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(57) Abstract: A method for determining the density of particles includes passing a carrier fluid and particles through a fractionation
cell 2 at a predetermined rate, where the carrier fluid has a predetermined density, the fractionation cell 2 has a housing 8 including
a first axial end 10 and a second axial end 12 and the fractionation cell defines an interior carrier fluid flow -through channel, and
an upper fluid outlet a and a lower fluid outlet b positioned below the upper fluid outlet, passing the carrier fluid 4 and the particles
through the upper fluid outlet and the lower fluid outlet, measuring a first concentration of particles passing through the upper fluid
outlet, measuring a second concentration of particles passing through the lower fluid outlet, and determining a density of the particles
based at least in part on the first concentration and the second concentration of particles.
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METHODS FOR DETERMINING THE DENSITY OF POLYMER PARTICLES FOR
QUALITY CONTROL MATERIALS USING SPLIT FLOW THIN (SPLITT) CELL
FRACTIONATION PRINCIPLE AND FRACTIONATION CELL FOR CARRYING OUT
THE METHODS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is related to U.S. Provisional Patent Application Serial No. 63/081,029,
filed on September 21, 2020, and titled “Method For Determining The Density Of Spherical
Polymer Particles In Suspension Using Split Flow Thin (SPLITT) Cell Fractionation Principle”,
the disclosure of which is hereby incorporated by reference and on which priority is hereby

claimed.
Technical Field

The present disclosure generally relates to techniques for determining the density of
particles used in colloidal chemistry, and more particularly relates to techniques for determining

the density of different types of spherical polymer beads suspended in a liquid.

Background

Medical guidance for many medical diagnostic systems, such as hematology analyzers,
recommends analyzing a sample as soon as possible after drawing the sample. This
recommendation can be difficult if the sample is obtained at the point of care, but the test is to be
performed at an external laboratory. Therefore, many doctors and veterinarians prefer to have
point-of-care (POC) systems to analyze fresh samples. Medical diagnostic systems rely on
quality control procedures to confirm system functionality and assure result accuracy. However,
quality control procedures may not be familiar to POC offices, and this lack of familiarity can be

a significant reason for doctors and veterinarians to send samples to external laboratories.
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Brief Summary

To calibrate and/or confirm proper operation of POC medical diagnostic systems, quality
control materials are passed through the POC medical diagnostic systems. Readings from
instruments and/or analyzers within the POC medical diagnostic systems associated with the
quality control materials can be compared to identify deviations from a standard or target
chemical composition. Deviations from the standard or target chemical composition can be
utilized to identify anomalies of the instruments and/or analyzers, and can be used to calibrate

the instruments and/or analyzers or identify a need for servicing.

In some examples, quality control materials can include synthetic materials or the like.
Quality control materials including synthetic materials may be stored in more forgiving
conditions and may have a longer shelf-life than quality control materials including biological

materials.

In some examples, the quality control materials may include polymer particles or beads.
To formulate quality control materials that behave as desired in the POC medical diagnostic
systems, it is desirable to understand the number and/or size of polymer particles within the
quality control material. Among other features, the density of the polymer particles may be
utilized to determine the number and/or size of polymer particles within the quality control
material. Although the polymer composition can provide a density estimate, fabrication
processes of the polymer particles can trap ethanol, water, etc., within the polymer particles,

thereby changing the density of the polymer particles as compared to a pure polymer compound.

There are several different ways in which colloidal particle density can be determined.
Of them, field flow fractionation (FFF) techniques are some of the most effective ways to
separate particles based on size and can also be used to determine particle density. Sediment
field flow fractionation technique (SdFFF), which is a sub-technique of FFF, is a common

method in determining the density of polymers, emulsions and suspensions.

However, there are some disadvantages associated with the SAFFF technique such as low

throughput due to its smaller load capacity. This can be mitigated by using a Split flow thin
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(SPLITT) cell technique. Since the separation path in a SPLITT fractionation technique is only
a fraction of the thickness of the SPLITT cell, the separation can be achieved very quickly with
high resolution. Another advantage of this technique is the ability to separate any material that
can interact with an applied field and, therefore, has a broad applicability. Also, compared to
other field flow fractionation techniques like SAFFF, the SPLITT cell technique is easier to use

and 1s more cost effective.

The basic principles of SPLITT fractionation are illustrated by Figures 1a and 1b, which
show schematic illustrations of the side view of a SPLITT channel. The two inlets and two
outlets in each channel are separated by inlet and outlet splitters. Particles are introduced
through one inlet (inlet a’ in Figures 1a and 1b) whereas the particle-free carrier fluid is
introduced through the other inlet (inlet b’ in Figures 1a and 1b). The flow rates of liquid
through inlet b’ (Vi) is much larger than that through inlet a’ (V,’), such that the lower
substream overwhelms the upper substream, causing the stream planes of the combined flow to
curve upward. The incoming particle stream is confined to a narrow lamina above the upper
broken line (ISP). As the particles interact with and respond to a gravitational field applied to
the transport region of the cell, they migrate slowly towards the lower cell wall. Particles with
larger lateral migration velocity cross the transport region and lower broken line (OSP) and are
collected from outlet b. The remaining particles are collected in outlet a. The function of the
outlet splitter is to direct the flow streams above and below the inlet splitting plane into
appropriate outlets. Thus, each operation of SPLITT fractionation will separate particles into
fractions at or around a cutoff diameter where half of the particles exit outlet a while the other
half exit outlet b. For example, in the example shown in Figure 1(b), particles 4a having a
diameter less than the cutoff diameter exit outlet a, while particles 4b having a diameter greater
than the cutoff diameter exit outlet b. The cutoff diameter can be controlled by adjusting the
total flow rate. Expressions for cutoff diameter (d.) and field induced volumetric flow rate (AV)

are given in Equations (1) and (2), respectively, as shown below:

_ 1sglv()+0.5v(a')]
de = \/ ApbLG W
AV  Debled? (2)
187
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where V(t) 1s the volumetric flow rate of the transport region, V(a’) is the volumetric flow rate
entering inlet a’, AV is the volumetric flow rate of field induced migration, Ap is the difference
in density of particle and that of carrier, b is the breadth of the SPLITT cell (4 cm), L is the
length of the SPLITT cell (20 cm), n is the carrier viscosity, d is the particle diameter and G 1s
the gravitational acceleration. Thus, particles of a known density are sorted by their size and/or

weight.

Fractionation can also be done using another mode called full feed depletion mode. In
this mode, only a single inlet is used. This offers several advantages like higher throughput, less
dilution of the sample and simplifying the system by eliminating the use of one pump. The
cutoff diameter in this mode (dcsrg) 1s controlled by the volumetric flow rate through outlet a

(V(a)), as given in Equation (3) below :

_ [18n(v(a")-V(B))
defra = \/ ApbLG 3)

where V(a) = V(a') - V(b).

However, the above-described techniques may not be applicable when the particle

density is unknown.

It is an object of the present disclosure to provide a method for determining the density of

particles suspended in a liquid using a modified version of a SPLITT fractionation technique.

It is another object of the present disclosure to provide a method for determining the

density of spherical polymer particles in suspension.

It 1s still another object of the present disclosure to provide a method for determining the
density of different types of particles, such as polymer beads, troubleshooting analytic
instruments or in calibrating such instruments, and in other applications involving colloidal

chemistry.
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It is another object of the present disclosure to provide a modified SPLITT fractionation
technique that is a cost effective, easy to use, fast and highly accurate way to determine the

density of different types of particles in suspension.

In accordance with one form of the present disclosure, a modified version of a SPLITT
fractionation technique is used in determining the density of particles, such as different forms of
spherical polymer beads, suspended in a liquid. In this method, the density of the carrier fluid 1s
changed incrementally such that buoyancy is used for particle fractionation. In other words, the
carrier fluid density is utilized to determine the unknown density of a particle. When neutral
buoyancy is achieved as particle density matches the density of the carrier fluid, there is a split in
particles through outlet a and outlet b. The particle concentration ratio, which is the ratio of
particle concentration at outlet a and the particle concentration at outlet b, 1s governed by the
flow rate of particles (i.e., particles/minute) through each outlet. Therefore, if the flow rate of
the particles is the same through both outlets, there is a 50-50 split in particles through each
outlet and the particle concentration ratio becomes 1. From this modified technique, the density

of the particles may be determined, as will be explained in greater detail.

These and other objects, features and advantages of the present disclosure will be
apparent from the following detailed description of illustrative embodiments thereof, which is to

be read in connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1a is a pictorial drawing of a test cell or chamber in which a liquid having
particles suspended in the liquid flows therethrough, and illustrates a conventional SPLITT

fractionation technique for separating particles having different diameters and/or weights.

Figure 1b is a pictorial drawing of a test cell or chamber in which a liquid having
particles suspended in the liquid flows therethrough, and illustrates a conventional SPLITT

fractionation technique for separating particles having different diameters and/or weights.

Figure 2 is a pictorial illustration of an example setup including a fractionation test cell.
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Figure 3(a) is a pictorial diagram of a fractionation cell used in carrying out a method of
determining the density of particles suspended in a liquid carrier flowing through the
fractionation cell, and illustrating the situation where the density of the carrier fluid is less than

the density of the particles.

Figure 3(b) is a pictorial diagram of a fractionation cell used in carrying out the method
of determining the density of particles suspended in a liquid carrier flowing through the
fractionation cell, and illustrating the situation where the density of the carrier fluid is greater

than the density of the particles.

Figure 3(c) is a pictorial diagram of a fractionation cell used in carrying out the method
of determining the density of particles suspended in a liquid carrier flowing through the
fractionation cell, and illustrating the situation where the density of the carrier fluid is equal to

the density of the particles.

Figure 4 is a graph showing the ratio of concentration of particles suspended in a liquid
carrier flowing through a fractionation cell or chamber such as depicted in Figures 3(a)-3(c) in
outlet a of the cell to the concentration of particles in outlet b as a function of flow rate through
the fractionation cell for (a) particles having a general dimension, or more particularly, diameter,
of about 2.25 microns and (b) particles having a general dimension, or more particularly,

diameter, of about 5.50 microns.

Figure 5(a) 1s a graph illustrating the ratio of concentration in outlet a to the concentration
of particles in outlet b of a fractionation cell or chamber such as shown in Figures 3(a)-3(c) as a
function of the density of liquid carrier flowing through the fractionation cell, the particles
suspended in the liquid carrier being spherical PMMA (poly(methyl methacrylate)) beads having

a diameter of about 2.25 microns.

Figure 5(b) is a graph illustrating the ratio of concentration in outlet a to the
concentration of particles in outlet b of a fractionation cell or chamber such as shown in Figures

3(a)-3(c) as a function of the density of liquid carrier flowing through the fractionation cell, the
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particles suspended in the liquid carrier being spherical PMMA beads having a diameter of about

5.50 microns.

DETAILED DESCRIPTION

Reference should initially be had to Figures 3(a)-3(c) of the drawings, which show a
fractionation cell or chamber 2 used in carrying out the method for determining the density of
particles 4 suspended in a carrier fluid 6 in accordance with the present disclosure. More
specifically, and in accordance with the method of the present disclosure, a carrier fluid 6 having
a predetermined density is caused to flow axially through the fractionation cell 2 at a
predetermined rate. The fractionation cell 2 has an elongated housing 8 having a first axial end
10 and a second axial end 12 situated axially opposite the first axial end 10. The elongated
housing 8 of the fractionation cell 2 defines an interior, carrier fluid flow-through channel 14
extending between the first axial end 10 and the second axial end 12 of the housing 8. The
fractionation cell 2 includes a fluid inlet b’ in fluid communication with the channel 14. In some

embodiments, the fluid inlet b’ is situated at the first axial end 10 of the housing 8.

In the embodiment depicted in Figures 3(a)-3(c), the carrier fluid 6 and/or the particles 4
are introduced into the channel 14 of the fractionation cell 2 through the fluid inlet b’. The
fractionation cell 2 is shown in Figures 3(a)-3(c) as including a fluid inlet a’ in fluid
communication with the channel 14. In some embodiments, fluid inlet a’ is situated at the first
axial end 10 of the housing 8. In some embodiments, the carrier fluid 6 and/or the particles 4 are
introduced into the channel 14 of the fractionation cell 2 through the fluid inleta’. In some
embodiments, fluid inlet a’ may be closed or omitted. In some embodiments, the carrier fluid 6
and/or particles 4 are introduced into the channel 14 of the fractionation cell 2 through the fluid
inlet a’ and the fluid inlet b’. In some embodiments, the splitter at the first axial end 10 of the

housing 8 may be omitted.

In embodiments, the housing 8 of the fractionation cell 2 includes at least an upper fluid
outlet a and a lower fluid outlet b spaced from the upper fluid outlet a. The upper fluid outlet a
and the lower fluid outlet b are in fluid communication with the channel 14 defined by the

housing 8 of the fractionation cell 2 and are situated at the second axial end 12 of the housing 8.

7
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In some embodiments, fluid outlet a is spaced vertically from fluid outlet b. Because the fluid
outlet a 1s spaced apart from the fluid outlet b in the vertical direction, particles can be passed out
the fluid outlet a or the fluid outlet b based at least in part on the relative density of the particles

4 with relation to the carrier fluid 6, as described in greater detail herein.

While in the embodiment depicted in Figures 3(a)-3(c), the fluid outlet a and the fluid
outlet b are positioned on a perimeter of the housing 8, in some embodiments, fluid outlet a
and/or fluid outlet b are disposed on the end face of the housing 8 at the second axial end 12
thereof. The carrier fluid 6 flows into the fluid inlet b’, through the channel 14, and out the
upper fluid outlet a and the lower fluid outlet b. In some embodiments, there is a divider or
separator wall 16 extending from the second axial end 12 of the housing 8 at least partially into

the channel 14 and is disposed between the upper fluid outlet a and the lower fluid outlet b.

The particles 4, whose density is determined by methods of the present disclosure, are
suspended in the carrier fluid 6 and flow with the carrier fluid 6 through the channel 14 defined
by the housing 8 of the fractionation cell 2. The particles suspended in the carrier fluid 6 flow
through the upper fluid outlet a at a first particle flow rate (i.e., particles per minute), and flow

through the lower fluid outlet b at a second particle flow rate (i.e., particles per minute).

In accordance with the method of the present disclosure, the first particle flow rate of the
particles in the carrier fluid 6 through the upper fluid outlet a is measured and, similarly, the

second particle flow rate of the carrier fluid 6 through the lower fluid outlet b is also measured.

In embodiments, the first particle flow rate is compared with the second particle flow
rate. A ratio between the first particle flow rate and the second particle flow rate can be
determined based at least in part on the comparison of the second particle flow rate with the first
particle flow rate. If the ratio between the first particle flow rate and the second particle flow
rate is determined to be about one (1), then it may be concluded from the measured substantially
equal particle flow rates through the upper fluid outlet a and lower fluid outlet b that the density
of the particles 4 suspended in the carrier fluid 6 is approximately equal to the predetermined

density of the carrier fluid 6.
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In particular and without being bound by theory, determination that the measured first
particle flow rate is substantially the same as or equal to the measured second particle flow rate
1s indicative that the particles 4 are buoyantly suspended and equally distributed throughout the
volume of the carrier fluid 6 as it flows through the channel 14 of the fractionation cell 2, as
shown in Figure 3(c). Equal or near equal distribution throughout the volume of the carrier fluid
6 1s generally attributable to the carrier fluid 6 and the particles 4 having approximately the same
density. In this circumstance, the particles 4 are divided substantially equally with substantially
the same flow rates through the upper fluid outlet a and the lower fluid outlet b. In some
embodiments, the first particle flow rate and the second particle flow rate are directly measured
by detecting the rate of particles 4 flowing out the 4 through the upper fluid outlet a and the
lower fluid outlet b, for example, via any an optical detection device or any other suitable device

for determining the flow rate of the particles 4.

In some embodiments, the first particle flow rate and the second particle flow rate can be
indirectly measured. For example and without being bound by theory, the first particle flow rate
and the second particle flow rate have a direct relationship with the concentration of the particles
(i.e., particles per unit volume) in the flow of liquid 6 through each of fluid outlet a and fluid
outlet b. In particular, the higher the particle flow rate (through the fluid outlet a or the fluid
outlet b), the higher the concentration of particles 4 suspended in the carrier fluid 6 flowing
through the fluid outlet a or the fluid outlet b. Accordingly, the concentration of particles
flowing through the fluid outlet a and the fluid outlet b is indicative of the density of the particles
suspended in the liquid 6. This concentration of particles exiting fluid outlet a and fluid outlet b
can be determined by collecting a volume of the flow of liquid 6 exiting fluid outlet a and fluid

outlet b over the same time period and counting the number of particles in the collected volumes.

In embodiments, a first concentration of particles 6 passing through the upper fluid outlet
a 1s measured. A second concentration of particles 6 passing through the lower fluid outlet b is
measured, and a density of the particles 6 is determined based at least in part on the first
concentration and the second concentration. For example and referring to Figure 3(a), in some
circumstances, the first concentration of particles 6 passing through the upper fluid outlet a is
less than the second concentration of particles 6 passing through the lower fluid outlet b. In this
circumstance, it can be determined that the density of the particles 6 is greater than the

9
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predetermined density of the carrier fluid 6. In particular, because the upper fluid outlet a is
positioned above the lower fluid outlet b, and the particles 6 are denser than the carrier fluid 4,
the particles 6 generally trend toward the lower portion of the housing 8, and more of the

particles 6 exit through the lower fluid outlet b as compared to the upper fluid outlet a.

By contrast and referring to Figure 3(b), in some circumstances, the first concentration of
particles 6 passing through the upper fluid outlet a is greater than the second concentration of
particles 6 passing through the lower fluid outlet b. In this circumstance, it can be determined
that the density of the particles 6 is less than the predetermined density of the carrier fluid 6. In
particular, because the upper fluid outlet a is positioned above the lower fluid outlet b, and the
particles 6 are less dense than the carrier fluid, the particles 6 generally trend toward the upper
portion of the housing 8, and more of the particles exit through the upper fluid outlet a as

compared to the lower fluid outlet b.

Yet still, in some circumstances and referring to Figure 3(c) the first concentration of
particles passing through the upper fluid outlet a is about the same as the second concentration of
particles 6 passing through the lower fluid outlet b. In this circumstance, it can be determined

that the density of the particles 6 is about the same as the predetermined density of the carrier

fluid 4.

In embodiments, the density of the particles 6 can be calculated based at least in part on a
comparison of the first concentration of particles passing through the upper fluid outlet a and the
second concentration of particles passing through the lower fluid outlet b. In particular, the
closer first concentration of particles passing through the upper fluid outlet a is to the second
concentration of particles passing through the lower fluid outlet b, the closer the particle density
6 1s to the predetermined density of the carrier fluid 4. By contrast, the greater the difference
between the first concentration of particles passing through the upper fluid outlet a is from the
second concentration of particles passing through the lower fluid outlet b, the greater the
difference is between the density of the particles 6 is from the predetermined density of the
carrier fluid 4. Accordingly, with knowledge of the predetermined density of the carrier fluid 4,
the particle density 6 can be calculated based at least in part on the difference between the first

concentration of particles passing through the upper fluid outlet a and the second concentration

10
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of particles passing through the lower fluid outlet b. While reference is made herein to the use of
comparison of the first concentration of particles 6 passing through the upper fluid outlet a and
the second concentration of particles 6 passing through the lower fluid outlet b, it should be
understood that flow rate of particles passing through the upper fluid outlet a and the lower fluid
outlet b can also be used. As noted above, the concentration of particles 6 passing through the
upper fluid outlet a and the lower fluid outlet b is directly related to the flow rate of particles 6
passing through the upper fluid outlet a and the lower fluid outlet b.

In some embodiments, a predetermined density of the carrier fluid 6, having the particles
4 suspended therein, may be incrementally changed prior to each time the carrier fluid 6 is
introduced into the fractionation cell 2, and for each pass of the carrier fluid 6 having an
incrementally changed predetermined density through the fractionation cell 2, the flow rates of
the particles in the carrier fluid 6 through the upper fluid outlet a and the lower fluid outlet b are
measured and compared to each other. When the flow rates through the upper fluid outlet a and
the lower fluid outlet b of the fractionation cell 2 are substantially equal so that the ratio of the
flow rates is approximately one (1), then it may be concluded that the density of particles 4
suspended in the carrier fluid 6 is approximately equal to the density of the incrementally
changed carrier fluid 6 introduced into the channel 14 of the fractionation cell 2 and passing

through the upper fluid outlet a and the lower fluid outlet b thereof.

Figure 2 illustrates schematically the implementation of a modified SPLITT fractionation
setup in experiments conducted proving the method of the present disclosure for determining the
density of particles 4. In one example, the carrier fluid 6 having a predetermined density is
drawn from a container 18 using a pump 20 and provided to a vessel 22 into which particles 4
are positioned. This vessel 22 may be connected to a bubble trap 24 to remove any bubbles from

the carrier fluid/suspended particle mixture that may affect the experimental results.

The carrier fluid 6, containing the suspended particles 4, in this mixing vessel 22 is
provided to inlet b’ of a SPLITT fractionation cell 2 (see Figures 3(a)-3(c) in this regard). Fluid
outlet a of the fractionation cell 2 is in fluid communication with a first container 26 to collect

the carrier fluid 6 and particles 4 suspended therein flowing through outlet a. Similarly, fluid

11
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outlet b of the fractionation cell 2 1s in fluid communication with a second container 28 to collect

the carrier fluid 6 and particles 4 suspended therein flowing through outlet b.

The carrier fluid 6 is caused to flow through the channel 14 of the fractionation cell 2 at a
predetermined rate, from inlet b’ to outlet a and outlet b. The flow rate (particles per minute) of
the particles 4 suspended in the carrier fluid 6 passing through outlet a and the flow rate
(particles per minute) of the particles 4 suspended in the carrier fluid 6 passing through outlet b
are measured (for example, by counting the concentration of the particles 4 for equal volumes of
the liquid carrier 6 collected in each container 26, 28). The measured flow rates of the particles 4
through outlet a and outlet b of the fractionation cell 2 are compared, and the ratio between the
particle flow rates is measured. If the ratio of the flow rates of the particles 4 in the carrier fluid
6 through outlet a and outlet b is about one (1), then it may be concluded that the density of the
particles 4 suspended in the carrier fluid 6 is approximately equal to the predetermined density of

the carrier fluid 6 passing through the fractionation cell 2.

In embodiments, carrier fluids 6 having different predetermined densities are pumped
through the SPLITT fractionation cell 2, and the flow rates of the particles 4 suspended in the

carrier fluid 6 through outlet a and outlet b were measured and compared.

Even though there are several different techniques like FFF which can be used to
determine the density of particles in suspension, there are several disadvantages associated with
them. The modified SPLITT fractionation method of the present disclosure mitigates these

disadvantages and ensures accurate density measurements.
Examples

In one experimental example, the particles 4a utilized were spherical poly(methyl
methacrylate) (PMMA) particles that had a diameter of approximately 2.25 microns and a known
density of 1.15 grams / cubic centimeter (gm/cm’ ). In another example spherical PMMA
particles 4b having a diameter of 5.50 micrometer and a known density of 1.2 gm/cm’ (grams per

cubic centimeter) were injected into the vessel 22 containing the carrier fluid 6 such that they

12
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were suspended therein. The PMMA particles 4a, 4b used in this experiment were obtained from

Bangs Laboratories, Inc. of Fishers, Indiana.

The effects of flow rates on the fractionation of the 2.25 micrometers (um) and 5.5 um
particles 4a, 4b were determined at neutral buoyancy, such that a substantially 50-50 split was
observed across both the outlets a, b. In this experimental study, the combined flow rate of the
liquid carrier 6 at the outlets a, b was maintained at about 1.4 mL/min (milliliters per minute) for
the 2.25 micron particles 4a and the 5.5 micron particles 4b, such that it gave enough time for the
different sized particles 4a, 4b to travel through the length of the channel 14 to reach the splitter
16 and result in a substantially 50-50 split across both outlets a, b. Therefore, each outlet a, b has
a flow of approximately 0.7 mL/min. Moreover, since a homogeneous size distribution was

used, the splitting of particles 4a, 4b based on size was not a concern.

gm gm

Carrier fluid densities of about 1.0 (grams per cubic centimeter), about 1.1

cm?3
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cgr:; (grams per cubic centimeter), about 1.175 cgr:; (grams per cubic

densities of about 1.15

gm

centimeter), about 1.198 %(grams per cubic centimeter), about 1.201 (grams per cubic

cm?3

m gm

centimeter), about 1.207 (grams per cubic centimeter), and about 1.28 (grams per cubic

g
cm3 cm3
centimeter) were used in the density determination of the larger approximately 5.5 um (micron)
particles 4b. Three different lots of substantially the same carrier fluid density were prepared to
calculate the uncertainty associated with lot-to-lot reproducibility. They were prepared using
different concentrations of sucrose and DI (deionized) water. At carrier fluid densities lower
than the particle density, most of the particles 4a, 4b would be seen in outlet b compared to outlet
a, as shown in Figure 3(a). However, for carrier fluid densities larger than the particle density,

one expects a population inversion from that shown in Figure 3(a), where most of the particles

4a, 4b would appear in outlet a compared to outlet b. This is shown in Figure 3(b). At neutral

m

buoyancy (approximately 1.15 (grams per cubic centimeter) for the 2.25 pm (micron)

g
cm?3

cgr:; (grams per cubic centimeter) for the 5.5 um (micron)

particles 4a and approximately 1.20
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particles 4b), a 50-50 split in population was expected from both outlets a and b, as shown in
Figure 3(c). In other words, the different densities of the liquid carrier 6 cause the particles 4a,
4b to be suspended at different vertical heights in the fractionation cell 2 such that the particles
4a, 4b are distributed between fluid outlets a and b. To determine the concentration of the
particles 4a, 4b through each fluid outlet a, b, a Beckman Coulter Multisizer 4e particle counter

was used.

Figure 4 shows the effect of particle flow rate on particle concentration ratio, which is the
ratio of particle concentration at fluid outlet a to fluid outlet b, at neutral buoyancy. For a
concentration ratio of approximately 1, a substantially 50-50 particle split is obtained across both
the outlets a, b. From the plot, it can be inferred that for a total flow rate of approximately
1.4 ::—an (milliliters per minute) through the outlets a, b (approximately 0.7 ::—an (milliliters per
minute) each through outlet a and outlet b), the concentration ratio is approximately 1 for both
sizes of particles 4a, 4b at neutral buoyancy. But as flow rate increases, the particle
concentration ratio increases as more particles 4a, 4b arrive in outlet a compared to outlet b.

Concentration ratio has a (1-exponential decay) relation with respect to flow rate and the

expression for concentration ratio is shown in the plot for both particle sizes.

Figures 5(a) and 5(b) show the particle concentration ratio as a function of carrier fluid

density for both 2.25 pm (micron) and 5.5 um (micron) spherical PMMA particles 4a, 4b. A
total flow rate of approximately 1.4 ;n—;l (milliliters per minute) was chosen for both particle

sizes based on the flow rate study shown in Figure 4. The error bars, represented by the standard
error calculated over three runs, give an estimate of uncertainty in lot-to-lot reproducibility.
When the particle concentration ratio is approximately equal to 1, then the particle concentration
is substantially the same in both outlets a, b (a 50-50 split) and the particle density substantially

matches that of the carrier fluid 6.

From Figure 5(a), it may be seen that, for a carrier fluid density of about 1.146 gmg
m

C
(grams per cubic centimeter), the particle concentration ratio of 2.25 um (micron) particles 4a is
approximately equal to 1. Similarly, for the larger 5.5 um (micron) particles 4b, for a carrier

m

fluid density of about 1.201 (grams per cubic centimeter), the particle concentration ratio is

g
cm?

14



10

15

20

25

WO 2022/061286 PCT/US2021/051271

also approximately equal to 1, as shown in Figure 5(b). This shows that the calculation of the
2.25 pm (micron) and 5.5 pm (micron) particle densities using the modified SPLITT
fractionation method of the present disclosure results in density values which are nearly identical

to the values determined by the manufacturer at 1.15 % (grams per cubic centimeter) and 1.2

gm

o (grams per cubic centimeter), respectively.

The modified SPLITT fractionation method of the present disclosure is a cost effective,
easy to use, fast and highly accurate way to determine the densities of different types of spherical
particles 4 in suspension. In accordance with this method, buoyancy is used for particle
fractionation by changing the density of the carrier fluid 6 incrementally until it matches the
density of the particles 4. The effect of flow rates on particle concentration ratio was
experimentally studied at neutral buoyancy, as described herein. Based on the experiments, the
flow rates were set to a minimum value of approximately 1.4 mL/min for both particle sizes.
This resulted in a near perfect S50-50 split in particle concentration across both outlets a and b of
the fractionation cell 2. It is important to note that for particle sizes much larger than those used
in the experimental studies described herein, it may be necessary to increase the flow rates to
obtain a substantially 50-50 split in particle concentration at the outlets a, b. When particle
density matches the density of the carrier fluid 6, neutral buoyancy is achieved and a near perfect
50-50 split in particle concentration is obtained in both outlets a and b. The results of density
determination of 2.25 um and 5.5 um spherical PMMA particles 4a, 4b are described herein and
shown in Figures 3(a)-5(b), and clearly demonstrate that the modified SPLITT fractionation
method of the present disclosure can be used to accurately determine particle density in

suspension.

Numbered aspects of the present disclosure will now be provided in the following

paragraphs.

In a first aspect A1, the present disclosure provides a method for determining the density
of particles, the method comprising passing a carrier fluid and particles suspended within the
carrier fluid axially through a fractionation cell at a predetermined rate, wherein the carrier fluid

has a predetermined density, the fractionation cell has a housing including a first axial end and a
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second axial end opposite the first axial end and the fractionation cell defines an interior carrier
fluid flow-through channel extending between the first axial end and the second axial end, and at
least an upper fluid outlet and a lower fluid outlet positioned below the upper fluid outlet in a
vertical direction, the upper fluid outlet and the lower fluid outlet in fluid communication with
the channel and positioned at the second axial end of the housing, passing the carrier fluid and
the particles through the upper fluid outlet and the lower fluid outlet, measuring a first
concentration of particles passing through the upper fluid outlet, measuring a second
concentration of particles passing through the lower fluid outlet, and determining a density of the

particles based at least in part on the first concentration and the second concentration of particles.

In a second aspect A2, the present disclosure provides the method of aspect A1, wherein
determining the density of the particles comprises determining a ratio of the first concentration

with respect to the second concentration.

In a third aspect A3, the present disclosure provides the method of either of aspects Al or
A2, further comprising determining that the first concentration is greater than the second
concentration, and in response to determining that the first concentration is greater than the
second concentration, determining that the density of the particles is less than a density of the

carrier fluid.

In a fourth aspect A4, the present disclosure provides the method of either of aspects Al
or A2, further comprising determining that the first concentration is less than the second
concentration, and in response to determining that the first concentration is less than the second

concentration, determining that the density of the particles is greater than a density of the carrier
fluid.

In a fifth aspect AS, the present disclosure provides the method of either of aspects Al or
A2, further comprising determining that the first concentration is about the same as the second
concentration, and in response to determining that the first concentration is about the same as the
second concentration, determining that the density of the particles is about the same as a density

of the carrier fluid.
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In a sixth aspect A6, the present disclosure provides the method of any of aspects A1-AS,
wherein the fractionation cell defines a separator wall extending from the second axial end of the
housing at least partially axially into the channel between the upper fluid outlet and the lower

fluid outlet.

In a seventh aspect A7, the present disclosure provides the method of any of aspects Al-
A6, wherein the fractionation cell defines a fluid inlet in fluid communication with the channel
and positioned at the first axial end of the housing and into which the carrier fluid is introduced

into the channel.

In an eighth aspect A8, the present disclosure provides the method of aspect A7, wherein
the fluid inlet is a first fluid inlet, and the fractionation cell further defines a second fluid inlet

positioned at the first axial end of the housing.

In a ninth aspect A9, the present disclosure provides the method of any of aspects A1-AS,
wherein measuring the first concentration comprises measuring a flow rate of particles passing

through the upper fluid outlet.

In a tenth aspect A10, the present disclosure provides a method for determining the
density of particles, the method comprising (a) passing a carrier fluid and particles suspended
within the carrier fluid axially through a fractionation cell at a predetermined rate, wherein the
carrier fluid has a predetermined density, the fractionation cell has a housing including a first
axial end and a second axial end opposite the first axial end and the fractionation cell defines an
interior carrier fluid flow-through channel extending between the first axial end and the second
axial end, and at least an upper fluid outlet and a lower fluid outlet positioned below the upper
fluid outlet in a vertical direction and the upper fluid outlet and the lower fluid outlet in fluid
communication with the channel and positioned at the second axial end of the housing, (b)
passing the carrier fluid and the particles through the upper fluid outlet and the lower fluid outlet,
(c) measuring a first concentration of particles passing through the upper fluid outlet, (d)
measuring a second concentration of particles passing through the lower fluid outlet, (e)

determining whether the first concentration is greater than or less than the second concentration,
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and (f) in response to determining the first concentration is greater than or less than the second

concentration, changing a predetermined density of the carrier fluid, and repeating steps (a)-(e).

In an eleventh aspect A11, the present disclosure provides the method of aspect A10,
wherein, in response to determining that the first concentration is greater than the second

concentration, decreasing the predetermined density of the carrier fluid and repeating steps (a)-

(e).

In a twelfth aspect A12, the present disclosure provides the method of aspect A10,
wherein, in response to determining that the first concentration is less than the second

concentration, increasing the predetermined density of the carrier fluid and repeating steps (a)-

(e).

In a thirteenth aspect A13, the present disclosure provides the method of aspect A10,
further comprising determining that the first concentration is about the same as the second
concentration, determining that a density of the particles is about the same as the predetermined

density of the carrier fluid.

In a fourteenth aspect A14, the present disclosure provides the method of any of aspects
A10-A12, further comprising in response to determining that the first concentration is greater
than or less than the second concentration, determining a difference between the first
concentration and the second concentration, and calculating a density of the particles based at

least in part on the difference between the first concentration and the second concentration.

In a fifteenth aspect A15, the present disclosure provides a method for determining the
density of particles, the method comprising passing carrier fluid and particles suspended within
the carrier fluid axially through a fractionation cell at a predetermined rate, wherein the carrier
fluid has a predetermined density, the fractionation cell has a housing including a first axial end
and a second axial end opposite the first axial end and the fractionation cell defines an interior
carrier fluid flow-through channel extending between the first axial end and the second axial end,
and at least an upper fluid outlet and a lower fluid outlet positioned below the upper fluid outlet

in a vertical direction and the upper fluid outlet and the lower fluid outlet in fluid communication
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with the channel and positioned at the second axial end of the housing, passing the carrier fluid
and the particles through the upper fluid outlet and the lower fluid outlet, measuring a first flow
rate of particles passing through the upper fluid outlet, measuring a second flow rate of particles
passing through the lower fluid outlet, and determining a density of the particles based at least in

part on the first flow rate and the second flow rate of particles.

In a sixteenth aspect A16, the present disclosure provides the method of aspect A15,
further comprising determining that the first flow rate is greater than the second flow rate, and in
response to determining that the first flow rate is greater than the second flow rate, determining

that the density of the particles is less than a density of the carrier fluid.

In a seventeenth aspect A17, the present disclosure provides the method of aspect A15,
further comprising determining that the first flow rate is less than the second flow rate, and in
response to determining that the first flow rate is less than the second flow rate, determining that

the density of the particles is greater than a density of the carrier fluid.

In an eighteenth aspect A18, the present disclosure provides the method of aspect A15,
further comprising determining that the first flow rate is about the same as the second flow rate,
and in response to determining that the first flow rate is about the same as the second flow rate,

determining that the density of the particles is the same as a density of the carrier fluid.

In a nineteenth aspect A19, the present disclosure provides the method of any of aspects
A15-A18, wherein the fractionation cell defines a separator wall extending from the second axial
end of the housing at least partially axially into the channel between the upper fluid outlet and

the lower fluid outlet.

In a twentieth aspect A20, the present disclosure provides the method of any of aspects
A15-A19, wherein measuring the flow rate of particles passing through the upper fluid outlet

comprises measuring a concentration of particles passing through the upper fluid outlet.

Although illustrative embodiments of the present disclosure have been described herein
with reference to the accompanying drawings, it is to be understood that the disclosure is not

limited to those precise embodiments, and that various other changes and modifications may be
19
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effected therein by one skilled in the art without departing from the scope or spirit of the

disclosure.
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What is claimed 1s:

1. A method for determining the density of particles, the method comprising:
passing a carrier fluid and particles suspended within the carrier fluid axially through a
fractionation cell at a predetermined rate, wherein:
5 the carrier fluid has a predetermined density;
the fractionation cell has a housing including a first axial end and a second axial
end opposite the first axial end and the fractionation cell defines:
an interior carrier fluid flow-through channel extending between the first
axial end and the second axial end; and
10 at least an upper fluid outlet and a lower fluid outlet positioned below the
upper fluid outlet in a vertical direction, the upper fluid outlet and the lower fluid
outlet in fluid communication with the channel and positioned at the second axial
end of the housing;
passing the carrier fluid and the particles through the upper fluid outlet and the lower
15  fluid outlet;
measuring a first concentration of particles passing through the upper fluid outlet;
measuring a second concentration of particles passing through the lower fluid outlet; and
determining a density of the particles based at least in part on the first concentration and

the second concentration of particles.

2. The method of claim 1, wherein determining the density of the particles comprises

determining a ratio of the first concentration with respect to the second concentration.

3. The method of claim 1, further comprising:
determining that the first concentration is greater than the second concentration; and
in response to determining that the first concentration is greater than the second

concentration, determining that the density of the particles is less than a density of the carrier
5 flud

4, The method of claim 1, further comprising:

determining that the first concentration is less than the second concentration; and
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in response to determining that the first concentration is less than the second
concentration, determining that the density of the particles is greater than a density of the carrier

fluad.

5. The method of claim 1, further comprising:

determining that the first concentration is about the same as the second concentration;
and

in response to determining that the first concentration is about the same as the second
concentration, determining that the density of the particles is about the same as a density of the

carrier fluid.

6. The method of claim 1, wherein the fractionation cell defines a separator wall extending
from the second axial end of the housing at least partially axially into the channel between the

upper fluid outlet and the lower fluid outlet.

7. The method of claim 1, wherein the fractionation cell defines a fluid inlet in fluid
communication with the channel and positioned at the first axial end of the housing and into

which the carrier fluid 1s introduced into the channel.

8. The method of claim 7, wherein the fluid inlet is a first fluid inlet, and the fractionation

cell further defines a second fluid inlet positioned at the first axial end of the housing.

9. The method of claim 1, wherein measuring the first concentration comprises measuring a

flow rate of particles passing through the upper fluid outlet.

10. A method for determining the density of particles, the method comprising
(a) passing a carrier fluid and particles suspended within the carrier fluid axially through
a fractionation cell at a predetermined rate, wherein:
the carrier fluid has a predetermined density;
the fractionation cell has a housing including a first axial end and a second axial
end opposite the first axial end and the fractionation cell defines:
an interior carrier fluid flow-through channel extending between the first

axial end and the second axial end; and
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at least an upper fluid outlet and a lower fluid outlet positioned below the
upper fluid outlet in a vertical direction and the upper fluid outlet and the lower
fluid outlet in fluid communication with the channel and positioned at the second
axial end of the housing;
(b) passing the carrier fluid and the particles through the upper fluid outlet and the lower
fluid outlet;
(c) measuring a first concentration of particles passing through the upper fluid outlet;
(d) measuring a second concentration of particles passing through the lower fluid outlet;
(e) determining whether the first concentration is greater than or less than the second
concentration; and
(f) in response to determining the first concentration is greater than or less than the

second concentration, changing a predetermined density of the carrier fluid, and repeating steps

(2)-(e).

11. The method of claim 10, wherein, in response to determining that the first concentration
is greater than the second concentration, decreasing the predetermined density of the carrier fluid

and repeating steps (a)-(e).

12. The method of claim 10, wherein, in response to determining that the first concentration
is less than the second concentration, increasing the predetermined density of the carrier fluid

and repeating steps (a)-(e).

13. The method of claim 10, further comprising determining that the first concentration is
about the same as the second concentration, determining that a density of the particles is about

the same as the predetermined density of the carrier fluid.

14. The method of claim 10, further comprising;

in response to determining that the first concentration is greater than or less than the
second concentration, determining a difference between the first concentration and the second
concentration; and

calculating a density of the particles based at least in part on the difference between the

first concentration and the second concentration.

15. A method for determining the density of particles, the method comprising
23
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passing carrier fluid and particles suspended within the carrier fluid axially through a
fractionation cell at a predetermined rate, wherein:
the carrier fluid has a predetermined density;
5 the fractionation cell has a housing including a first axial end and a second axial
end opposite the first axial end and the fractionation cell defines:
an interior carrier fluid flow-through channel extending between the first
axial end and the second axial end; and
at least an upper fluid outlet and a lower fluid outlet positioned below the
10 upper fluid outlet in a vertical direction and the upper fluid outlet and the lower
fluid outlet in fluid communication with the channel and positioned at the second
axial end of the housing;
passing the carrier fluid and the particles through the upper fluid outlet and the lower
fluid outlet;
15 measuring a first flow rate of particles passing through the upper fluid outlet;
measuring a second flow rate of particles passing through the lower fluid outlet; and
determining a density of the particles based at least in part on the first flow rate and the

second flow rate of particles.

16. The method of claim 15, further comprising;
determining that the first flow rate is greater than the second flow rate; and
in response to determining that the first flow rate is greater than the second flow rate,

determining that the density of the particles is less than a density of the carrier fluid.

17. The method of claim 15, further comprising;
determining that the first flow rate is less than the second flow rate; and
in response to determining that the first flow rate is less than the second flow rate,

determining that the density of the particles is greater than a density of the carrier fluid.

18. The method of claim 15, further comprising;
determining that the first flow rate is about the same as the second flow rate; and
in response to determining that the first flow rate is about the same as the second flow

rate, determining that the density of the particles is the same as a density of the carrier fluid.

24



WO 2022/061286 PCT/US2021/051271

19. The method of claim 15, wherein the fractionation cell defines a separator wall extending
from the second axial end of the housing at least partially axially into the channel between the

upper fluid outlet and the lower fluid outlet.

20. The method of claim 15, wherein measuring the flow rate of particles passing through the

upper fluid outlet comprises measuring a concentration of particles passing through the upper

fluid outlet.
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