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Focusing suspended particles in a fluid into a single file is often necessary prior to
continuous-flow detection, analysis, and separation. Electrokinetic particle focusing
has been demonstrated in constricted microchannels by the use of the constriction-
induced dielectrophoresis. However, previous studies on this subject have been
limited to Newtonian fluids only. We report in this paper an experimental investiga-
tion of the viscoelastic effects on electrokinetic particle focusing in non-Newtonian
polyethylene oxide solutions through a constricted microchannel. The width of the
focused particle stream is found NOT to decrease with the increase in DC electric
field, which is different from that in Newtonian fluids. Moreover, particle aggrega-
tions are observed at relatively high electric fields to first form inside the constric-
tion. They can then either move forward and exit the constriction in an explosive
mode or roll back to the constriction entrance for further accumulations. These
unexpected phenomena are distinct from the findings in our earlier paper [Lu et al.,
Biomicrofluidics 8, 021802 (2014)], where particles are observed to oscillate inside
the constriction and not to pass through until a chain of sufficient length is formed.
They are speculated to be a consequence of the fluid viscoelasticity effects. © 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906798]

I. INTRODUCTION

Focusing suspended particles in a fluid into a single file is often important and necessary in
order to continuously detect, analyze, and sort them for numerous applications.l’2 Sheath flow
focusing is the most routine particle focusing method in microfluidic devices because it uses
sheath fluids to pinch the particulate solution and works effectively for particles of essentially
any size.”* However, a precise control of the flow rate and a large consumption of the sheath
fluid are the drawbacks of this method. In contrast, sheathless focusing of particles relies on a
force field to act directly on the suspended particles and move them laterally for alignment,
which is often flexible in control and simple in operation. So far, a variety of forces have been
demonstrated to focus particles in microfluidic devices, which can be either externally imposed
like acoustic,5 electric,6 magnetic,7 optical8 forces, etc., or internally induced like inertial,9
viscoelastic,'®™"® hydrodynamic,'* and dielectrophoretic'® forces. However, these methods often
suffer from low effectiveness when working with small particles due to the strong size-
dependence of nearly, if not all, every force field.'*

Electrokinetic flow is an efficient means to transport fluids and particles in microfluidic
devices under DC electric fields due to its excellent scalability and easy connection.'®'” It has
been exploited to drive both the particulate and sheath solutions in sheath flow focusing of par-
ticles."®' It has also been demonstrated to pump the particulate solution while simultaneously
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manipulating the suspended particles into equilibrium position(s) for a sheathless focusing. The
latter function is achieved primarily through the use of a geometry-induced dielectrophoretic
motion, which is the translation of particles (either charged or neutral) in response to electric
field gradients.'” Such an insulator-based dielectrophoretic focusing of particles has been dem-
onstrated in both constricted?®?! and curved®*?** microchannels. However, all these studies
have been limited to Newtonian fluids only, in which fluid electroosmosis and particle electro-
phoresis are simply a linear function of the applied DC electric field. As many of the fluids
used in capillary electrophoresis and microfluidic devices, such as polymer solutions and bodily
fluids, are complex,”*>? it is important from the aspects of both fundamentals and applications
to study how electrokinetic particle focusing may be affected by the fluid non-Newtonian
effects.

While a number of theoretical studies have been reported on, for example, the shear thin-
ning/thickening and viscoelastic effects on fluid electroosmosis and particle electrophoresis in
non-Newtonian fluids,>>™* much less has been done through experimental investigation and val-
idation. In a recent study from Chang and Tsao,*° a significant drag reduction was observed in
electroosmotic flow of polymer solutions. This was attributed to the polymer depletion in the
electric double layer, and the drag reduction was found to increase with the ratio of the polymer
size to the electric double layer thickness. In a more recent study, Bryce and Freeman®’
observed an extensional instability in the electroosmotic flow of dilute polymer solutions
through a microchannel constriction, which, however, was found later by the same group to
actually reduce the fluid mixing as compared to that in polymer-free fluids.*®

Very recently, we have conducted an experimental study of electrokinetic particle motion
in polyethylene oxide (PEO) solutions through a microchannel constriction.*” No apparent elec-
trokinetic focusing of particles was observed, which is distinctly different from what has been
previously demonstrated in Newtonian fluids.”*?' Instead, an unexpected particle oscillation
occurred in the constriction, which continued until a particle chain of sufficient length was
formed. This phenomenon is found to persist for particles of different sizes as long as they
move along with the electric field. It also holds true when the applied DC electric field or the
PEO concentration is varied. However, as we will present in this experimental work, particles
that move against the electric field in PEO solutions do not experience such oscillations in a
constricted microchannel. They can be electrokinetically focused with a different trend from
that in Newtonian fluids when the electric field is increased. Moreover, particle aggregations
can be formed inside the constriction with subsequent interesting behaviors.

Il. EXPERIMENT
A. Preparation of non-Newtonian fluids and particle suspensions

Non-Newtonian fluids were prepared by dissolving PEO powder (Sigma-Aldrich USA, av-
erage molecular weight M,,=4 x 10° Da) into 1 mM phosphate buffer at concentrations of
50ppm (i.e., dissolving 50 mg PEO powder into 1 I buffer), 100 ppm, 200 ppm, and 500 ppm,
respectively. It is important to note that PEO solutions at similar concentrations have been fre-
quently used in the literature to study the viscoelasticity effects on hydrodynamic fluid
flows**? and particle motions® > in microchannels. The concentration we used are all lower
than the overlapping concentration (¢*= 547 ppm*’) of the PEO, indicating that all four pre-
pared solutions are in the dilute regime. The shear viscosities of these solutions were measured
in a Couette geometry (ARES LS/M, TA instruments) at room temperature. Nearly constant
values of 1.1 mPa s, 1.2 mPa s, 1.4 mPa s, and 2.0 mPa s, respectively, were obtained for the
four PEO concentrations in the range of shear rate from 50s ' to 1000s™'. The relaxation
times of these solutions were estimated to be 4.07 ms, 6.39ms, 10.01 ms, and 18.17 ms, respec-
tively. The detailed process for calculating these values and the list of other properties of the
PEO solutions can be referred to Lu er al.*’

The non-Newtonian particle suspensions were made by re-suspending polystyrene spheres
of 3.1 um, 4.8 um, and 9.9 um in diameter (Thermo Scientific) in the PEO solution(s) to a final
concentration of about 10° particles per milliliter. To illustrate the viscoelastic effects, 9.9 yum
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particles were also re-suspended in the base fluid of the PEO solutions, i.e., 1 mM pure buffer,
which is a Newtonian fluid, for a direct comparison. A small amount of Tween 20 (0.5% in
volume ratio, Fisher Scientific) was added to both the Newtonian and non-Newtonian particle
suspensions for the purpose of suppressing particle-wall and particle-particle adhesions. The
effective electric conductivity, o, of particles was calculated from ¢,=40,/d with ;=1 nS
being the particle’s surface conductance and d the particle diameter.’® It was found to be 12.90,
8.33, and 4.04 us/cm for 3.1, 4.8 and 9.9 um-diameter particles, respectively. Because these
conductivity values are all much smaller than that of the suspending fluid (approximately
200 uS/em), negative dielectrophoresis (DEP) are expected to occur under the application of
DC electric fields in both the Newtonian and non-Newtonian fluids.

B. Experimental setup

The standard soft lithography method is used in the fabrication of microchannels, as
detailed by Lu er al.*® The polydimethylsiloxane (PDMS) microchannel is sealed from bottom
by a regular glass slide, through which Joule heating can be dissipated relatively easily to avoid
significant temperature rises in the particle suspensions.’’ The 40 um-deep microchannel is
overall 1cm long and 400 yum wide with a constriction of 200 um length and 40 yum width in
the middle. The electrokinetic fluid and particle motions in the microchannel were driven by
DC electric fields, supplied by a DC power supply (Glassman High Voltage Inc., High Bridge)
through the end-channel reservoirs. The electric field magnitude was kept no more than 500 V/cm
in order to minimize Joule heating effects in the constriction region.”® Pressure-driven fluid and
particle motions were eliminated by balancing the liquid heights in the inlet and outlet reservoirs
prior to each test. Particle transport in the microchannel constriction was visualized and recorded
through an inverted microscope (Nikon Eclipse TE2000U, Nikon Instruments) with a CCD cam-
era (Nikon DS-QilMc) at a rate of 15 frames per second. The videos and images obtained were
post-processed using the Nikon imaging software (NIS-Elements AR 2.3). Particle streak images
were obtained by superimposing a sequence of 600 images.

C. Measurement of electrokinetic particle mobility

The electrokinetic velocity of particles, Ugg, in a microchannel is the vector addition of
electroosmotic fluid velocity, Ugp, and electrophoretic particle velocity, Ugp,

Ugk = Ugo + Upp ZWE (1)

where ¢ is the dielectric permittivity of the suspending fluid, {, is the zeta potential of the parti-
cle, {,, is the zeta potential of the channel wall due to the spontaneous formation of electric
double layer at the fluid-wall interface, 5 is the fluid dynamic viscosity, and E is the applied
DC electric field. It was determined from the measured particle travelling distance over a time
interval in the microchannel. The measuring region is distant from the channel entrance and the
constriction, so that the local electric field and particle velocity both remain constant. The elec-
trokinetic mobility of particles, ugg, was calculated from the electrokinetic velocity divided by
the local DC electric field (numerically computed in COMSOL, Burlington, MA),

Mg = M , (2)

which is apparently a function of the physicochemical properties of the tested fluid-particle-
channel system. In our experiments, particles travel from the cathode to the anode in both the
Newtonian and non-Newtonian solutions, i.e., uzx <0, which indicates the dominance of parti-
cle electrophoresis over fluid electroosmosis. This is because the electroosmotic fluid motion is
nearly always from the anode to the cathode, i.e., CW<016’17’30 and hence (,<{, <0 or

15l > 1l
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The observed direction of the electrokinetic motion of particles from Thermo Scientific in
the current work is contrary to that of the particles from Sigma Aldrich used in our previous
paper.*® Therefore, fluid electroosmosis should dominate over particle electrophoresis in the lat-
ter case, leading to {,, <{, <0 or |{,|>{,| based on a similar analysis to the above. While
both types of particles are made of polystyrene as per the product manuals, only the particles
from Thermo Scientific are fluorescently dyed. This may be responsible for the observed differ-
ence in particle zeta potential, {,, between the two types of particles. The electrokinetic particle
mobility is found to be nearly independent of the particle size in all the solutions tested in this
work. However, the addition of PEO into the buffer solution increases the particle mobility,
which is also different from those particles used in our previous paper.*’ Specifically, the meas-
ured particle mobility is 2.6 x 107® m?/(V-s) in the 500ppm PEO solution, and found to
decrease by less than 10% when the PEO concentration is varied from 500 ppm to 50 ppm. In
contrast, the electrokinetic particle mobility is only 1.3 x 10~® m?*/(V-s) in the Newtonian buffer
solution. Since the viscosity of the 500 ppm PEO solution is nearly twice that of the Newtonian
buffer, the wall zeta potential, {,, in the former is anticipated to be significantly smaller from
Eq. (2). This can be attributed to the suppression of electroosmotic flows as a result of the coat-
ing of neutral PEO polymers onto the channel walls.> It is important to note that electrophore-
sis may also be suppressed by the PEO coating on particle surfaces, which requires a detailed
study of the PEO effects on wall and particle zeta potentials.

lll. RESULTS AND DISCUSSION

A. Comparison of electrokinetic particle focusing in Newtonian and non-Newtonian
fluids

Fig. 1 compares in the form of superimposed images the electrokinetic focusing of 9.9 um-
diameter particles in Newtonian [(a)—1 mM buffer] and non-Newtonian [(b)—200 ppm PEO in
I mM buffer] fluids through the microchannel constriction. The applied DC electric field
increases from 100 V/cm to 400 V/cm for the images from left to right. At 100 V/cm particles
exit, the constriction in a narrower stream in both fluids. This focusing effect is attributed to
the constriction-induced DEP that has been demonstrated in previous studies with Newtonian
fluids.%° As the electric field increases from 100 V/cm to 300 V/cm, the particle stream width in
the pure buffer becomes thinner after the constriction (see Fig. 1(a)), indicating an enhanced
electrokinetic focusing. This observation is consistent with previous studies®**"®" and occurs
due to the greater increase in dielectrophoretic motion than in electrokinetic motion at larger
electric fields. Such a decrease in the focused particle stream width also agrees reasonably with
the predictions of a Lagrangian tracking method-based numerical model in COMSOL (data not
shown). In the PEO solution, however, the electrokinetic particle focusing turns out NOT to
increase with the applied electric field. As measured directly from the top edge of the images
(i.e., where particles travel out of the images) in Fig. 1(b), the focused particle stream width
(note the wider particle stream, the worse focusing) actually increases from 176 um to 216 um
and 240 um when the electric field is increased from 100 V/cm to 300 V/cm. Moreover, the par-
ticles at the edges of the focused streams are scattered, which seems not to be a strong function
of the applied electric field. This dispersion phenomenon is not obvious for particles in the
Newtonian buffer (see Fig. 1(a)).

To further verify the trend of this reduced particle focusing with electric field, we also
studied the electrokinetic motion of similar sized particles from other companies in the same
PEO solution: one is the 9.9 um-diameter particle from Duke Scientific, and the other is the
10.14 ym-diameter particle from Bangs Laboratories. Each type of these particles moved from
the cathode to the anode though at a dissimilar electrokinetic mobility from the particles in Fig.
1(b). We observed a similar trend of weakened electrokinetic particle focusing with an increase
in electric field for both particles (data not shown). Thus, the viscoelasticity of the PEO solu-
tion is believed to be a factor contributing to this phenomenon. We speculate that fluid viscoe-
lasticity draws disturbances to electrokinetic particle motion in the constriction region due to
the shear-induced electroosmotic fluid instability that has been recently demonstrated
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FIG. 1. Superimposed images illustrating the effects of fluid viscoelasticity on electrokinetic focusing of 9.9 um particles in
a constricted microchannel under various DC electric fields: (a) Newtonian fluid (1 mM buffer); (b) non-Newtonian fluid
(200 ppm PEO in 1 mM buffer). The block arrows indicate the particle moving direction, which is from bottom to top in all
images and against the electric field direction. The two dashed boxes on the right-most images highlight the regions in
which the particle trapping is initiated. A clear demonstration of the observed particle trapping phenomenon in the PEO so-
lution is presented as snapshot images in Fig. 2. Note that the widths of the focused particle streams referred to in the text
(see also Figs. 3 and 4) were all measured directly from the top edge of the images where particles travel out.

experimentally*”** and numerically.®’ Such a de-focusing effect increases more quickly with

electric field than the constriction-induced dielectrophoretic force does, and consequently, the
electrokinetic particle focusing gets worse at higher electric fields. In addition, it is important to
note that the reported particle oscillations and formation of particle chains in our previous pa-
per*” are absent from the constriction in this work for all the three types of particles under test.
This change appears to be associated with the direction of the electrokinetic particle motion,
which may be due to the dominant particle electrophoresis over fluid electroosmosis in this
work as analyzed earlier.

When the DC electric field applied was further increased to 400 V/cm, particles in the
Newtonian fluid started being trapped at the constriction entrance (highlighted by a dashed box
on the right-most image in Fig. 1(a)). This happens because the constriction-induced DEP
becomes strong enough to counterbalance the electrokinetic motion in the streamline direction.
However, particles cannot be fully trapped until an even higher electric field is applied because
of the influence of the trapped particles on the local electric field gradients.’” In contrast, elec-
trokinetic particle trapping also occurs in the 200 ppm PEO solution at 400 V/cm but initiates
inside the constriction (see the dashed-box highlighted region on the right-most image in Fig.
1(b)), and proceed in either a forward or a backward direction. As viewed from the first two
images in Fig. 2(a) (Multimedia view), an aggregation of particles can be formed first inside
the constriction, which was not observed in our previous work for particles moving in the
electric-field direction.*” More interestingly, the particle cluster can then either move forward,
albeit slower than single particles, and exit the constriction in an explosive mode, as illustrated
by the sequential images (see the thin arrows for the moving direction of the particle cluster) in
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a) 0.38s

100um|.| 0 585 0 63s

FIG. 2. Sequential images (with the relative time instants labeled) illustrating the forward ejection (a) and backward rolling
(b) of 9.9 um-diameter particle aggregations in a non-Newtonian (200 ppm PEO) fluid through the microchannel constric-
tion. The applied DC electric field is 400 V/cm. The block arrow indicates the overall particle moving direction in the
microchannel, which is from bottom to top in all images and against the electric field direction (from top to bottom). The
thin arrows indicate the moving directions of the particle clusters that are formed first inside the constriction. (Multimedia
view) [URL: http://dx.doi.org/10.1063/1.4906798.1]

Fig. 2(a). Or alternatively, the particle cluster can roll back to the constriction entrance, where
it grows continuously bigger and bigger with additional particles trapped. This process is dem-
onstrated by the image sequence in Fig. 2(b) (Multimedia view), where, as seen from the la-
beled time instants, the backward-moving speed of the particle cluster within the constriction is
comparable to the forward-moving speed of the particle cluster in Fig. 2(a). The formation and
subsequent movement of particle aggregations in the constriction are speculated to be a conse-
quence of the combined effects of viscoelastic instability*”*® and particle-particle interactions.®?
The exact mechanisms behind the observed phenomena in Figs. 1 and 2 are, however, currently
unclear to us, for which a systematic study (especially theoretical) of the electroosmotic flow
field and the fluid-particle-electric field interactions will be needed.

B. PEO concentration effect

Fig. 3 shows the effects of PEO concentration on the stream width of electrokinetically
focused 9.9 um particles in the microchannel constriction. The applied DC electric field is var-
ied from 100 V/cm to 400 V/cm. The superimposed particle images in all tested PEO solutions
(except for 200 ppm which is shown in Fig. 1) are presented in Fig. 4. The focused particle
stream widths in all tested PEO solutions (including 50, 100, 200, and 500 ppm) are larger than
that in the Newtonian fluid. This is mainly because the electrokinetic particle mobility in the
latter is only approximately half of that in a PEO solution. Moreover, the constriction-induced
particle DEP is smaller in a PEO solution due to its greater viscosity than the Newtonian
buffer. Interestingly, particles in 50 ppm PEO solution behave similar to those in the Newtonian
fluid (see Fig. 1(a)), and achieve an enhanced electrokinetic focusing (i.e., a decreased particle
stream width) at a greater electric field. This indicates a relatively weak viscoelastic effect at a
PEO concentration of 50 ppm, which is consistent with the observation in our previous study.*’
In contrast, the focused particle stream widths in all other tested PEO solutions expand with the
increase of electric field. Moreover, a higher PEO concentration yields a weaker electrokinetic
particle focusing. These phenomena are all supposed to result from the stronger viscoelastic
effects when the PEO concentration is increased. Interestingly, the opposite trends of particle
focusing vs. electric field in 50 and 100 ppm PEO solutions imply that there exists a critical
PEO concentration at which particle focusing is insensitive to electric field. This may occur due
to the balance of viscoelastic disturbances and dielectrophoretic focusing at the constriction,
which will be studied in more details in the future. In addition, it is found that particle aggrega-
tions are not formed inside the constriction in 50 ppm PEO solution even at very high electric
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Particle stream width (um)
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Electric field (V/cm)

FIG. 3. Effects of PEO concentration (0, 50, 100, 200, and 500 ppm) on the stream width of electrokinetically focused
9.9 um particles in the microchannel constriction at different DC electric fields. Error bars are included for only the data in
the 500 ppm PEO solution for a better view, which are determined from the reading error in identifying the edges of the
focused particle stream. The unfilled symbols represent the points at which particle aggregation was observed inside
the constriction. The particle stream widths of these points are each measured from the superimposed images prior to the
occurrence of particle aggregation.

50 ppm

500 ppm

100 Viem 200 V/em 300 Viem 400 Viem

FIG. 4. Superimposed images illustrating the electrokinetic focusing of 10 um-diameter particles in PEO solutions of vari-
ous concentrations (0 and 200 ppm are referred to Fig. 1) under four different DC electric fields. The block arrow indicates
the particle moving direction in all images.
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100 Viem 200 Viem 300 Viem 400 Viem

FIG. 5. Superimposed images illustrating the electrokinetic focusing of 3.1 um and 4.8 um-diameter particles (the images
for 9.9 um particles are referred to Fig. 1) in 200 ppm PEO solution under four different DC electric fields. The block arrow
indicates the particle moving direction in all images.

fields. However, they can easily occur at 400 V/cm (indicated by unfilled symbols in Fig. 3) in
all other tested PEO solutions with similar behaviors to those illustrated in Fig. 2.

C. Particle size effect

To examine whether particle size contributes to the peculiar electrokinetic focusing phe-
nomena in non-Newtonian fluids explained above, we also studied the electrokinetic motions of
3.1 um and 4.8 um particles in 200 ppm PEO solution in the constricted microchannel under

,§:400 [ =+3.lum
=2 [ =@=4.8um
.‘2 =9 %um
g 300 +
g
2 200 |
0o 44—+
0 100 200 300 400 500
Electric field (V/cm)

FIG. 6. Experimentally measured stream widths of the electrokinetically focused particles with different sizes in 200 ppm
PEO solution in the constricted microchannel. The unfilled symbol for 9.9 um particles represents the point at which parti-
cle aggregation inside the constriction was observed. The particle stream width of this point is obtained from the superim-
posed images prior to the occurrence of particle aggregation.
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various DC electric fields. The superimposed particle images are presented in Fig. 5. The exper-
imentally measured stream widths of these particles at different electric fields are presented in
Fig. 6 along with the ones for 9.9 um particles (see also Fig. 1(b)). The general trend that the
electrokinetic focusing deteriorates with the increase of electric field persists for the two smaller
particles. The extent of variation in the focused particle stream width with electric field, how-
ever, turns out to be dependent on particle size. At low electric fields (e.g., 100 V/cm), larger
particles achieve, as expected, a better focusing than smaller ones because the former experi-
ence a stronger DEP while viscoelastic effects are still relatively weak. At high electric fields
(e.g., 300 V/cm), the relationship among the three focused particle stream widths becomes com-
plicated, as seen from Fig. 6. This is likely because viscoelastic effects are a complex function
of both electric field and particle size, which requires further studies. In addition, similar for-
ward and backward motions of particle clusters (see Fig. 2) are also observed within the con-
striction for both 3.1 um and 4.8 um particles but under an increased electric field of around
500 V/em.

IV. CONCLUSIONS

We have experimentally studied the electrokinetic particle focusing in viscoelastic PEO
solutions through a 10:1 ratio microchannel constriction. Particles are found to be less focused
with the increase of the applied DC electric field, which is different from the focusing trend in
Newtonian fluids. Also, particle aggregations are formed first inside the constriction at high
electric fields while the purely dielectrophoretic trapping of particles in Newtonian fluids only
occurs at the entrance of the constriction. More surprisingly, the particle aggregation can either
move forward and be ejected from the constriction in an explosive manner, or roll back and
grow bigger in size at the constriction entrance with more particles getting trapped. All these
interesting phenomena are owed to the fluid viscoelasticity effects that are speculated to be a
stronger function of electric field than DEP. The exact mechanisms underlying these phenom-
ena deserve intensive future studies. We have also examined the effects of PEO concentration
and particle size on the electrokinetic particle focusing behavior in the constricted microchan-
nel. The viscoelastic perturbations to particle focusing and trapping are found to increase with
the PEO concentration for larger particles. Since the observed particle focusing in all tested
PEO solutions is worse than in the Newtonian fluid, we conclude that constriction-induced DEP
is not a good option for electrokinetic focusing of particles suspended in non-Newtonian fluids.
However, the demonstrated particle oscillation®” and aggregation under relative low electric
fields may find applications in bead-based assays.®*®>
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