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A B S T R A C T

The purification of large biotherapeutic modalities such as viral coat proteins, plasmid DNA, mRNA, therapeutic 
viruses and vesicles is more challenging than the purification of smaller and more established products such as 
monoclonal antibodies. This is because these entities, due to their large size, have limited access to binding sites 
present in the pores of conventional resin-based chromatographic media. However, this transport limitation 
could potentially be exploited for their purification using size exclusion chromatography (SEC). Here, the 
strategy is to isolate these in the void fraction of an appropriate SEC column. However, challenges such as low 
capacity, low productivity and poor scalability typically associated with SEC would first need to be addressed. In 
this study, we propose an alternating flow-direction-based SEC technique as an approach for increasing the 
productivity of preparative SEC. The feed is introduced into the SEC device from opposite directions in an 
alternating manner. By doing so, the separation time could be significantly reduced. Proof of concept for this 
technique was obtained using a z2 cuboid SEC device, having a volume of 24 mL, and packed with Sephacryl S 
200 resin. The effect of alternating flow direction on the separation time was examined based on a case study for 
the purification SARS-CoV-2 delta spike protein from small molecular weight impurities present in cell-free 
supernatant. Compared to conventional unidirectional SEC, the time (or volume of mobile phase) required for 
purifying the spike protein could be reduced by about 42 %.

1. Introduction

In recent years, the focus in biopharmaceutical research has shifted 
towards new modalities that are significantly larger than established 
biotherapeutics such as monoclonal antibodies. The list includes viral 
coat protein antigens, plasmid DNA, mRNA, therapeutic viruses, extra
cellular vesicles and other gene therapy products, such as those based on 
lipid nanoparticles for targeted delivery [1–3]. Chromatography is 
considered the method of choice for the purification of established 
biotherapeutics and techniques such as affinity, ion exchange, hydro
phobic interaction, and mixed-mode chromatography are extensively 
used for the bioseparation of monoclonal antibodies [2,4]. However, it is 
important to note that the purification of some of the new modalities is 
significantly more challenging [5–7]. The large size of these products 
restricts their access to the binding sites in conventional porous chro
matographic resins and this results in low binding capacity and low 

speed of separation. However, this apparent limitation, i.e., the poor 
pore access of these entities could be turned into an advantage and 
utilized for their separation in the void fraction of size exclusion chro
matography (SEC) columns [8]. In this type of SEC-based separation of 
large entities (see Fig. 1), typical impurities present in the feed sample 
(that are smaller) gain access to the pores present in the resin particles, 
and thereby stay longer in the column. The large entities are excluded 
from the pores and thereby have significantly lower retention times, and 
are typically eluted in the void fraction, as shown in Fig. 1. SEC is widely 
used in the R&D setting due to its gentle separation conditions and 
mechanism, i.e., there is no binding involved. It is therefore likely to be 
better suited for the purification of large biotherapeutic modalities, 
some of which are quite fragile, and therefore very easily degraded 
during processing [9]. Also, SEC is operated in an isocratic mode; 
therefore it is better suited for the purification of complex bio
macromolecules and biomacromolecular complexes which cannot 
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withstand drastic changes in buffer composition [9].
Historically, SEC has mainly been used for analytical applications 

such as purity determination and as an orthogonal analytical method for 
comprehensive characterization of the macromolecules [10]. At a pre
parative scale, SEC is primarily used either for buffer exchange or for 
desalting, and to a lesser extent for protein fractionation [11]. When 
used for buffer exchange, the sample loading volume could be as high as 
15 to 30% of column volume (CV) but in regular protein fractionation, 
this is restricted to 2 to 6% of the CV [11,12]. There are several reports 
on the potential for using SEC for the purification of new biotherapeutic 
modalities. A single-step isolation method was developed for purifying 
extracellular vesicles from plasma using Sepharose CL-2B SEC column 
[13]. The isolation of minicircle DNA (mcDNA) from E coli cell lysate 
with 66.7% recovery and 98.1% purity using the Sephacryl S-1000 SF 
matrix has also been reported [14]. Similarly, SEC-based purification of 
filamentous bacteriophage using Sephacryl S-500 resin [15,16], influ
enza A virus using Sepharose 4 FF resin-packed column [17] and the 
purification of virus-like particles (VLPs) usingWorkBeadsTM40/10,000 
[18] have been reported. The use of SEC, coupled with reverse-phase 
chromatography for the separation of antibody-drug conjugates has 
also been reported [19]. However, there are several limitations with 
preparative SEC such as low scalability, low loading capacity and 
low-speed that need to be addressed before SEC could be efficiently used 
for process scale purification of the new biotherapeutic modalities [11,
12,20,21].

Attempts to address some of the limitations of SEC have been made 
using different approaches. Most of these are focused on proper selection 
and improvement of resin media and optimization of operating condi
tions [22,23]. In a recent paper, short bed-height cuboid packed-bed 
devices that are suitable for rapid, high-resolution SEC of proteins 
even at overload conditions have been proposed [24]. These short 
box-shaped resin-packed devices can be operated at higher flow rates 
than conventional cylindrical columns and these have also been shown 
to be scalable [24, 25]. Efficient flow distribution and collection from 
the resin-bed is achieved using primary and secondary channels located 
at the top and the bottom plates of the cuboid SEC device and this 
minimizes the extent of macroscale convective dispersion within the 
device. [24]. In a recent study, the purification of SARS CoV2 spike 
protein using such cuboid SEC devices has been reported [25]. The use 
of reciprocating flow in SEC has been proposed for the separation of 
macromolecules from small molecules [21,26,27]. In this technique, a 
feed solution containing of a mixture of a macromolecule and a small 
molecule is introduced into an SEC column. As soon as the separated 
macromolecule is completely eluted at the column outlet, the flow is 
reversed to push the small molecule back toward the column inlet. Once, 
the small molecule is completely removed from the inlet side, the col
umn is ready for the next separation cycle. In this reciprocating SEC 

technique, the separated macromolecule was collected in a tank con
nected to the column outlet, while the small molecule was returned to 
the original feed tank. By doing so, the content of the feed tank was 
enriched in terms of the small molecule while the macromolecule was 
enriched in the tank connected to the column outlet. A comparative 
study of reciprocating SEC and regular SEC with repeated separation 
cycles showed that the recovery rate of the macromolecule was higher 
with the former, while the recovery rate for the small molecule was 
higher with the latter [26]. This technique also resulted in less buffer 
usage [27]. Several studies have reported the use of flow reversal in 
columns using external valves for different applications [20,28–32]. For 
instance, flow reversal has been used to characterize the packing quality 
of preparative and analytical chromatographic columns [20,31], to 
study band broadening [28], to identify resolution limits in separation 
[29], to increase peak sharpness [32], and to measure plate height in 
membrane chromatography [33]. As shown in Fig. 2, flow reversal could 
also be utilized in SEC to increase the speed of separation of large species 
that elute in the void volume and smaller impurities that have very high 
residence time. In conventional one directional SEC (as shown on the 
left), when the void volume fraction exit the column, the slowest moving 
low molecular weight impurities would still be located very close to the 
column inlet. Removing them from the column in the usual way in the 
forward direction would be quite time and buffer consuming. On the 
other hand, if the flow were reversed right after the elution of the void 
volume fraction (as shown on the right), the species remaining in the 
column would move back towards the column inlet at their respective 
characteristic speeds, and elute from the “inlet” end of the column as a 
sharp reconstituted peak. For a feed sample containing very slow mov
ing species, flow reversal would result in significantly faster separation 
than unidirectional separation.

While using SEC with sequential sample injection with flow reversal, 
one would have to wait until all the impurities have exited from the 
“inlet” end of the column prior to making the next sample injection. A 
more efficient way to use flow reversal in a sequential sample injection 
process would be to alternate the direction of sample injection along 
with flow reversal as shown in Fig. 3. In this paper, we propose this 
modified flow reversal based technique: alternating flow-direction size 
exclusion chromatography (or AFSEC) for speeding up the separation of 
large biotherapeutic modalities using SEC. As shown in Fig. 3, the flow 
direction is reversed as soon as the void volume fraction exits the col
umn. However, unlike in a normal flow reversal technique where the 
next sample injection is made from the same end after all the low mo
lecular weight species have been removed, each successive sample in
jection in the proposed AFSEC technique is made from the opposite end 
in relation to the previous sample injection (see Fig. 3). By using this 
approach, any successive sample injection (following the first injection) 
could be made while the impurities from the previous sample injection 
were still within the chromatography device. These successive sample 
injections would have to be made in such a way that there is a sufficient 
gap between each leading front of the biotherapeutic modality being 
separated and the impurities from the previous sample injection.

The proof-of-concept of the proposed AFSEC technique was 
demonstrated using a case study involving the purification of SARS-CoV- 
2 delta spike protein from typical impurities present in cell culture su
pernatant. The separation of the spike protein obtained with the AFSEC 
technique was systematically compared with that obtained with regular 
unidirectional SEC. The results obtained are discussed.

2. Materials and methods

2.1. Materials

Phosphate-buffered saline (pH 7.4), or PBS, was made using sodium 
phosphate dibasic (S0876), potassium chloride (P9541), potassium 
phosphate monobasic (P5655), and sodium chloride (S7653), which 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tricorn GL 

Fig. 1. Isolation of large species in the void volume fraction in size exclusion 
chromatography.
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10/300 chromatography column (10 mm diameter, 300 mm height, # 
71–5019–07-EG), Sephacryl S-200 HR (GE17058410), and Superdex 
200 (GE17104301) were purchased from GE Healthcare Bioscience 
(Uppsala, Sweden). All buffers and sample solutions were prepared 
using ultrapure water (18.2 MW cm) obtained from a NANOpure DIa
mond Ultrapure Water Purification System (Barnstead, Dubuque, IA, 
USA). All buffers were degassed and microfiltered using PVDF mem
brane (GVWP04700, 0.22 um pore size, Millipore Sigma, Burlington, 

MA, USA) just before the chromatography experiments. A four-port two- 
position manual valve (1/16*.75 mm, 75C/250 psi liq, PPS/E2) was 
purchased from VICI Valco Instruments, Houston, TX, USA. Recombi
nant spike protein containing clarified CHO cell culture supernatant 
(PRO7604; SmT1v3 B.1.617.2) was received from NRC, Montreal, QC, 
Canada. The spike protein is a trimeric protein having a molecular 
weight of 550 kDa (as estimated by MALS). The frozen cell culture su
pernatant was thawed just before the purification experiments and 

Fig. 2. The difference in separation profile obtained using normal size-exclusion chromatography and size-exclusion chromatography with flow reversal.

Fig. 3. The sequence of events and separation profiles in sequential sample injection-based regular size-exclusion chromatography and alternating flow-direction 
size-exclusion chromatography.
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filtered through a 0.45-micron pore-size microfiltration membrane.

2.2. Experimental setup

The regular SEC experiments were carried out using an AKTA Prime 
Plus liquid chromatography system (GE Healthcare Biosciences, Mon
treal, QC, Canada) in the usual way without any modification to the 
system. The AFSEC experiments were also carried out with the same 
AKTA system but with a four-way valve added to the flow path as shown 
in Fig. 4. The tubing from the AKTA system was connected to connection 
1 of the valve, while the tubing from connection 3 of the valve was 
connected to the detector. The tubing from connection 2 of the valve was 
connected to the “inlet” of the chromatography device, while the tubing 
from the “outlet” of the chromatography device was connected to 
connection 4 of the valve. In the AFSEC experiments, the ports of the 
chromatography device used as inlet and outlet were switched back and 
forth. In order to avoid any confusion, one of the ports was designated as 
port 1 and the other as port 2 (see Fig. 4). When the valve was in position 
A, the direction of flow within the chromatography device was from port 
1 to port 2, while in position B, the flow was in the opposite direction. A 
24 mL z2 cuboid SEC device [24] packed with Sephacryl S-200 HR was 
used for conducting the regular SEC and AFSEC experiments. This device 
was designed and fabricated in-house. Briefly, the columnar section of 
the device, which housed the resin bed, was flanked by the two flow 
distribution plates. Each of these plates was provided with primary and 
secondary channels for efficient flow distribution [24]. All components 
of the 24 mL z2 cuboid SEC device were printed with Photopolymer 
Resin Clear (FLGPCL04, Form labs, Somerville, MA, USA) using a Form 2 
3D printer (Form labs, Somerville, MA, USA). The device was packed 
with Sephacryl S-200 HR resin by a slurry packing method as discussed 
elsewhere [24]. The resin was retained within the device using hydro
philic MCE membrane (8.0 μm pore size) pieces, and the device was 
sealed using appropriate gaskets. Before carrying out regular SEC and 
AFSEC experiments, 20% ethanol in water was used to prime the 
channels, i.e., to remove air bubbles, followed by equilibration with the 
mobile phase (PBS).

2.3. Delta spike protein purification

In order to verify that the proposed AFSEC method did indeed speed 
up the SEC separation process, purification experiments were carried out 
with the 24 ml z2 cuboid SEC device packed with Sephacryl S-200 HR 
SEC media using recombinant spike protein containing clarified CHO 
cell culture supernatant (PRO7604; SmT1v3 B.1.617.2) that was pro
duced as previously described [34]. Degassed and filtered phosphate 
buffer saline pH 7.4 was used as the mobile phase, and these chroma
tography experiments were carried out at a flow rate of 2 mL/min. This 
flow rate was selected based on preliminary screening experiments. At 
first, single sample injection experiments were carried out with and 
without flow reversal to examine the impact of simple flow reversal on 
the speed of separation. The volume of sample injected in each case was 
5 mL. This sample volume was also selected by carrying out preliminary 
optimization experiments. In the flow reversal experiment, the sample 
was injected with the valve in position A and the eluate from port 2 was 
directed to the detector. Immediately after the elution of spike protein in 
the void fraction (as monitored based on the UV absorbance profile), the 
position of the valve was changed from A to B to reverse the direction of 
fluid flow, and the eluate from port 1 was directed to the detector. Next, 
the alternating flow-direction-based experiment, and its control unidi
rectional SEC experiment were carried out by sequentially injecting 
three 5 mL samples in each case. Preliminary experiments were carried 
out to determine the instants for the second and third sample injection. 
The criteria used in each case was the complete removal of impurities 
from the chromatography device before the appearance of the following 
spike protein containing void fraction peak. An objective criteria was set 
for this. The UV absorbance of the effluent from the chromatography 
device after complete elution of impurities had to reach an absorbance 
value of 2.5 mAu, before the appearance of the following void fraction 
peak. All experiments were carried out with multiple repeats, and these 
were found to be reproducible. The spike protein containing fractions 
were collected and analyzed using analytical size exclusion chroma
tography and sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS PAGE).

Fig. 4. Flow reversal using a 4-way, two-position valve a. Normal flow, and b. Reversed flow.
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2.4. Analytical size exclusion chromatography

Analytical SEC experiments were carried out using a Tricorn GL 10/ 
300 chromatography column (10 mm diameter, 300 mm height, # 
71–5019–07-EG) packed with Superdex 200 resin. The column was 
connected to an NGC Quest 100 Chromatography System (Bio-Rad 
Laboratories Canada Ltd., Mississauga, ON, Canada) and phosphate 
buffer saline pH 7.4 was used as the mobile phase. The volume of sample 
injected was 100 μL and the analytical separation was carried out at a 
flow rate of 1 mL/min.

2.5. SDS polyacrylamide gel electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS–PAGE) experiment was performed with samples collected during 
the chromatography experiments using NuPAGE Novex 4–12%, Bis-Tris 
(10-well) precast gels (Invitrogen Canada Inc., Burlington, ON, Canada). 
To prepare the samples for loading on the gel, 5 μL of sample, 2.5 μL of 
the NuPAGE LDS sample buffer (4X), 1 μL of NuPAGE reducing agent 
(10X), and 1.5 μL of distilled water were mixed in 1.5 mL microfuge 
tubes. The samples were then heat-denatured at 70 ◦C for 10 min. 6 μL of 
sample was loaded in each well. NuPAGE MOPS SDS running buffer was 
used to run the gel at 200 V (~110 mA) for 45 min. The gel was stained 
with Coomassie blue dye for 20 min and then de-stained with a mixture 
consisting of ethanol, acetic acid, and distilled water for several hours. 
The image of the gel was obtained using a gel doc system.

3. Results and discussion

In conventional unidirectional SEC, throughout the separation pro
cess, the slow-moving impurities move towards the outlet at different 
speeds depending on their size, and in some cases, depending on other 
forms of interactions with the stationary phase. Very slow-moving im
purities could sometimes still be located very close to the device inlet 
when the void fraction had already exited the device. Therefore, 
removal of these slow moving entities from the device could be very 
time consuming. In such a situation, it would make more sense to reverse 
the flow and remove the impurities from the “inlet” end. When the flow 
is reversed, it could be anticipated that the different impurities 

remaining in the device would flow towards the “inlet” end at their 
corresponding speeds, and therefore reconstitute, and exit the device as 
a composite impurity peak.

Fig. 5 shows the chromatograms obtained from the conventional 
unidirectional SEC and flow-reversed SEC experiments carried out to 
separate the spike protein from its impurities using Sephacryl S200 
resin. The resin has a fractionation range of 5 × 103 to 2.5 × 105 Da. This 
allowed the separation of the spike protein (~550 kDa) from smaller 
protein impurities due to its isolation in the void fraction. In these ex
periments which were carried out at 2 mL/min flow rate, the volume of 
cell-free supernatant sample injected was 5 mL. The instant of flow 
reversal was decided based on prior experience with SEC-based sepa
ration of spike protein [25,35]. In these studies, it was found that the 
spike protein was predominantly present in the leading approximately 
60% of the void peak and eluate collected after that contained signifi
cant amounts of some of the large macromolecular impurities. This was 
consistent with the expectations based on the upper limit of the frac
tionation range for the Sephacryl S200 resin, i.e., 2.5 × 105 Da. The 
point at which the position of the 4-way valve was changed from A to B 
in the flow-reversed SEC experiment (i.e., 16 mL) is shown using a 
vertical dashed line in Fig. 5A. The species present in the eluate after 16 
mL could be expected to have molecular weights lower than 250 kDa. 
Fig. 5B shows a zoomed-in view of the tail-ends of the chromatograms 
obtained from the two experiments. The chromatogram obtained with 
the conventional unidirectional SEC experiment shows the presence of 
very slowly moving impurities that took close to 100 mL of mobile phase 
to elute completely. By contrast, a significantly lower volume of mobile 
phase was required with flow-reversed SEC for removing all impurities 
from the chromatography device. Also, as predicted, the impurities that 
had separated during the flow of the mobile phase in the forward di
rection were reconstituted during the reversed flow and appeared as a 
composite impurities peak. For the purpose of comparison, the separa
tion volume was defined as the volume of mobile phase required for the 
UV absorbance of the effluent stream to reach 2.5 mAu after the com
plete removal of impurities from the device. In the SEC experiment with 
no flow reversal this volume was 88 mL (corresponding to 44 min sep
aration time), while the corresponding volume for the flow reversed SEC 
experiment was 56 mL (corresponding to 28 min separation time). 
Hence the volume of mobile phase (or time of separation) could be 

Fig. 5. A: Separation of spike protein from cell culture supernatant using size exclusion chromatography with and without flow reversal (SEC device volume: 24 mL, 
media: Sephacryl S 200 HR, flow rate: 2 mL/min, mobile phase: phosphate buffer saline pH 7.4, feed sample: cell culture supernatant, sample volume: 5 mL, dashed 
line: point of flow reversal) B: Zoomed in portion of the tail-end of the chromatogram showing the slow moving impurities.
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reduced by about 36% using flow-reversed SEC.
In order to demonstrate that the void fraction sample collected 

during the flow reversed SEC experiment did indeed contain the 
partially purified spike protein, it was compared with the feed sample 
(cell-free mammalian culture supernatant) by conducting analytical size 
exclusion chromatography experiments using a Tricorn GL 10/300 
chromatography column (10 mm diameter, 300 mm height, # 
71–5019–07-EG) packed with Superdex 200 resin. The volume of sam
ple injected was 100 µL and the experiment was carried out at a flow rate 
of 1 mL/min. Fig. 6A shows the analytical SEC chromatogram obtained 
with the feed sample. The sharp peak, having a retention time of 
approximately 10 min, contained the spike protein. The large macro
molecular impurities were present in the tail end of this peak and in the 
cluster of small peaks having retention times ranging from 12 to 19 min. 
The cluster of larger peaks having retention times ranging from 20 to 30 
min contained the medium- and small-sized macromolecular impurities 
corresponding to the fractionation range of the Sephacryl S200 resin 
used for the purification of the spike protein, and the small molecule 
impurities typically present in cell culture supernatant. The chromato
gram obtained with the void fraction sample collected during the flow- 
reversed SEC experiment (see Fig. 6B) shows a sharp peak corresponding 
to the spike protein (retention time of 10 min) followed by some of the 
large macromolecular impurities that also co-eluted in the void fraction. 
These residual impurities would typically be removed using an orthog
onal purification techniques such as ion-exchange chromatography 
[25]. These results demonstrate that both high recovery and purity of 
the spike protein could be obtained using the flow reversed SEC 
technique.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS 
PAGE) experiments were also performed with the above samples. The 
purpose of the SDS-PAGE experiments was to validate the analytical SEC 
results discussed above using an orthogonal technique. Fig. 7 shows the 
image of the stained SDS PAGE gel (stained with Coomassie brilliant 
blue dye). The feed sample was loaded in lane 2, the standard spike 
protein reference material was loaded in lane 3, and the void fraction sample was loaded in lane 4. The single band corresponding to a mo

lecular weight of 183 kDa was due to the monomer of the delta spike 
protein (which is a trimer). By comparing lanes 3 and 4, it may be 
inferred that most of the medium and small macromolecular impurities 
were efficiently removed from spike protein using the flow reversed SEC 
technique. Also, these results are in excellent agreement with the 
analytical SEC results discussed in the previous paragraph.

The alternating flow-direction SEC method was tested next based on 
three sequential feed sample injections. A conventional unidirectional 
SEC experiment with three sequential injections was used as the control 
experiment. In the AFSEC experiment, the flow was reversed exactly 16 
mL after each sample injection. The point at which the flow was reversed 
for the three sequential AFSEC separations is indicated in Fig. 8 using 
dashed lines. The common criteria for the subsequent sample injections 
with both AFSEC and unidirectional SEC was that the UV absorbance of 
the eluate stream had to reach a value of 2.5 mAu after the complete 
removal of impurities before the next spike protein containing void peak 
could appear in the eluate. Several optimization experiments were car
ried out to determine the instant for the subsequent injections in each 
case. With the AFSEC experiment, each subsequent injection was made 
46 mL after the previous injection. With simple flow reversed SEC, each 
subsequent sample injection would need to be made at least 56 mL after 
the previous injection to ensure the complete removal of impurities of 
the previous sample from the device. Therefore, AFSEC resulted in a 
reduction in mobile phase consumption (and process time) of almost 
18% compared to sequential flow reversed SEC. With the conventional 
unidirectional SEC, each subsequent sample injection was made 83 mL 
after the previous sample injection. As mentioned earlier, the separation 
volume for conventional unidirectional SEC was 88 mL. Therefore, each 
subsequent sample injection could be made 5 mL before the end of the 
nominal separation volume for its previous sample. As can be seen in 
Fig. 8, the volume of mobile phase required (and thereby the separation 

Fig. 6. Analytical SEC chromatograms obtained with feed (A) and partially 
purified spike protein sample obtained with flow reversed SEC (B) (column: 
Tricorn GL 10/300, SEC media: Superdex 200, mobile phase: PBS, pH 7.4, flow 
rate: 1 mL/min, sample loop: 100 μL).

Fig. 7. SDS PAGE analysis of samples collected during purification of spike 
protein using flow-reversed SEC (lane 1: marker, 250, 130, 100, 70, 55, 35, 25, 
15, 10 kDa, lane 2: feed, lane3: reference standard delta spike protein, lane 4: 
partially purified delta spike protein).
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time) for three sequential separations was significantly lower with the 
AFSEC experiment. The total separation volume (for three sequential 
samples) for the AFSEC separation was 144 mL (corresponding to a 
separation time of 72 min), while that for conventional unidirectional 
SEC was 250 mL (corresponding to a separation time of 125 min). 
Therefore, the volume of mobile phase required (and thereby separation 
time) could be reduced by about 42% using AFSEC, this reduction being 
higher than that obtained by flow reversed SEC alone (i.e., 36%).

The above results clearly demonstrate that AFSEC could be used to 
reduce separation volume (and time) in SEC. This approach works well 
in separations where the target product is eluted in the void fraction and 
when there are very slow-moving species in the feed sample that are 
located closer to the inlet when the void fraction elutes. Therefore, this 
strategy is particularly suitable for the purification of large bio
therapeutic modalities. This approach could potentially also work for 
desalting-type separations. However, AFSEC is unlikely to work in more 
conventional SEC separations where the separated species elute in the 
post-void-fraction eluate. The suitability of using AFSEC for the sepa
ration of large biotherapeutic modalities such as viruses and VLPs is 
currently being examined. The specific issues that will be examined in 
these purification process development studies include the selection of 
appropriate SEC resin and the optimization of process parameters such 
as flow rate and the point of flow reversal. One of the challenges faced in 
the current study was the fluctuation in the UV signal due to pressure 
drop pulsation during the flow reversal operation using a manual valve. 
This aspect was addressed by improvement in valve operation skill. In 
future studies, solenoid valves will be used to avoid any potential UV 
signal fluctuation. Also, the combination of the proposed AFSEC tech
nique with other orthogonal separations techniques will be explored.

4. Conclusion

The separation of spike protein using size exclusion chromatography 
could be significantly sped up using the alternating flow-direction 
approach proposed in this paper. This strategy worked well due to the 
fact that the spike protein was eluted in the early part of the void fraction 
of the chromatography device used in this study. Additionally, the feed 

sample contained species that travelled very slowly through the device 
and were located closer to the inlet when the spike protein containing 
void fraction eluted from the device. Due to this, the overall separation 
using single injection flow reversed SEC was faster by about 36% when 
compared to conventional unidirectional SEC. The impurities that had 
segregated from each other due to the differences in their migration 
speed in the forward direction were reconstituted during reversed flow 
and appeared as a single composite peak in flow reversed size exclusion 
chromatography. The effect of flow reversal was further enhanced in 
multi-injection separations by using alternating flow-direction size 
exclusion chromatography. This was because in multi-injection separa
tions, the subsequent feed samples could be injected even when the 
impurities from the previous sample were still within the device. 
Compared to sequential injection unidirectional size exclusion chro
matography, the volume of mobile phase required (and thereby sepa
ration time) was lower by about 42% with AFSEC. This represents 
significant savings in terms of both process time and material in the 
separation and purification of relatively fragile biotherapeutics such as 
vaccines, viruses, and virus-like particles.
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