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61

62
63
64
65
66
67
68
69
70
71
79 cell damage was observed in some experiments once the cells had sedimented. Cell

73

74 damage depends on both the residence time of the cells in the pellet and on the g-force
75

76 applied. 2D CFD simulations were carried out to simulate and predict microalgal cell
77

78 settling times, and a dimensionless number was used to obtain an operating window
79

2(1) (combinations of g-force and centrifugation time) for optimal centrifugation of the
82
83
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85
86
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Abstract

A study has been conducted to assess clarification efficiency and cell damage during
centrifugation, and to optimize this operation for the dinoflagellate microalga

Amphidinium carterae. Although cells were easily recovered from the cell suspension,

microalga. The approach used in this study can be extrapolated to other cells and other

centrifuges.

number
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1. Introduction

Microalgae have been traditionally used as food for larval and juvenile animals in
aquaculture [1]. However, nowadays, they are also attracting enormous interest due to
their vast potential in a large variety of other applications, for example in wastewater
treatment and sequestration of atmospheric CO, [2], production of biofuels (mainly
biodiesel) as promising alternatives to fossil fuels in terms of economic, renewability,
and environmental concerns [3], and production of numerous high-value compounds,
including polyunsaturated fatty acids, antioxidants, vitamins, and antimicrobial and

anticancer drugs [4].

Marine dinoflagellates are an intriguing class of microalgae (class Dinophyceae) that
are known to produce a range of fascinating bioactive compounds [5-6]. For example,
the dinoflagellate Amphidinium carterae produces an interesting group of polyketide
metabolites, namely amphidinolides and amphidinolds (both referred to henceforth as
APDs), which elicit potent anticancer, antifungal and haemolytic activities and are
therefore potentially useful in studies of drug design [7]. As such, the demand for
increasing quantities of APDs, as well as other dinoflagellate-derived bioactive
compounds, is increasing [6]. However, the only source of APDs is currently APD-
producing microalgae, and supply constraints are a major obstacle to the successful
research, development, and marketing of these compounds [5-6, §]. In recent studies,
the feasibility of producing bioactive substances from pilot-plant cultures of the
dinoflagellates A. carterae and Karlodinium veneficum using simple and scalable

processes has been assessed [9-13].

Despite the huge potential of microalgae in general, and dinoflagellates in particular, in

a wide range of applications, microalgal-based production systems for high-value
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179

180
181
182
183
184
185 genetically modified strains [14], the use of wastewater as a culture medium to reduce

186

187 both the freshwater requirement and production costs [3, 15], and the implementation of
188

189 biorefinery-based production strategies, taking advantage of every component of the

190

191 microalgal biomass to obtain useable products in order to lower overall production costs
192

123 [16, 17]. However, despite the progress made in microalgal cultivation systems, the

194
195
196
197
198
199
200
201
202 volumes of algal suspensions need to be handled in downstream processing.
203
204
205
206
207 estimated to account for up to 30% of the total cost of microalgae production [18]. As

208

209 such, the implementation of energy-efficient and cost-effective technologies and

210

211 protocols for effective separation and recovery is imperative [19]. Microalgal harvesting
212

213 relies on reducing the water content of the microalgal suspension as much as possible.
214

215 Moreover, an ideal separation process should be applicable to most strains of

216
217
218
219
220
221
222
223 . ) . . ..
224 centrifugation. Although it is generally accepted that there is currently no definitive and

225

226 highly efficient harvesting method that can be used with all microalgal strains, it is
227

228 widely accepted that centrifugation is the fastest method, is applicable to the vast
229

230 majority of microalgae and, in many cases, can be used as a one-step separation process
231

232 [18, 20].

233

234

235 4

236

bioactives are not yet economically viable. Different upstream strategies to improve the

economics of these processes have been discussed extensively, including the use of

final concentration of biomass when grown phototrophically is very low (less than 1 gL-
! for open ponds and about 5 gL-! for closed systems), with small cell sizes (5-30 um)

and cell densities close to that of water (average ~ 1020 kg m3) [16]. As such, large

Harvesting of the biomass from the broth is considered a critical step and has been

microalgae, provide a product biomass with a high dry weight, and require reduced
energy, operating and maintenance costs. Amongst others, the processes commonly

used to harvest microalgae include screening, flocculation, sedimentation, filtration, and
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238

239
240
241
242
243
oa4 of centrifugation are high, evidence that high shear rates and centrifugal forces can

245

246 potentially result in cell damage [13, 21], and operating costs [20], frequently offset its
247

248 merits for large-scale algal separation.

249

250

251 Centrifuges are normally adjusted to maximize recovery efficiency. However, recovery
252

253 efficiency depends on the settling characteristics of the cell, centrifuge design, and the
254

255 centrifugation protocol (settling depth, retention time, and centrifugal force). As such,
256

;2; the highest recovery efficiency may not coincide with cost-effective and damage-free
259
260
261
;2; Herein we introduce an approach based on a dimensionless number to develop cell
264
265
266
267
268
269
270
271 sensitive cell (Spodoptera exigua). Our findings corroborate that the approach presented
272

273 in this work may be useful for developing reliable centrifugation protocols, thereby

274

275 avoiding cell damage.

276

277

278

279

280

281 2. Materials and Methods

282

283 . ,

284 2.1. The microalga and maintenance

285

;23 Monocultures of the marine dinoflagellate microalga A. carterae (strain Dn241EHU)
288
289
290
291
292
293
294 5
295

Centrifugation is routinely used for research and small-scale operations, and for the

recovery of high-value metabolites. Nonetheless, although the reliability and efficiency

algal cell harvesting.

damage free centrifugation protocols for shear-sensitive microalgae. The model
microalga used was 4. carterae and the procedure was corroborated using literature data

for a microalga lacking a cell wall (Dunaliella salina) and for an extremely shear-

were used. The strain was provided by the Culture Collection of the Plant Biology and

Ecology Department at UPV (Spain). 4. carterae inocula were grown in flasks at 21 £ 1
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297

298
299
300
301
302
303 molar ratio of 24 [22, 23] was used for inoculum maintenance.
304

305

306

307

308 2.2. Centrifugation assays

309
310
311
312
313
314
315 elsewhere [24]. Briefly, the culture medium was a modification of /2 with an N:P

316

317 molar ratio of 5 [13], and the culture temperature was maintained at 2141 °C under a
318

319 12:12 h light—dark cycle irradiance at the surface (600 uE m-2 s!). Cultures were

320

321 sparged continuously with filtered air at a flow rate of 0.5 vvmin, and the pH was

322

323 maintained at 8.5 by automatic on-demand injection of pure carbon dioxide.

324

325 . . . . eqe

326 Microalgal cultures at a cell concentration of 4.0 x 106 cells mL-! and with a viability of
327

328 more than 98% were used in all experiments. Cell concentration and viability were

329

330 quantified by flow cytometry, as described elsewhere [11]. Five measurements per

331

332 sample were performed and the average value was used. The mean cell equivalent

333
334
335
336
337
338
339
340
341 Cultures were deposited in 50 mL Falcon tubes and centrifuged in a benchtop centrifuge
342

343 (Beckman Coulter, model Allegra 25R) using a rotor (swing-out head) with a maximum
344

222 radius of 13.7 cm (max RCF = 15300xg). The height of the suspension (4.) was 10.4 cm
347
348
349
350
351
352
353 6
354

°C under a 12:12 h light—dark cycle. The irradiance at the surface of the culture flasks

(60 uE m2 s1) was provided by four 58 W fluorescent lamps. f/2 medium with an N:P

Cultures for centrifugation experiments were obtained by inoculating cells in

exponential growth phase in a 10-liter bubble column photobioreactor, as described

diameter was 12.39+0.78 um (n=105). Since A. carterae cells have an ellipsoidal shape
[25], the equivalent diameter was used to calculate the longest (L = 22 pm),

intermediate (/ = 12 um), and shortest (S = 7 um) lengths of the cells.

throughout the experimental work; g-forces (g.) of up to 13500xg, and centrifugation

times (¢.) of up to 35 min were used. After centrifugation, the supernatant was removed
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356

357
358
359
360
361
362 chlorophyll as a marker for cell rupture. The relationship between broken cell and

363

364 chlorophyll concentration was obtained as follows: A volume of 100 mL of cell

365

366 suspension was sonicated on ice using an ultrasonic probe-type device (Hielscher

367

368 Ultrasonics, model UP200S) with the following settings: 0.5 pulse cycle, 80%

369

370 amplitude. The extent of cell rupture was checked by light microscopy. All cells were
371
372
373
374
375
376
377
378 . .
379 96-well microplate (Corning, ref 3603) to prevent well-to-well crosstalk, and the

222 fluorescence of chlorophylls was measured using a monochromator-based microplate
g:é reader (BioTek, model Synergy Mx). The excitation wavelength was 480 nm and

ggg emission wavelengths were between 500 and 700 nm. The area below the emission

22; curve between 640 and 800 nm was related to broken cells, as shown in Fig. 1.

223 The cell density was measured by density gradient centrifugation in Percoll according to
gg; the method described by Whitelam et al. [26]. A value of 1200 g mL-! was obtained.

ggj The bulk density of the culture medium was measured using a pycnometer and found to
395

396 be 1037 g mL-!. The viscosity of suspensions was measured using a viscometer
397

ggg (Brookfield, model DV-II+Pro) and found to be 1180 x 10-° Pa s. No significant
400
401
402
403 The efficiency of the centrifugation process (7.) was defined as

404

405

406 N, (1)
407 N
408

409 where N, and N; are the total number of cells in the pellet and in suspension prior to
410

411

412 7

413

and the cell pellet was re-suspended in fresh medium. Cell concentration was measured

using a hemocytometer under a light microscope, and cell viability was estimated using

broken after 6 minutes. After sonication, the samples were centrifuged (3000%g, 8 min)
to remove cell debris, and serial dilutions were prepared using the culture medium as

diluent. Volumes of 200 pL of solution were placed in a black, clear-well, flat-bottomed

changes in these parameters were observed for the different cultures.
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415

416
417
418
419
420
421
422
423
424
425
426
427
428
429
430

431 0 2.0x105 4.0x105 6.0x10° 8.0x10° 108 1.2x108

432 Area640-800 nm
433

434

435 Fig. 1. Relationship between broken A4. carterae cell concentration and the area below
436

437 the chlorophyll emission curve between 640 and 800 nm, after excitation at 480 nm.
438

439 The equation allows the estimation of cell viability after centrifugation experiments.
440

jjé The experimental data are represented as the average for duplicate experiments +
443
444
445
446
447
448
449
450

451 Cell-sedimentation times for each centrifugation experiment were simulated using the
452

453 CFD software Fluent® v19.2 (Ansys, Canonsburg, PA, USA). As the tube is axis-
454
455
456
457
458
459 . Cq1e g .
460 represent the granular phase, was used to describe the solid-liquid interactions. The

461
462 initial cell volume fraction in the suspension was 0.00458, as calculated from the cell

463

464 diameter and the cell concentration in suspension. No energy balance was imposed, as
465

466 isothermal conditions were assumed. The reference for pressure was at the top of the
467

468 suspension. Boundary conditions included non-slip conditions at the walls. The schemes
469

470

471 8

472

treatment, respectively. All experiments were carried out in duplicate.

4x108

3x106 4

2x106 1

Broken cells (cell mL™")

-

(=}
>
1

™

Broken cells = 2.9965 x Areag,, 550nm
¥ =0.9954

standard deviation.

2.3. CFD simulations

symmetrical, it was simulated in 2D using a structured grid with an optimum size of 0.2

mm. Laminar flow was assumed and a two-phase Eulerian model, in which the cells
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474

475
476
477
478
479
480 with implicit formulation was chosen for pressure-velocity coupling. All simulations in

481

482 the present study were performed in transient mode using a time step of 0.0005 s. The
483

484 convergence criteria were checked at every time-step and residuals for all the variables
485

486 were fixed at 10. An HP Z840 Workstation with two Intel® Xeon E5-2670 v3

487

488 processors running at 2.3 GHz with 128.0 GB RAM and 3 TBx2 hard disks was used
489
490
491
492
493
494
495
496 3. Results and Discussion
497

498

499 3.1. The approach

500
501
502
503 : : : . : . :
504 output of discontinuous centrifugation, the performance of a centrifugation operation for

505

506 harvesting microalgae and other cells or microorganisms is usually expressed in

507

508 qualitative terms [28], and a wide variety of centrifugation protocols, with different
509

510 suspension heights, times, and centrifugal forces, are used for no specific reason [29].
511

512 Indeed, they are frequently selected arbitrarily as the same separation can be achieved
513
514
515
516
517
518
519
520
501 mainly related to hydrodynamic shear forces associated with the velocity gradients,

522

523 relative cell-fluid movement during settlement, and the compressive centrifugal forces
524

525 to which cells are submitted in the pellet. As such, the time that cells remain in the
526

527 pellet, and the g-force applied, are critical parameters determining cell survival in

528

529

530 9

531

used for spatial discretization were second -order upwind for momentum, Green-Gauss

Node Based for gradient and Modified HRIC for volume fraction. The SIMPLE scheme

for the simulations [27].

Despite the critical relevance of the operating parameters (mainly 4., f., and g.) on the

with different combinations of parameters. However, it is widely accepted that the
conditions required to achieve complete cell separation can potentially damage cells,

particularly in the case of shear-sensitive cells. The origin of this cell damage has been



Accepted manuscript. https://doi.org/10.1016/j.algal.2019.101677
© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license

532 https://creativecommons.org/licenses/by-nc-nd/4.0/(opens in new tab/window)
533

534
535
536
537
538
539 shown that long periods of time in the pellet may also result in severe cell deterioration

540

541 or even death due to the exhaustion of essential nutrients [32].

542

543 . . . . . .
544 Despite all the efforts made in the past, quantification of the impact of varying

545

546 centrifugation parameters on the performance of centrifugation, especially when fragile
547

548 biological materials are used, is currently not possible [31, 33]. Nonetheless, a

549

550 quantitative approach can provide a deeper insight into centrifugation performance and
551

gg; the effect on cells. This work uses a new approach to study the influence of

554
555
556
557
558
559
560
561 window” for a specific cell in a particular centrifuge, as discussed below. This approach

562

563 uses a dimensionless number, namely the centrifugation number (Ce), which is
564

565 equivalent to a dimensionless time, to represent the intensity of the treatment. It is
566

567 defined as:

568

569

570 te ()
571 Ce=—
572
573
574
575
576 acceleration and deceleration of the rotor is neglected, #. represents the time that the

577

578 cells are subjected to centrifugal forces. ¢ is the time needed to sediment all the cells. .
579

580 is an operating variable and #; can easily be determined from experimental data. If no
581

582 experimental ¢, values are available, a theoretical value of ¢, can be estimated from 4,
583

584 and the settling velocity.

585

586

587

588

589 10

590

centrifugation processes. Indeed, the longer the cells remain in the pellet, the longer the

compressive forces act, eventually producing cell damage [30, 31]. It has also been

centrifugation parameters on separation efficiency capacity and cell damage. This
approach allows the operating conditions for complete separation and operating

conditions that lead to cell damage to be determined, thus providing an “operating

where ¢, is the centrifugation time and ¢ is the sedimentation time. If the time taken for
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592

593
594
595
596
597

233 2 g(ps - p)m (3)
600 v ApsCpp

601
602
603
604
605
606 ) ) ) ) ) .. )
607 particle, 4 is the projected area of the particle (the area obtained projecting the particle

608

609 on a plane perpendicular to the line of flow), and Cp, is the drag coefficient. In a
610

611 centrifuge, the corresponding terminal velocity is:

612
613
614 szr(ps - p)ms 2 gc(ps - p)ms (4)

615 Ve = =

ole ‘ ApsCpp ApsCpp

617

618 where w is the angular velocity, 7 is the radius of the centrifuge, and g, is the g-force,
619

620 the force developed in a centrifuge relative to the force of gravity. For spherical

621

622 particles, equation (4) can be written as:

623

624

625 4gc(ps - p)Ds (5)
626 Vo= |
627 N 30

628

629 where D is the diameter of the particle. The drag coefficient for spherical particles is a
630

631 function of the particle Reynolds number Re, and in laminar flow can be written as [34]:
632

633

634 oo 24 3 24 (6)

635 D™ Re  Dw.p

636
637 K

638

639 where u is the viscosity of the liquid. Substituting this into equation (5) gives the
640

641 following equation:

642

643

644

645

646

647

648 11

649

According to the theory of particle movement through a fluid, the terminal settling

velocity of a small particle in dilute suspension under gravity is given by [34]:

where v is the sedimentation velocity under gravity, g is the gravitational acceleration,

ps 1s the density of the particle, p is the density of the fluid, m; is the mass of the
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651

652

654 Ve = VUstokes = T

655

656 known as Stokes’ law.

657

658

659 Hence, for spherical particles in dilute solutions, if no experimental # values are

660

661 available, the theoretical #; can be estimated from /. and Stokes’ settling velocity as:
662

663

664 h. 18uh, (8)

665 ts = =

666 Ustokes  gcD3(ps - p)

667

668 Substituting Eq. (8) into Eq. (2) gives the following expression for Ce:
669

670
671 te  gcle 9)

Ce=—=a
672 ts h¢

673

674

675

676

o1t Di(ps-p) (10)

678 ="

679 18u

680

681

682

683

684 For non-spherical particles, general equation (4) can be used to estimate sedimentation

685

686 velocity. Numerous correlations can be found in the literature to estimate Cp, for

687

688 different particles, with one of the most recent correlations for estimating the average

689

230 drag coefficient of freely falling solid non-spherical particles in liquids or gases being
1

692

693

694

695 Cp 24k

696 — =

697 kN RekN

698

699

700

701

702

703

704

705

706

707 12

708

where a is a constant for a particular cell-fluid system given by:

proposed by Bagheri and Bonadonna [36], modifying Eq. (6):

N 0.46 (11)
1+ 5330/(RekN/k5)

(1+0125 (RekN/kS)Z/g)

where

ks=(F'¢ +F~§3)/2=1.101
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;1; ky = 10‘1’2[— log(Fy)]B2_ 0.936

713

714

715 ay = 0.45 + 10/exp(2.5 logp” + 30)=0.45

716

717

718 B2=1-37/exp(3 logp” + 100)= 1

719

720

721 and

722

723

724 Fg=fel?3=0.263

725

726

727 Fy=f%e=0.191

728

729

730 where e is the elongation (//L) and £ the fatness (S/]). L, I, and S are the longest, the

731

732 intermediate, and the shortest length of the particle, respectively; and p " is the particle-
733

734 to-fluid density ratio. Eq. (11) is based on dimensional analysis, by normalizing the drag
735
736
737
738
739
740
741
742
743
744
745
746
747 _ . T .. .
748 although the prediction of sedimentation times under these conditions remains

749

750 complicated. In this scenario, CFD can also be successfully used to predict

751

752 sedimentation times. Thus, in this work, the Bagheri and Bonadonna equation [36] was
753

754 incorporated into a user-defined function to modify the drag force in Fluent to estimate
755

756 the theoretical ¢,.

757

758

759 As pointed out above, the dimensionless number used in this approach, Ce, represents
760

761 the intensity or magnitude of the centrifugation treatment. If Ce = 1, we have an “ideal
762
763
764
765
766 13
767

coefficient and particle Reynolds number, and has been shown to be valid for any

particle shape and any normalized Reynolds number [36].

A high particle concentration negatively affects particle settling velocity in a
suspension, and different models have been proposed over the past 100 years or so to

predict the settling velocity for different particles in concentrated suspensions [37],

treatment” where 7. equals ¢, all the cells are separated and the mean time that cells
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769

770
771
772
773
774
775 the cells are separated, but the time that the cells remain in the pellet is > 0 and, if the

776

777 process lasts too long, it will potentially be deleterious for cells at some point. This

778

779 approach provides an “operating window” for optimal centrifugation of a particular cell-
780

781 centrifuge system, as discussed below for three different cells in three different

782

783 centrifuges.

784

785

786

787

788

789 3.2. Application to Amphidinium carterae cells

790

791

792 The clarification efficiency for representative g-forces up to 2000xg used in this work is
793

794 shown in Fig. 2. As can be seen, the longest time needed to recover all the cells (15

795

796 min) was obtained for the lowest g. (100xg). As g, increased, the time needed for
797

;gg complete cell separation decreased, reaching roughly 1 min at 2000xg.
800

801

802 110
803 100 -
804 90 -
805 80 1
806 70 -
807
808
809 40 -
810 30 A
811 20 1
812 10
813 0
814

815 t. (min)

816

817 Fig. 2. Centrifugation of 4. carterae cells. Influence of centrifugation time (z.) on the
818

819 clarification efficiency (7.) for different centrifugation forces (g.). For clarity, only
820

2;; experiments up to 2000xg are shown. The experimental data are represented as the
823

824

825 14

826

remain in the pellet approaches 0. If Ce < 1, we have a “deficiency of treatment” and

not all the cells sediment. If Ce is > 1, we have an “excess of treatment”. In this case, all

7. (%)

100xg
200xg
300xg
500xg
1000xg
2000xg

*4D>ODOO

/4_

0123 456 7 8 9101112131415 35
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828

829
830
831
832
833
834
835
836
837
838 o
839 shown in Fig. 3.
840

841
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858 Fig. 3. Influence of g. on sedimentation time (z;) of 4. carterae cells. Experimental
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860 times are derived graphically from Fig. 2. Theoretical values of ¢, predicted using Eq.
861

862 (8), Eq. (4), and CFD are also shown.

863

864

865

866 . . . . .

867 The values obtained for ¢ using equation (8) and (4) are also shown in Fig. 3. As stated
868

869 above, the application of Stokes’ equation implies several assumptions for the behavior
870

871 of the cells, with the most relevant being: spherical particles, laminar flow, and the

872

873 particles do not interfere with each other during the settling process. As can be seen
874
875
876
877
878
879
880
881 .. . . . . . .
882 not shown), this significant discrepancy between the sedimentation times obtained using
883

884 15

885

average for duplicate experiments + standard deviation.

The experimental #; values derived graphically from the data presented in Fig. 2, as the

time needed to reach a separation efficiency of 100% for the different g. values, are

Experimental
Equation (8)
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CFD
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from Fig. 3, Stokes’ equation greatly underestimates sedimentation times and therefore
should not be used to describe sedimentation of 4. carterae cells. Since the calculated

Re number reveals that the flow remained in the laminar region for all experiments (data
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891
892
893 in ventral view and dorso-ventrally flattened, with two flagella, or to the interference of

894

895 cells with each other during the settling process.

896

897 . . .

898 The morphology of the cells undoubtedly negatively affects sedimentation. As such, to

899

900 take cell shape into account, the general equation for terminal velocity (Eq. (4)) with Cp
901

902 obtained from Eq. (11) was also used to predict settling velocities. It is clear that

903

904 although Eq. (4) improves the prediction of Stokes’ equation, predicted #; values are still
905

382 about 50% lower than experimental times (see Fig. 3). In this scenario, CFD was also
908
909
910
911
912
913
914
915
916
917
918
919
920 a solid and useful tool for predicting sedimentation times for single-cell suspensions in

921

922 discontinuous centrifugation without the need for experimentation. As such, CFD was
923

924 also used to predict #; for g-forces over 2000xg because settling times over this g-force
925

926 were below the minimum working time of the centrifuge (1 minute).

927

928

929 Fig. 4a shows the separation efficiency (7.) and percentage of viable cells (V) versus
930

931 Ce for all experiments. It can be seen from this figure that, for Ce < 1, 7. increases
932

32431 linearly to reach its highest value (100%) at a Ce value of 1. For higher Ce values up to
935
936
937
938
939
940
941
942
943 16
944

Stokes’ equation and the experimental values may be due to the morphology of the 4.

carterae cell, which presents the typical shape of the Amphidinium genus, namely oval

used to predict #,. Thus, the Bagheri and Bonadonna equation [36] was incorporated into

a user-defined function to modify the drag force in Fluent.

As can be seen in Fig. 3, CFD provided ¢, values very close to the experimental ones.
The minor discrepancies observed are probably due to the lack of precision in the

graphical determination of experimental #, [31]. These results support the use of CFD as

80, 57 remains constant, subsequently decreasing sharply due to cell rupture for Ce > 80.
V., in turn, is close to 100% up to a Ce value of 80, whereas for Ce > 80, V. also

decreases sharply due to cell rupture in a similar manner to #.. In this scenario, a Ce
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value of 80 is the “critical Ce” and represents the maximum magnitude of treatment that

A. carterae cells can withstand in this centrifuge.

17
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1039 Fig. 4. Separation efficiency (7.) and cell viability (V,) for different centrifugation
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1041 numbers (Ce) (a), and operating window (b), for A. carterae cells centrifugation. Ce =
1042

1043 1 is the Ce value for complete cell separation and Ce = 80 is the “critical Ce”, the Ce
1044

1045 value above which cell integrity is compromised. The separation efficiency and cell
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059 window will give complete cell separation with no cell damage. For combinations
1060

1061 18
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viability data are represented as the average for duplicate experiments + standard

deviation. See text for further details.

These data can be rearranged as shown in Fig. 4b, which shows the operating window

(values of 7. and g.) for this cell. All combinations of 7. and g, inside the operating



Accepted manuscript. https://doi.org/10.1016/j.algal.2019.101677
© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license

1063 https://creativecommons.org/licenses/by-nc-nd/4.0/(opens in new tab/window)
1064
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1067
1068
1069
1070
1071
1072
1073
1074
1075 (points A to G). In experiment A (400xg, 1 min) a 7. of 90% was obtained, with a V. of

1076

1077 99%. This experiment represents a deficient treatment and clearly lies outside the
1078

1079 operating window. In experiments B (2000xg, 1 min) and C (2000xg, 5 min), a 7. of
1080

1081 100% with a V. of 98% and 99%, respectively, was obtained. These two points are
1082

18:2 clearly inside the operating window and represent optimal centrifugation conditions.
1085
1086
1087
1088
1089
1090
1091
1092 at 12,000xg. Thus, in experiments E (12000xg, 1 min) and F (12000xg, 5 min), a %, of

1093

1094 100% was obtained, with a V. of 99% in both cases, whereas in experiment G

1095

1096 (12,000%g, 120 min) both 7. and V., decreased to 60%.

1097

1098

1099 As noted in section 2.2, the height of the suspension in the centrifuge tubes was 10.4 cm
1100

1101 in all experiments carried out in this work. According to Eq. (9), if the height of the
1102

1103 suspension changes, g. or #., or both, have to change in order to keep Ce constant. This
1104

ﬁgg implies that a change in the height of the suspension would produce a displacement of
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120 19
1121

below the line representing Ce = 1, the treatment will be deficient and not all cells will

be separated. For combinations over the line of Ce = 80, cells will be damaged.

To corroborate the applicability of this approach, a new set of experiments was carried

out under different centrifugation conditions. These experiments are shown in Fig. 4b

However, in experiment D (2000%g, 120 min) #. and V. decreased to 90% due to cell
rupture. This experiment represents an excessive treatment and is clearly outside the

limits of the operating window. Similar results were obtained in experiments carried out

the operating window to higher or lower values of g, #., or both, while keeping the

width of the operating window constant.

To corroborate the applicability of the Ce number approach discussed above to different

cell-centrifuge systems, it was applied to centrifugation data from the literature for a
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1123

1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135 Recently, Xu et al. [21] used mechanistic calculations to explore the potential cell
1136
1137
1138
1139
1140
1141
1142
1143
1144 authors assumed a spherical shape with a diameter of 10 um for Dunaliella cells and

1145

1146 that Stokes’ law (Eq. 7) was applicable. Calculations included hydrodynamic stress due
1147

1148 to turbulence, viscous drag, hydrostatic pressure exerted on cells at the bottom of the
1149

1150 centrifuge tube, the pressure acting on the cells due to their own mass and the

1151

1152 centrifugal force, and the pressure of the cells in the pellet acting on the cells at the
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166 a lack of geometrical data for the centrifuge rotor and centrifuge tube, and the absence

1167

1168 of experimental values for #. Fig. 5a shows that, with those assumptions, the Ce used in
1169

1170 these experiments were thousands of times higher than that needed for complete

1171

1172 separation of Dunaliella cells (Ce = 1). Indeed, cell rupture, with a sharp decline in V.,
1173

1174 was observed for Ce values over 5600. This provides a very large operating window, as
1175
1176
1177
1178
1179 20
1180

microalga lacking a cell wall (Dunaliella salina; [21]) and to the very shear-sensitive

Spodoptera exigua Se301 cell line [31].

3.3. Application to Dunaliella salina cells

damage that may result due to different forces acting on Dunaliella salina cells during
centrifugation in a benchtop microcentrifuge (Eppendorf, model 5415R) using a fixed-

angle rotor at different g-forces (from 1000 to 15,000%g) for a fixed time (10 min). The

bottom of the pellet. They concluded that D. salina cell rupture observed for g-forces
over 5000xg was due to the hydrostatic pressure, with the other forces being

considerably lower than those estimated to be required for cell rupture [21].

To apply the Ce number approach to these experiments, the same assumptions

(spherical cells and Stokes’ law applicable) were applied. CFD could not be used due to

seen in Fig. 5b. According to the authors, in the experiment carried out at 3000xg,
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100% cell separation, with a V. of 100%, was obtained. It can be seen from Fig. 5b that
these centrifugation conditions (3000xg, 10 min) are inside the operating window (point
A). The authors point out that the number of intact cells present in the pellet decreased
upon increasing g. above 5000xg. These results are clearly corroborated in Fig 5b,
which shows that g. = 5000xg and 7. = 10 min are in the limit of the operating window
(point B), and that increasing g. over 5000xg is expected to result in an increasing
number of cells being damaged, as observed by the authors in experiments at g. =
9000xg, where V. for the pellet decreased to 60%. As can be seen from Fig 5b, the

combination 9000xg and 10 min clearly lies outside the operating window (point C).
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Fig. 5. Separation efficiency (7.) and cell viability (V,) for different centrifugation

numbers (Ce) (a), and operating window (b), for centrifugation of D. salina cells. Ce =
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1241

1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257 variable, to predict cell damage. Experiments were carried out using 15 mL Falcon

1258

1259 tubes (2.2 cm suspension height) in a benchtop centrifuge (Sigma, model 4-15C) using a
1260

1261 swing-out rotor with a maximum radius of 18.2 cm at g-forces ranging from 20 to

1262

1263 4000xg for different times of up to 45 min. The authors assumed a spherical shape with
1264

1265 a diameter of 18 um for S. exigua and Stokes’ law and CFD were used to estimate #, and
1266
1267
1268
1269
1270
1271
1272
1273 : - .
1274 provided ¢ values similar to the experimental ones. The authors also used CFD to

1275

1276 determine the shear stress magnitude in a conical centrifugation tube, with the highest
1277

1278 shear stress value (7.4 x 10-! Pa) being obtained at the wall at the bottom of the tube.
1279

1280 This value was well below the breaking shear stress value (233 Pa) previously found for
1281

1282 S. exigua cells in a microfluid flow-concentration device [27]. These results clearly
1283
1284
1285
1286
1287
1288
1289
1290 . . . .. . .
1291 with high centrifugal forces. They were also able to distinguish between mechanical cell

1292
1293 damage at high g-forces and cell damage due to oxygen depletion in the pellet at longer

1294

1295 times [31]. These findings were in accordance with those previously reported by
1296

1297 22

1298

1 is the Ce value for complete cell separation and Ce = 5600 is the “critical Ce”, the Ce

value above which cell integrity is compromised. See text for further details.

3.4. Application to Spodoptera exigua cells

In a recent study, Molina-Miras et al. [31] studied the effect of centrifugation on the

Spodoptera exigua Se301 cell line, using the “Excess of Treatment”, an intensive

make a comparison with experimental values. The results for S. exigua (see Fig. 6) were
similar to those found for 4. carterae (Fig. 3). Although the deviation from Stokes’

equation is less than with A. carterae, this equation underestimated ¢, whereas CFD

show that, under the conditions used in that study, S. exigua cells were not damaged by
the velocity gradient present in the settling process. These authors concluded that cell

damage correlated with long residence times in the pellet at the bottom of the tube, and
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1325 Fig. 6. Influence of g. on sedimentation time (¢;) for S. exigua cells. Experimental times

1326

1327 are taken from reference [31]. Theoretical values of ¢ predicted with Eq. (8) and CFD
1328

1329 are also shown.

1330

1331

1332

1333

1334 Application of the Ce approach to data for S. exigua cells is shown in Fig. 7. Fig. 7a
1335

1336 shows that 7, increases with Ce to 100% at a Ce value of 1, remaining constant for
1337

1338 higher values of Ce. Severe cell damage, with a marked decrease in V., was observed
1339
1340
1341
1342
1343
1344
1345
1346
1347 that the cells were in the pellet was < 0, with a V. of 98%. This indicates a deficient

1348

1349 treatment, as can be seen in Fig. 7b (point A). Point B in Fig. 7b represents the

1350

1351 experiment at 400xg and 7. = 1 min. According to the authors, in this experiment all
1352

1353 cells were sedimented and the V. for the cells in the pellet was 98%. This experiment
1354

1355

1356 23

1357

Peterson et al. [29], who observed that compressive forces squeezed the cells against the

tube wall and defined a “Compaction Parameter” to determine the fraction of the pellet

25
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for Ce values higher than 3.5. This means that the operating window for this cell type is
very narrow, as can be seen from Fig. 7b and corroborated by the experimental data.

According to the authors, in the experiment carried out at 60xg and #. = 1 min, the time
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clearly falls within the operating window. However, when the g-force was increased to

1000xg with #. remaining constant (1 min), a decrease in cell viability in the pellet to

90% was observed. This experiment is clearly outside the operating window (point C).

A similar result was observed in the experiment at 400xg and ¢z, = 4 min (point D), with

a decrease in V. to 91% being observed. However, the most damaging conditions are

represented by point E (4000%g, 7. =16 min), with a decrease in V. to 60%. Clearly, the

selection of g, and . in this case is highly critical to obtain complete separation and

avoid cell damage.
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Fig. 7. Separation efficiency (#,.) and cell viability (V) for different centrifugation

numbers (Ce) (a), and operating window (b), for centrifugation of S. exigua cells. Ce =

1 is the Ce value for a complete cell separation and Ce = 3.5 is the “critical Ce”, the Ce
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1429 4. Conclusions

1430
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1433
1434 predict the settling time of a single-cell suspension in discontinuous centrifugation. In

1435

1436 addition, the centrifugation number (Ce) has been used to obtain an operating window
1437

1438 for Amphidinium carterae centrifugation in a discontinuous centrifuge. This approach
1439

1440 has been extrapolated to other cells in benchtop centrifuges and has been shown to
1441

1442 provide an efficient guide for selecting the combination of critical centrifugation
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