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ARTICLE INFO ABSTRACT

Keywords: Gravitational Field-Flow Fractionation (GrFFF) is an elution-based method designed for the separation of par-
Gravitational Field-Flow Fractionation (GrFFF) ticles ranging from a few micrometers up to approximately 100 pm in diameter. Separation occurs over time,
Viscosity with particles being fractionated based on size and other physico-chemical properties. GrFFF takes advantage of
Polystyrene-based (PS) microbeads o . . . . . . s .

Resolution gravitational forces acting perpendicularly to a laminar flow in a thin channel. The fluid exhibits a parabolic

velocity profile, with the maximum velocity at the center of the channel and zero velocity at the walls. The exit
time of particles depends on their equilibrium position relative to the bottom wall. In hyperlayer mode, larger
particles elute faster than smaller ones due to their higher velocities within the channel.

This study investigated the effect of adding methylcellulose (MC) to the carrier fluid on the elution behavior -
specifically, peak time (tpeax) and resolution (R) - of polystyrene-based (PS) microparticles with sizes of 7, 8, and
10 pm. The results demonstrated that MC not only increases the viscosity of the carrier fluid but also exerts a
secondary, predominant effect that improves resolution (R), thereby enhancing the separation of particle pop-
ulations. This was confirmed by comparing the use of water as the carrier fluid at two different temperatures: 14
°C (high viscosity) and 28 °C (low viscosity). While increasing viscosity by lowering temperature only led to
modest reduction in elution time of the fractograms, the addition of MC had a size-dependent effect on the
microparticles, significantly improving R without changing other experimental parameters. This suggests the
presence of additional phenomena contributing to the improved separation.

In conclusion, the addition of MC to the carrier fluid increases the resolving power of GrFFF, enabling the
separation of PS microbeads with a size difference of up to 2 pm. This advancement pushes the boundaries of
GrFFF and opens up potential new applications. These studies, conducted on PS microbeads, provide a pre-
liminary basis for future work on cells, which have similar density and size. This could pave the way for
improved cell separation in diagnostic applications.

Methyl-Cellulose

1. Introduction

Field-Flow Fractionation (FFF) is an elution-based technique for size
separation. It employs external fields acting perpendicularly to the di-
rection of the fluid flowing within a channel, separating particles by size,
ranging from nanometers up to 100 pm micrometers. It was introduced
in the 1960s [1] and encompasses various methodologies employing
external field applications to cater to diverse sample characteristics [2].
It differs from chromatography as FFF only has one phase, specifically

the mobile phase. The main advantages of FFF are simple instrumen-
tation, convenient operation, and low operating costs.

Among the variants of FFF, the Gravitational Field-Flow Fraction-
ation (GrFFF) employs Earth’s gravity as a field force pushing particles
toward the bottom of the channel.

GrFFF is suitable for the physiological separation of cells without
tags due to the gentle nature of the fractionation process [3]. It is also
widely used for the separation of polymeric beads [4], bacteria [5], and
yeasts [6].
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The separation occurs at the bottom of the channel due to gravity-
and drag-driven forces. For this reason, particles are usually sedimented
to the bottom of the channel before the separation starts. The flow is
typically laminar, as commonly happens in microfluidic channels,
resulting in the classical parabolic profile with the maximum velocity at
the center of the channel and zero velocity at the walls.

When the carrier fluid flows, the hydrodynamic lift force (HLF)
pushes the particles away from the bottom wall, acting in the opposite
direction to gravity. When this force balances the gravitational force,
particles reach their vertical equilibrium position. Such an equilibrium
position determines particle velocity, affects elution time, and leads to
particle separation.

Various physical and chemical factors can affect the two forces:
carrier properties (viscosity, density, and ionic strength), channel ge-
ometry (height, length, and width), and carrier fluid flow rate, which
directly influences the velocity of particles in the channel [7].

The ultimate objective of this research is to develop a method to
separate blood cells under physiological conditions. These cells possess
density and dimensions comparable to polystyrene (PS) microbeads [8],
which are used as model particles in this study. The focus is to optimize
the separation process by investigating the influence of methylcellulose
(MC) on PS microbead separation. The efficacy is quantitatively evalu-
ated in terms of Resolution (R), the system’s ability to separate particles
of different sizes.

2. Theory

The GrFFF process results from a combination of gravitational force,
lift forces, and flow-induced drag [4].
The Gravitational Force acting on a particle is defined as in Eq. (1):

Fe = gﬂr?‘Apgcose‘ (€Y

where r is the particle radius, Ap is the difference between particle and
carrier density, g is the gravitational acceleration, and 6 is the channel
inclination angle (6 = 0, cos® = 1, in our application).

On the same particle, we define the Hydrodynamic Lift Force as in
Eq. (2) [7]:
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where C is an empirical dimensionless coefficient (it depends on many
different experimental factors, such as h), u is the viscosity, V is the fluid
mean velocity, h is the height of the channel, § is the equilibrium dis-
tance from the bottom wall to the particle surface, and r is the particle
radius.

To obtain the equilibrium distance, we solve the force balance as a
function of 6, yielding to Eq. (3):
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The equilibrium distance depends proportionally on the fluid vis-
cosity (u), and mean velocity (v). On the other hand, it is inversely
proportional to the channel height (h), orientation (cos6), and the dif-
ference between the particle and fluid densities (Ap).

It is interesting to note that the equilibrium distance is independent
of the particle radius. This means that all particles have the same
equilibrium distance. However, the radius comes back into play when
computing the particle velocity, which is evaluated at the particle center
(Xeq, equilibrium position, i.e. the distance between the particle center and the
bottom wall) as described in Eq. (4):

Xeg = Oeq +T C))

The fluid velocity profile in the channel follows Eq. (5):
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X X
v(x) = 6v}—l (l _H> (5)
where x is the vertical coordinate (bottom wall: x = 0; top wall: x = h).

The particle assumes the fluid velocity (described in Eq. (6)) in po-
sition Xeq, scaled by a retardation factor, accounting for drag-induced
phenomena:

)
Vp (Xeq) = f (;)V(xeq) (6)
where the retardation factor is defined in Eq. (7) [9]:
1 )
; (5) ) 0.66 —02693In(5/r) 1~ 0% -
r _ 5 (r)3 8 ~ 05
16\x) " r= 7

All the equations are gathered in Fig. 1.
3. Materials and methods
Carrier fluids. The carrier fluid solutions employed were:

e H50 for injectable preparations (Fresenius Kabi, Bad Homburg vor
Der Hohe, Germany).

e H,0 for injectable preparations + 0.2 % methylcellulose (MC), ob-
tained by dissolving 1 g of methylcellulose (Merck-KJaA, Darmstadt,
Germany) in 0.5 L of HpO for injectable preparations aided by a
magnetic mixer.

Polystyrene Latex Beads. The samples were polystyrene (PS) latex
beads obtained from Merck-KJaA (Darmstadt, Germany), with defined
nominal diameters and standard deviations (B7: 7 + 0.11 um; B8 8 +
0.11 pym; B10 10 + 0.14 pm).

PS microbeads were employed as a homogeneous population or a
50-50 mixture of two populations (BMIX). Each injected sample (ho-
mogeneous or mixed) contained 10° particles resuspended in deionized
water (Fresenius Kabi, Bad Homburg vor der Hohe, Germany) with a
final volume of 30 pL.

Gravitational FFF: apparatus and tests. The GrFFF channel used was
assembled in our laboratory. It was 200 um high, 2 cm wide, and 30 cm
long. The device was made of two slabs of different materials: the bot-
tom one is polyvinyl chloride (PVC), while the top one is polycarbonate
(PC). Between these two slabs, a 200 um carved Mylar film sheet defines
the channel’s height. A schematic representation of GrFFF device is in
Figure S1.

In all experiments, the PS microbead samples were injected directly
into the channel using a 50 L syringe (Hamilton Co., Reno, NV, USA).
The flow was halted for 4 min to let the particles settle at the bottom of
the channel.

Then, the carrier solution was pumped by a peristaltic pump Mini
Plus 3 (Gilson, Middleton, WI, USA). The elution of the sample was
monitored by a UV/VIS spectrophotometer model V-530 (Jasco, Tokyo,
Japan) at the operating wavelength of 600 nm to acquire the tracing of
the absorbance over time during each experiment. All the connecting
tubes were made of PEEK tubes (Grace Davison Discovery Science,
Columbia, MD, USA).

All the experiments, along with their corresponding numerosity, are
summarized in Supplementary Table S1.

Viscosity assessment Two different temperatures, ‘COLD’ (Tyean = 14
°C) and ‘HOT’ (Tean = 28 °C), and two different compositions (with 0.2
% MC and without MC), resulting in four conditions, were analyzed to
evaluate the viscosity of the carrier fluid solution. Viscosity was assessed
using a routine viscometer series 100 (Cannon Fenske, State College, PA,
United States).

Viscosity was computed as p = C - t - p, where C = 0.01588 cP(cm®/
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Fig. 1. Side view of the channel and physics behind GrFFF.

g)/s is the viscometer constant and p = 1.0 g/cm? is the density of pure
water. Every measurement was repeated three times, and the values
were averaged.

Fractograms post-processing After the acquisition, the fractograms
were filtered through a bandpass filter (order 10, window 0.02-0.12 Hz,
sample rate 20 Hz; coded using MATLAB version R2023b, MathWorks
Inc., Natick, MA, USA). Subsequently, we extracted parameters for each
experiment: peak time tpeax, At, and o, as represented in Fig. 2. The peak
time is defined as the time coordinate corresponding to the local
maximum of the absorbance of the fractograms, At is the difference
between peak times if multiple peaks are present, ¢ is the half-width of a
single peak, under the assumption of Gaussianity. The resolution (R)
parameter is computed in Eq. (8), taken from [10]:

At
61 +0,

(8

Resolution refers to the system’s ability to distinguish and separate
two distinct populations in an analysis. When only a single peak is
observed, despite loading two distinct populations into the channel, the
resolution is defined as R = 0, indicating no separation. As the degree of
separation improves, the resolution increases accordingly. A resolution
value of R > 1.5 signifies complete separation, where the two pop-
ulations are fully resolved from one another.

Microscopic dimensional analysis During the GrFFF experiments,
fractions corresponding to the peaks were collected on the Makler
chamber slides, and a dimensional analysis was performed using ImageJ
software (ImageJ 1.52p, Wayne Rasband, National Institute of Health,

0.05 have been considered statistically significant.
4. Results
4.1. Viscosity and pH assessment

The viscosities of the carrier fluid in the different experimental
conditions are listed in Table 1. The results were reported as the mean of
three tests.

The viscosity is always lower in the ‘HOT’ condition, and the pres-
ence of 0.2 % MC increases the viscosity measured. The pH value of
water for injectable preparations used in the experiments presented is
4.88 + 0.07 for cold water and 5.36 + 0.09 for hot water. These values
increase to 6.21 + 0.06 and become stable regardless of temperature in
the presence of 0.2 % methylcellulose.

4.2. Effect of methylcellulose (MC)

Firstly, the effect of the addiction of MC to the carrier fluid at 28 °C
was evaluated in GrFFF experiments conducted on PS microbead mix-
tures. The sample consists of PS microbeads of 7 and 10 micrometers
(Fig. 3A), and subsequently 8 and 10 micrometers (Fig. 3B). When using
only water as a carrier, the spectra show a single peak (tpeax = 35.3

Table 1
Results of viscosity and pH assessment.

USA) to verify the diameter of the eluted particles. H,0 H,0 + 0.2 % MC
Statistical analysis. The anal/ysis was performed using “Statistical t [s] i [cP] pH £ [s] i [cP] pH
Package for Social Science 29.0" (SPSS Inc., Chicago, Illinois). The dif-
f bet d using th tric M HOT (28 581+ 092+ 5.36 + 81.8+ 130+ 6.21 +
erence between groups was compared using the non-parametric Mann- °0) 0.6 0.01 0.09 0.7 0.01 0.06
Whitney U test. Peak times are expressed as median and first and third COLD (14  67.6 + 1.07 + 4.88 + 90.8 + 1.44 + 6.21 +
quartile, and are represented in boxplot graphs. P-values lower than °0) 0.6 0.01 0.07 2.6 0.04 0.04
1.2
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Fig. 2. Graphical representation of the parameters extracted from each fractogram.
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Fig. 3. Absorbance over time graphs of GrFFF separation of 3A) PS microbeads mix (7 pm and 10 um) with HOT water (red continuous line) and HOT water + 0.2 %
MC (red dash-dot line), Q = 270 uL/min; 3B) PS microbeads mix (8 um and 10 um) with HOT water (red continuous line) and HOT water + 0.2 % MC (red dash-dot
line) Q = 320 pL/min; 3C) PS microbeads 8 um with HOT water (red continuous line) and HOT water + 0.2 % MC (red dash-dot line), Q = 320 pL/min; 3D) PS
microbeads 10 um with HOT water (red continuous line) and HOT water + 0.2 % MC (red dash-dot line) Q = 320 uL/min; 3E) PS microbeads 8 um with HOT water
(red continuous line) and COLD water (blue dashed line), Q = 320 uL/min; 3F) PS microbeads 10 pm with HOT water (red continuous line) and COLD water (blue

dashed line), Q = 320 pL/min.

(34.0-35.3) min for B7-10 and tpeax = 28.4 (27.4-29.4) min for B§-10).
When MC is added, a second peak appears mainly populated by smaller-
sized particles (1° tpeax = 37.7 (37.6-37.7) min, 2° tpesx = 51.3
(51.0-51.6) min, At = 13.6 min for B7-10 and 1° tpesk = 28.6
(28.3-28.9) min, 2° tpeax = 39.6 (39.4-39.8) min, At = 11 min for
B8-10).

The sample composition of the two peaks, collected after the ex-
periments, was verified via dimensional analysis, confirming the suc-
cessful separation as shown in Supplementary Figure S2. Therefore, in
both cases, adding MC causes the spectra to show two peaks, consisting
mainly of the two populations of PS microbeads. While the tpeax for B10
does not statistically change, the tpeax for B7 and B8 increases with
statistical significance (p = 0.001 for B7 and p = 0.046 for B8), deter-
mining an improvement of R from 0 (water) to R = 0.85 for BMIX 7-10
and R = 0.61 for BMIX 8-10, when MC is added.

To assess the effects of the addition of MC to the carrier fluid based
on the PS microbead dimensions, experiments with homogeneous pop-
ulations of B8 and B10 were carried out. The spectra show that the
presence of MC for B8 causes a delay in peak time (from tpeax = 32.2
(31.3-32.4) min without MC to tpeax = 41.3 (41.2-41.3) min with 0.2 %
MC - Fig. 3C). Conversely, adding the MC for B10 causes a change in
shape and a slight reduction of the peak time (tpeax = 30.5 (30.3-30.5)
min without MC to tpeax = 27.7 (27.3-28.8) min with 0.2 % MC,
Fig. 3D). The tpeak shift value exhibits statistical significance for both
samples: p = 0.014 for B8 and p = 0.046 for B10.

The effect of increasing viscosity was also evaluated with experi-
ments in COLD condition (T = 14 °C) compared to HOT condition. The
temperature reduction (from 28 °C to 14 °C) determines an increase in
viscosity, comparable with the one of the addition of MC, causing a
reduction in peak time for both B8 and B10 (B8: from tpesx = 32.3
(32.0-32.9) min to tpeak = 31.2 (31.1-31.3) min; p = 0.046, Figure 3E;
B10: from tpeak = 30.5 (30.3-30.5) min to tpeak = 29.6 (29.1-29.7) min; p
= 0.046, Fig. 3F).

We then compare the four experimental conditions (COLD/HOT and

no MC/MC) for the BMIX 7-10, gathered in Fig. 4.

First of all, a decrease in temperature leads to a statistically signifi-
cant peak time reduction (COLD tpeax = 33.8 (33.4-34.2) min, HOT tjeax
= 35.3 (34.0-35.3) min, p = 0.043). The addition of MC in the HOT case
induces a statistically significant delay (HOT + MC 1° tpesx = 37.7
(37.6-37.7) min and HOT + MC 2° tpeak = 51.3 (51-51.6) min vs. HOT
tpeak = 35.3 (34.0-35.3); p = 0.007 and p = 0.001, respectively). On the
other hand, under COLD conditions, the delay is significant for the
second peak solely (COLD + MC 1° tpeax = 34.9 (34.1-35.6) min and
COLD + MC 2° tpeak = 47.5 (46.6-48.1) min vs. COLD tpeax = 33.8
(33.4-34.2) min; p not significant and p = 0.001 respectively).

When considering the two peaks obtained with MC, the temperature
increase yields a significant delay in both cases (HOT + MC 1° tyeax =
37.7 (37.6-37.7) min, and COLD + MC 1° tpeax = 34.9 (34.1-35.6) min,
p =0.043; HOT + 2° MC tpeax = 51.3 (51-51.6) min, and COLD + MC 2°
tpeak = 47.5 (46.6-48.1) min, p = 0.019). The entire set of data is
summarized in Supplementary Table S2, and the results of further
analysis are in Supplementary Table S3 and Supplementary Figure S3.

The values of R, in the experiments employing MC, are similar in
both temperature conditions: R = 0.85 for HOT and R = 0.86 for COLD,
as well as the absence of separation (R = 0) was observed without MC.

5. Discussion

To the best of our knowledge, this study represents the first inves-
tigation on the resolution enhancement in the presence of methylcel-
lulose in Gravitational Field-Flow Fractionation, investigating beyond
viscosity. The experiments have highlighted a different effect of the
temperature variation (Fig. 3E-F) and the addition of methylcellulose
(Fig. 3A-D), even if they both altered the viscosity of the suspension. The
variation in viscosity occurring with a decrease in temperature causes
the hydrodynamic lift force to increase, allowing particles to reach
higher equilibrium positions and thus elute faster (see Theory section).
This effect is global and implies a slight reduction of the peak time of the
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Fig. 4. Absorbance over time graphs of GrFFF separation of PS microbeads mix (7 um and 10 um) with HOT water (red continuous line), COLD water (blue dashed
line), HOT + 0.2 % MC (red dash-dot line), and COLD + 0.2 % MC (blue dotted line), Q = 270 pL/min.

PS microbeads, which is always statistically significant. This reduction
does not imply a variation in the resolution of the system because no
additional peaks appear in BMIX experiments.

Conversely, MC addition improves resolution, given the delay effect
dependent on the PS microbead’s diameter. In our case, the presence of
MC causes a delay in the elution of particles, whereas, in contrast to
other studies, hydroxypropylmethylcellulose (HPMC) typically causes
an earlier elution. This can be related to the use of HPMC instead of MC,
to different channel manufacturing materials, and different channel
geometries.

This size effect appears evident when considering both the mix and
the homogeneous PS microbead populations. Indeed, the MC mainly
affects smaller particles, inducing a delay more evident in 7 and 8 pm
particles (Figs. 3-4). The peak corresponding to the 10 pym PS
microbeads occasionally exhibits either a modest delay or a slight
advance, accompanied by a noticeable change in the spectral shape.

We further tested the validity of our results with similar carrier so-
lutions adding a surfactant (SDS) and a bactericide (Sodium azide), since
they are often included in the carrier fluid. Our results (not shown here)
are similar to those shown in the literature [4]. When the ionic strength
increased following the addition of SDS and sodium azide, a modest
delay in peak time was observed. This can be explained coherently by a
reduction of the repulsive forces in the near-wall region. Anyway, since
the final application of these method is aimed at cell separation, we did
not consider them as they are affecting cell viability. Further insights on
these additives can be found in literature [4], but we suggest a careful
comparison considering the different working conditions (e.g., particle
sizes, velocity of the carrier fluid, manufacturing materials of the
channel, additive for the carrier fluid). Particularly, we remark the pe-
culiarity of this work in analyzing particles with a narrow size range
(7-10 pm).

Based on our results, a viscosity variation is not sufficient to explain
the change in particle elution under the different conditions tested.
Therefore, other phenomena should be considered. One of the possible
phenomena regards alterations in the surface interactions between the
PS microbeads and the fluid generated by electrostatic interactions. Both
attractive and repulsive forces act in the near-wall region, especially
influencing the retention of the smaller particles [11-13]. However,
there are only a limited number of studies focused on investigating and
quantifying the effects of these factors. The PS microbead’s superficial
charge supports such consideration. This charge density is thought to be
proportional to the particle’s radius, which might explain these
size-dependent effects [14-16]. Nonetheless, these kinds of forces are
complex to model and quantify [8,17].

On the other hand, multiple studies also reported alterations of the

electric properties of water by MC, yielding alterations of pH (confirmed
by our data), permittivity, and the Debye layer of the flowing particles
(namely, the distance over which the surface charges influence the
distribution of the ions in the solution, modifying in turn the repulsion
forces between charged particles) [18-21]. However, these effects have
never been thoroughly investigated and mathematically quantified.

Finally, adding MC might lead to a non-Newtonian behavior of the
fluid, as per [22-23]. Such a viscoelastic nature of the fluid possibly
affects particle migration in channel flow. More specifically, particle
migration towards the channel wall occurs in shear-thinning liquids,
while in the elasticity-dominated regime, particles tend to focus along
the centerline. However, in our specific case, the MC concentration (2
g/1) is not sufficient to reach the non-Newtonian conditions for the shear
rate characterizing the channel (variable between 40 and 80 s’l).

In summary, the resolution enhancement observed in the presence of
MC is not explained by the simple change in viscosity but also involves
ionic/electrostatic interactions, which are not fully explained to date.

6. Conclusion

In conclusion, besides increasing viscosity, the methylcellulose (MC)
in the carrier fluid also exerts a potentially beneficial secondary effect on
the resolution of Gravitational Field-Flow Fractionation (GrFFF) exper-
iments. While the role of viscosity is well-established, the significant
enhancement in separation efficiency observed with MC suggests the
presence of additional factors, possibly related to ionic or electrostatic
interactions, that are not yet fully understood. These effects warrant
further investigation and characterization to fully exploit their potential
and optimize GrFFF for more precise and efficient separations. Such
efforts could lead to improved experimental outcomes, paving the way
for improved cell separation in biomedical applications and broadening
the applicability of this technique in both research and translational/
clinical settings.
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