polystyrene size standards.

The results were displayed in Fig. 1B & C. We found that, the particle concentration (Figure
1B), as well as the size mode (Figure 1C), of the 100- and 200-nm particles decreased as the
flow rate increased; while the smaller, 50-nm particles were affected less within this flow
rate range. The maximum flow rate was then determined as the rate that could induce 5%
change in particle concentration and size mode compared to the average values measured at
no flow rate. Using particle concentration, the maximum flow rate for 100- and 200-nm was
estimated to be 30.0 pL/min and 27.75 pL/min, respectively, but the change in particle
concentration for the 50-nm particles was smaller than 5% in the entire flow rate range
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investigated. Using the size mode data, the maximum flow rate for the 50-, 100- and 200-nm
particles was found to be, 34.84 uL/min, 31.96 pL/min, and 16.08 uL/min respectively. We
can see that, the overall maximum flow rate decreases with increasing particle size. This is
probably due to the lower magnitude of Brownian motion with the larger particles that
makes the particle x-direction drift corrections less tolerant to higher flow rates.
Additionally, larger particles optically flare more, which causes more difficulty in
determination of the center of the particle during Brownian motion measurements and
results in higher measurement errors from frame to frame. To keep all particle within a 5%
error, a flow rate of 15.00 pL/min was employed as the operating flow rate for online NTA
analysis in the present work.

Bead Standard Analysis.

The purpose of building the AF4-NTA system is to provide accurate and repeatable counting
of each particle population in a nanoparticle mixture. To test the performance of our system,
individual injections of the 50-, 100-, and 200-nm polystyrene particles were carried out;
and the resultant retention time, peak shape and total particle quantification were compared
with those obtained from injection of the mixture of the 3 populations. The contour plots
graphing the size, retention time, and particle counts are displayed in Figure S5. No
noticeable difference was found between the plots from injections of the mixed and single
particle samples. The coefficient of variability (CV %) between particle counts for each
particle population was found to be below 5% (Table 1). These results support that our
system can perform reproducible particle counting from solutions containing pure or mixed
particle populations.

Next, we compared the performance of particle quantification using the stand-alone NTA
and the AF4-NTA system. Although the measurement by NTA alone displayed the presence
of three particle populations when analyzing the mixture of the particles (Figure S6 in the
supporting information), size resolution was poor. Additionally, the peaks for the 50- and
100-nm particles were not reproducible. The 50-nm particle population was not always
accurately determined due to the camera level settings: using the optimal camera level for
detection of the 50-nm particles resulted in heavy optical flaring of the 200-nm particles,
causing many of the 50- and 100-nm particles to be shielded from the camera by the bright
flair.

This issue was solved when NTA was coupled to AF4 by decreasing the NTA camera level
during the separation process, since the smaller particles were eluted earlier than the larger
particles. Three well-separated particle populations were then detected with both the size
and concentration information obtained (online analysis, Figure 2A). We also collected the
particles eluted after AF4 and measured them by NTA (offline analysis, Fig. 2B). The
particle sizes and elution windows measured by the online and offline methods agreed well
with each other, with some shifts in retention times due to the different flow rates between
the ports of the NTA and FC. The dead-volume of the NTA channel also increased band
broadening in the online analysis. Comparing the particle counts shown in Fig. 2A and 2B,
the off-line coupling method showed lower measured values. We observed about 15%
reduction in the particle counts for the 50-nm particles when measured by the off-line
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method compared to the on-line method, and the percent drop increased to 50% for the two
larger particles. Because offline analysis requires time for each fraction to be measured
(approximately 3 minutes between each fraction), the fractions eluted at later times would sit
in the tube for a longer period before being measured by NTA. We suspect the increased
time spend in the collection tube may have increased adsorption to the wall of the tube,
causing the reduction in particle count in the off-line method. This should be tested in future
studies. In addition, the larger particles may have settled out of the solution before being
measured by NTA. Based on the Stoke equation, the settling rate of a spherical particle in a
fluid (water in our case) is equal to (pparticle — Pfluid) % d? x g/(18x 7)), with p being the
density of the particle (1.05 g/cm?3) or water (1.00 g/cm?3), g being the gravity acceleration
constant (9.81 m/s2), d being the particle diameter, and m being the viscosity of water (0.01
g/cm.s). The larger particles would settle at a rate much faster than the smaller ones, which
may be accounted for particle loss in the off-line method. But we anticipate this effect was
not significant in our case, because only a very small distance (~ 10 um) could have been
travelled during the ~2.5 hrs experiments, even for the largest, 200-nm particles.

Additionally, we evaluated the accuracy of particle quantification using AF4-NTA by
injecting different amounts (represented by injection volume of the mix) of the mixed
polystyrene particles. The fractograms collected in the UV-Vis detector clearly showed
increasing peak areas with increasing injection volumes (Fig. 2C). Agreeing well with the
UV-Vis detection, NTA measurement also gave out linear (R% > 0.99) increase in the
detected particle concentration with increasing injection volume (Fig. 2D). Minor deviations
between the actual and measured particle concentration could be caused by membrane
adsorption during AF4 separation, but with optimal selection of the proper membrane
surface and separation condition, particle losses could be minimized.

The results shown in Fig. 2C & D also illustrate the difference in particle detection using
NTA and UV-Vis absorption. Using the AF4-NTA system, the limit of detection (LOD) for
the 200-nm, 100-nm, and 50-nm particles were 2.84x108, 5.19x108, and 1.37x107,
respectively. While in UV-Vis detection, the smaller particles had comparable LODs as in
NTA, the 200-nm particles, had an LOD about 8 folds lower than that from NTA. In UV-Vis
detection, the larger particles can absorb more light than the smaller ones because of their
larger volume per particle leading to a higher molar absorptivity; and the 200-nm ones could
even scatter the incident light of 265 nm, leading to a higher absorbance and much better
detectability. However, while in the bulk optical methods like UV-Vis detection, the
conversion constants such as molar absorptivity would need to be known before the actual
particle molar concentration can be determined; NTA allows all particles larger than 30-nm
to be measured, with the camera level and DT properly set, which provides an unbiased
counting of the particle concentration. Moreover, with NTA providing measurements of
sizes, even if the particles of different sizes were not well separated in AF4, size resolution
could be improved by connecting it to NTA. Smaller particles that are co-eluted with the
larger particle populations can be easily recognized in the 3D contour plot. Though, NTA
carries has a narrow dynamic range of particle concentration. NTA calculates particle
concentration by taking a simple average of the particles visible per frame and converting it
to a particle count per volume of the viewing area (in the scale of nL). The particles should
be well apart from each other for clear viewing effect during Brownian motion
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measurement, which, plus the small viewing volume, prevents NTA from accurate
measurement of particles with concentrations higher than 1011 particles/mL.

Non-spherical Nanomaterials.

While the above study was focused on spherical particles, AF4 is highly versatile at
analyzing nanomaterials with diverse morphology, owing to its open channel and good
accommodation with analytes having wide size ranges. To test this ability, two types of non-
spherical particles were analyzed by both the stand-alone NTA and the AF4-NTA system.

Ten pL of the stock AuNRs solutions with the dimensions of 47.6 x 18.0 nm and 103.2 x
18.5 nm (length x diameter) were mixed and diluted to a final particle concentration of
3.2x108 and 2.4x10° particles/mL, respectively, in 1 mL of the FI-70 buffer. But, stand-alone
NTA was not able to repeatedly reveal the presence of two distinct particle populations in
the mixture (Fig. 3A); while AF4-NTA clearly detected two particle populations in the
resultant 3D contour plot (Fig. 3B). Even though the peak resolution was not satisfactory,
quantification of each particle population can be done based on their elution times and size
measurements (Table 2). The ROI box can cover all particles locating within a certain size
window as seen in Fig. 3B. We can see from Table 2 that the quantification and sizing results
of each NR population measured by the AF4-NTA system agree well with those obtained by
the stand-alone NTA on the pure NR solution. These results prove that our system can
provide accurate information about the concentration of each particle population in a
mixture.

There are some discrepancies between the particle concentration and hydrodynamic size
values obtained by NTA and those provided by the manufacturer in the products’ COA. The
COA particle concentration is calculated based on the mass concentration measured by ICP-
MS and the averaged volume and density of the AuNRs; thus, it is understandable that it
could vary slightly from that obtained by NTA through counting individual particles.
However, the difference in particle size is quite large. The COA values are 13- 15 nm, and
determined by DLS, which is much smaller than the 35-37 nm range reported in NTA. This
is because DLS uses a different approach to measure particle size than NTA.27-28 While
both instruments calculate particle size using the Stokes Einstein equation from the diffusion
coefficient (D), DLS acquires D via the time dependent scattering intensity fluctuation,2’-28
and NTA determines D by tracking the movement of each particle and measuring the
average distance it moves in the x and y directions.2%-30 Their different manners in D
determination induce relatively larger deviation in measuring the dimension of non-spherical
particles like NRs compared to the spherical ones.37-38 [t also has been shown by Zagar and
Pahovnik et al. that DLS underestimates the size of particles in batch mode as well as flow
mode, especially in larger diameter particles.3?

Analysis of 1 mL of 500 ng/mL hBN solution by standalone NTA exhibited a size
distribution covering 50 to 100 nm (Figure 4A). In AF4-NTA (Fig. 4B), the separation
showed a wide elution window from 15-45 minutes. Summing the particle numbers detected
over the entire separation course yields the true number distribution of the 10 uL hBN stock
solution that was injected in the system. Since 1 uL stock solution was used in the diluted
stand-alone NTA sample, the particles were normalized to 1 uL of hBN stock solution by
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dividing the total particle count by 10. Interestingly, the AF4-NTA was able to measure more
of the smaller particles within the size range of 30 to 50 nm compared to stand-alone NTA.
Even though the same camera level was used for both AF4-NTA and stand-alone NTA,
separating the sample allows the smaller, dimmer particles to be revealed because they are
not masked by the larger, brighter particles in solution.

CONCLUSION

A hyphenated system of particle separation by AF4 and sizing by NTA has been developed
in the present work for rapid and accurate nanoparticle quantification and characterization.
Because AF4 can separate diverse types of analytes falling within a wide size based on their
hydrodynamic diameters, this coupling provides a versatile nanoparticle characterization
system that also allows collection of separated particle populations for further
characterization. Flow rate was shown to be important to the analytical accuracy of the
instrument, and a reduction in channel pressure was needed to protect the NTA channel from
damage or leaks. The relative simplicity and straightforward nature of the setup and data
collection process improves the speed at which this data can be collected and analyzed,
generally being able to get quantification data in not much longer than the time a separation
would take. NTA has some limitations as an online detector, such as its narrow working
range, low flow rates, low pressure thresholds, and a dependence on optimal detector
settings, but the added simplicity, efficiency, and unbiased particle counting make NTA an
efficient online detector that could be coupled to any fluidic system where pressure and flow
rates can be specifically controlled.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Flow rate control and maximum flow rate determination. Hydrodynamic-controlled flow

rates and syringe pump-controlled flow rates are shown in (A) and a zoomed scale in (Inset).
(A) Full run showing variable flow rates due to variable pressures resulting from changing
crossflows throughout the run. (Inset) Zoomed in portion showing reduced flow rate
fluctuations due to the incompressible fluid in the syringe pump line. (B) Particle
concentration maximum flow rate that was determined by the intersection of the linear
portions of the exponential function. (C) Maximum flow rates were determined by
determining a 5% error tolerance and solving for the value at 0 uL/min flow rate multiplied
by 0.95 for size mode. Error bars in Figure 1B and 1C are taken as the standard deviation
between the three replicates performed for each bead population. The x-direction error bars
are determined as the variance in flowrates achieved using arbitrary settings found in Figure
S2. The y-direction error comes from the data generated by NTA in particle size (B) and
particle concentration (C).
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Standard bead quantification tests. (A) Online NTA analysis and (B) offline NTA analysis of
a 30 pL injection of a polystyrene bead mixture. (C) UV-Vis Absorbance (inset was the
enlarged view for the peaks for 50- and 100-nm beads) and (D) NTA online quantification
standard curve of increasing injection volumes of the polystyrene bead mixture, with the x-

axis showing the volume of each type of beads added when preparing the mixture.
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Figure 3.

Analysis of the mixture of the 103 x 18 nm and 46 x 17 nm AuNR diluted to 3.2x108 and
2.36x109 particles/mL, respectively, by (A) stand-alone NTA and (B) AF4-NTA.
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Figure 4.

Analysis of 500 ng/mL and 5 pg/mL hBN by (A) stand-alone NTA and (B) AF4-NTA.
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Scheme 1.
Schematic of AF4-NTA Connection. Eluent from the AF4 channel (A) is pushed at a

constant 500 pL/min through the UV-Vis (B) until the flow is split at the splitter manifold
(C). The line feeding the NTA is kept at a constant 15 uL/min by the flow sensor (D) and
syringe pump (E). The remaining eluent lines feed the fraction collector. (F) The fraction

collector flow rate can be calculated by:

AF4 Detector Flow rate — NTA Detector Flow rate
number of FC lines

FC Flow rate =
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Total particle recovery comparison between injections of mixed populations of beads versus injections of

single size populations. CV: Coefficient of Variability

SIZE (NM) | PARTICLE COUNTS BY SINGLE INJECTION | PARTICLE COUNTS BY MIXTURE INJECTION | CV (%)
50 5.055 x108 5.526 x108 472
100 4.364 x108 4.132 x108 0.601
200 1.277 x10° 1.169 x10° 4.68
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Table 2.

Quantification and sizing results of offline NTA and AF4-NTA for analysis of AuNRs, as well as the
Certificate of Authentication (COA) concentration and size information of the AUNRs provided by the
manufacturer.

Particle counts per 10 pL of Stock Size Information
. CV % AF4-
AUNR Size COA Offline AFA-NTA Between Hydrodynamic Offline NTA NTA L%'(\j/l
(nm) (particles) NTA (particles) Online Diameter from Hydrodynamic Size Length
p (particles) p and COA (nm) Diameter (nm) Mode (nng1)
Offline (nm)
ATOIB0 | 220E409 | 177E+09 | 178E+09 0.28% 13 35 395 4756
1032485 | 320e+08 | 525E+08 | 591E+08 5.91% 19 535 575 | 1032
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