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Abstract

Bacteriophages, viruses which infect the bacteria are the most abundant organisms on the earth. Among them, the best studied and the most-
exploited group is the filamentous phages especially M13 phage. They have shown a lot of interesting applications because of their unique features.
Therefore, to get maximum performance of bacteriophage like M13, techniques need to be engaged for proper concentrations. In this review, most
of these methods were explored in PubMed, Scopus and Google Scholar, using keywords including M13 bacteriophage, phage concentration,
phage purification, phage display. Accordingly, the most important research papers about this subject have been collected, categorized and
discussed. As a conclusion, to select an appropriate method for the concentration of M13 bacteriophages different criteria should be considered,
including cost, equipment, yield and purity of the product. In general, subsequent applications of M13 phage is the most important factor for the

selection of the concentration method.
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Introduction

Bacteriophages or phages which have a bacterial host which
infect them are the most abundant organisms in the biosphere.!
In terms of bacteriophages capsid, they are classified into 3
types: icosahedral, filamentous, and head-tail in shape.”’
Among filamentous phage, the best studied and most-
exploited group are the F pilus-specific phage or Ff, known
as f1, M13 and fd.* Filamentous bacteriophages (particularly
M13) are normally used for phage display to screen and
select recombinant antibodies, therapeutic peptides, the new
ligand to target proteins and drug discovery, etc.”® The M13
bacteriophage has been used as a template to align inorganic,
organic, and biological nanomaterials to generate different
nanostructures, such as nanowires and nanofilms.!**®
Furthermore, the most amazing applications are high-
power phage batteries, metal nanowire catalysts, biological,
cell-targeting agents, gene transfer vectors, and targeted
cancer therapies.'®*! Thus to get maximum performance of
bacteriophages like M 13, methods for high-quality separation
and purification of these microorganisms need to be engaged.
In this review, extensive investigations in PubMed, Scopus
and Google Scholar have been performed using keywords

including M13 bacteriophage, phage concentration, phage
purification, and phage display. Accordingly, the most
important research papers about this subject based on quality
and level of evidences have been collected, categorized and
discussed.

M13 Phage Structure

The M13 is a cylindrical bacteriophage with 880 nm length
and 6 nm diameters. The body of M13 phage is composed
of pVIII protein, as the major coat protein with 2700 copies.
One end of the particle is capped by 3- 5 copies of minor coat
proteins pIII and pVI, and the other end is capped by 5 copies
of pVII and pIX proteins. (Figure 1).22%

Density-Based Methods

Density Gradient Ultracentrifugation

Density gradient ultracentrifugation (DGU) is a highly
versatile method that has been widely employed in different
fields of biology including separating protein complexes,”
subcellular organelles® and extracellular vesicles” such as
exosomes.?® Cesium chloride (CsCl) DGU as a type of DGU
has been used for the concentration and purification of
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Figure 1. Schematic illustration of M13 bacteriophage.

biological molecules including RNA, DNA, and proteins.”
This method has also been used for purification of a range
of viruses®?® including bacteriophage®® as well as M13
phage.** This approach allows the separation of substance
on the basis of buoyant density differences, independently of
their size and shape.” In this method, the sample is usually
precipitated through a steep density gradient that contains a
very high concentration of CsCl and high speed centrifuge.
The target of interest begins to move down the gradient,
but it eventually reaches a position where the density of the
solution is equal to its own density. At this point, the phage
floats and can move no farther. After CsCl ultracentrifugation
of phage-containing bacterial culture supernatant, two bands
are visible; the top one corresponds to bacterial cell debris,
especially membranes, endotoxins (LPS) as well as empty
phage capsids (with density lower than 1.3) and the other
is the lower band which contains the desired phage (with
density higher than 1.3).%%4* Thus, the phage forms a band
at a specific place in the CsCl gradient that corresponds to its
density which can be simply collected. Finally, to remove CsCl
from phage suspensions, dialysis is performed for two to three
times.38,44,45

Extremely high pure phage is one of the most important
advantages of the CsCl-based purification method. ¢
Another advantage of the CsCl method compared to the
other methods is that the method could distinct phages
containing genome from genome-free phage capsids. This
relies on the difference in the buoyant density between DNA/
RNA-filled and empty particles. This is important especially
about M13 phage library displaying diverse binder moiety
(such as peptide, receptor, antibody, etc), as the presence of
empty-genome capsids can prevent the promotion of panning
process for screening and selecting best binder moiety. This
is also important for other purposes such as gene therapy
studies. While CsCl DGU as a conventional method of phage
purification is yielded high purity,”* some drawbacks are
associated with this method; the purification of phages by
CsCl DGU usually requires ultracentrifugation at more than
100000 xg force****” which cannot be achieved by ordinary
centrifuges and requires an expensive set of ultracentrifuge,
rotor, and special tubes. Hence, all laboratories cannot access
this powerful method. In addition, the purification efficiency
of DGU in CsCl differs depending on the phage; some phages
cannot withstand long periods of centrifugation and in most
cases, this method exhibits a relatively low yield, yet for some
phages, it does not work.*** Phages purified by this method
also could be destructed by the centrifugal forces, because
of osmotic shock or interaction with CsCl which lead to loss

of their infectivity.® Recently Nasukawa et al introduced a
modified method of CsCl to reduce the imposed cost related
to the need to high-speed centrifuge and the risk of damage
to the phage by reducing centrifuge speed from 100000xg (1
hour) to 40 000xg (2 hours). It demonstrated almost the same
concentration efficiency as conventional CsCl DGU.*!

Precipitation-Based Methods

PEG-Based Precipitation

Polyethylene glycols (PEG) is a condensation polymer
of ethylene oxide and water which has several chemical
properties that make it useful for chemical, biological, and
pharmaceutical applications.”>* Precipitation of viruses
is generally achieved using PEG in the presence of a high
concentration of a monovalent salt as co-precipitant. The
PEG is usually used in combination with NaCl salt as co-
precipitant.>* The mode of the action of phage precipitation
with PEG is very similar to the salting out of proteins in
protein precipitation.’®*¢ As bacteriophage particles are made
up mostly of coat proteins around their genetic material,
solutions containing PEG and high salt content separate
water molecules forcing the bacteriophages to aggregate into
clusters. Indeed, by adding salt such as NaCl to the PEG,
the interaction of some water molecules with the charged
coat protein of the phage could be replaced by the salt and
thus decreases the number of available interacting water
molecules with the phage, hence help to better aggregation
and precipitation of the phage (Figure 2). Also, NaCl helps
membrane-bound phage to separate from the bacterial
membrane.” Thus, the precipitated phages can easily be
collected by centrifugation.

Different factors affect the efficiency of PEG phage
precipitation such as the concentration of co-precipitant
(salt), the concentration of PEG and the molecular weight of
the PEG.* At a final concentration of 2.5M, NaCl is usually
used and at the concentrations lower than 0.5 M, however,
the efficiency of sedimentation or bacteriophage viability is
reduced.” Regards to the concentration of PEG, and based on
a study on a number of bacteriophages, an increasing fraction
of each of the phages could be found in the pellet as the PEG
concentration is increased, and concentrations of 10% or
higher allow at least 90% of the infective titer of phage to be
recovered in the pellet. However, some studies demonstrated
that high level recovery rates of M13 phage can keep in the
lower concentration of PEG (2%-5%).%”-* The PEG molecular

~~. PEG () Media molecules

Figure 2. Schematic Illustration of the PEG Phage Precipitation.
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weight (MW) is another factor that affects the yield of phage.
The PEG molecules with a molecular weight lower than 6000
are less effective in precipitating bacteriophages, as the PEG
molecular weight decreases, increasing concentrations of
PEG are needed to reach a specified level of pelleted phage.
While MWs equaling or above 6000 are more effective
for concentrating bacteriophages and appear to behave
identically.*

The PEG-based precipitation is the traditional approach
for purifying bacteriophages like M13.*' The advantage of
this method is its low cost as it needs minimal equipment
and doesn't require expensive ultracentrifuge, and the
precipitation can be performed by general centrifuge which is
commonly available in laboratories.” However, this method
faces several disadvantages; the PEG precipitation method
requires the addition of large amounts of PEG and 2.5 M NaCl,
some of which remain as a residue in the phage pellet and
are difficult to be eliminated.®*** Other certain contaminants
such as E. coli lipopolysaccharide (LPS) could remain in the
PEG-concentrated phage preparation.®*® Certain enzymes
from the E. coli host could also be other contaminating agents
in PEG-purified phage. They could be co-precipitated with
phages that hamper the selection of phage displaying the same
catalytic activity. For example, contaminating RNAses from
E. coli interferes with RNAse-displaing phages.” For these
reasons, depending on the purpose, the PEG-precipitated
phage can be subjected to the next method of purification in
further steps (usually CsCl gradient centrifugation) to remove
impurities.*¢

Isoelectric-Based Precipitation
Bacteriophages, as well as other (bio)-colloids, show a
pH-dependent surface charge in polar media.”” The pH
value at which a particular molecule or surface carries no
net electrical charge is referred to as the isoelectric point
(pD).#*% The pl is a parameter which characterizes the (bio)-
colloids in an equilibrium state with its environmental water
chemistry, which is due to a superposition of protonated
and un-protonated states of functional groups.” The pl
of bacteriophages are in pH range from 1.9 to 8.4; most
frequently, between 3.5 and 7. The M13 phage is covered
by 2700 copies of the pVIII major coat protein, representing
the largest fraction of the viral mass.®® The surface amino
acid sequence of the pVIII protein is AEGDDPAK which
is rich in acidic amino acid residues. These residues give
the M13 phage a low pI of 4.2 and a net negative charge at
a neutral pH. Thus, it could be easily precipitated in acidic
pH around its pl.® For isoelectric precipitation of phage,
after removing bacterial cells by centrifugation, the pH of the
resultant phage-containing supernatant is adjusted to pI of
the phage (for example 4.2 for M13) by adding an acid (HCI).
After brief mixing, the precipitated phage is simply pelleted
by centrifugation.®®

As the isoelectric precipitation separates phage particles on
the basis of pl, this method has the advantage of requiring
only acid (or base) addition to induce precipitation.”” This
eliminates additive contamination such as PEG residue. The
only potential contaminating source may be the components

of media and/or secreted proteins by E. coli during culturing
which have a similar pI to the target (for example 4.2 for
M13).576 However, some studies have shown that the amount
of contaminating proteins is minimal to non-existent.®® In
addition, studies have demonstrated that the phage recovery
rate of this method is very high (98.4 %) and PFU numbers
of the M13 phage has not any significant variation before and
after pH adjustment with no significant loss of viability.”*
In addition, a dynamic light scattering analysis showed that
the phage structure was not damaged by the pH adjusting.
Consistently, PFU counts confirmed that there is no
considering decreasing in phage infectivity during 8h interval
following pH adjustment from 4.2 to 7.0° which indicates
phage resistance to acidic pH. Thus, M13 appears resistant
to denaturation by isoelectric precipitation, its oft-cited
and the greatest drawback as a general method of protein
precipitation.®®*® Therefore, simplicity, high efficiency, low
cost, and high speed could be considered as the advantages of
this method. It should be noted that studies have shown that
electro-kinetic features of phages (including the isoelectric
point) have not only been affected by their outer protein
components but also have been effected by internal genomic
content.”*”! Thus, by considering the difference in the pI
of a bacteriophage and its empty capsid particle, it may be
assumable that the isoelectric precipitation may theoretically
be able to separate virus from their corresponding genome-
free virus-like particles.

Purification of M13 phage by isoelectric precipitation has
advantages compared to using traditional PEG/NaCl-based
precipitation. The PEG-based precipitation is based on the
“salting out” mechanism of PEG and NaCl which needs the
addition of large amounts of PEG and NaCl, some of which
remain as a residue in the phage pellet® and consequently
interfere with further application of M13 phage. This is while
for isoelectric precipitation, only a small amount of acid
or base is added, and no residue is left in the phage pellet,
thus obtaining a purer phage.”” The PEG-based precipitation
requires one week of dialysis to remove culture media,
the residual PEG and NaCl.”? Whereas in the isoelectric
precipitation, the phage pellet is only required to be rinsed with
water and collected via centrifugation to remove the residue
of the culture media which can be performed in 15 minutes.
For isoelectric precipitation, the NaOH used to adjust the
pH can simply be substituted by any other bases. Isoelectric
precipitation doesn’t need expensive ultracentrifuge and the
precipitation can be performed by general centrifuge which
is commonly available in laboratories.®* Also, precipitation
can be performed faster than other methods. As mentioned
above, the main disadvantage of this method is the risk of
contaminant proteins with the pI similar to that of the phage
of interested.

Spermidine-Based Precipitation

Spermidine is a natural polycationic aliphatic amine that
plays different roles in all living cells.”” It notably can
precipitate M13 bacteriophage at a low concentration of 1.5
mM. In this regard, M13 phage behaves like DNA and other
polyvalent anions molecules. Branston et al. used this method
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and achieved about 95% M13 bacteriophage recovery.” It
seems that the concentration of the monovalent ion such
as NaCl in solution is a key factor which determines the
effectiveness of the phage precipitation. Based on Branston
et al’s experiment, while monovalent ions are increased, the
spermidine concentration must be increased subsequently,
to achieve the desired phage precipitation rate. For example,
M13 phage precipitation by spermidine is prevented at 50
mM NaCl addition.”” Therefore, in this approach, the control
of equilibration between spermidine and monovalent salts
concentration, determines the rate of M13 bacteriophage
recovery.

Chromatography-Based Methods

Chromatography is a powerful and diverse technique that
enables the separation, identification, and purification of
the components of a mixture for qualitative and quantitative
analysis.”* This separation technique isbased on the interaction
of the target of interest with the mobile phase or stationary
phase. The target of interest (protein or virus) can be purified
based on their interaction types as well as their characteristics
such as shape, size and, total charge, hydrophobic groups on
their surface, and binding capacity with the stationary phase.
Accordingly, the separation functionality can be broadly
categorized into 1) size, 2) charge, 3) hydrophobic and 4)
affinity, etc. Although based on the stationary bed, several
types of chromatography techniques are developed,” column
chromatography is typically used for virus purification. Bellow
the most frequent chromatography methods which have been
applied for bacteriophages purification are discussed.

Size-Exclusion Chromatography

Size exclusion chromatography (SEC), also known as gel
filtration chromatography, is a separation technique using a
tightly packed stationery matrix of beads that contain pores
of a particular size.”” The beads of gel filtration columns
consist of cross-linked polyacrylamide, Sephadex G, agarose
gel, dextran, silica or a combination of any of these.**” The
basic principle of this method is separating macromolecules
based on their differences in molecular sizes.” Given the large
size of phages relative to the most bacterial components as
well as other small compounds such as ions and buffer salts,
SEC can be applied as a sole or complementary step for phage
purification.

In a study conducted by Zakharova et al,** SEC was applied
to purify a filamentous M13 phage under mild conditions
and to differ its recovery, purity and infectivity rate compared
to PEG precipitation by using a Sephacryl resin-filled
SEC column. The electrophoretic analysis showed that all
contaminants and impurities found in the PEG-purified
preparations were removed after SEC. Also, the SEC did not
significantly decrease phage viability as the loss of the phage
viability after SEC was about 10%. In addition, SEC did not
reduce the panning efficiency in the three analyzed display
formats (pIll-based peptide display, pVIII-based peptide
display, and plIII-protein display).®*

Phage purification by SEC has some other advantages;
the main advantages of SEC are the low costs of resins and

simplicity in operation as samples are eluted isocratically, so
there is no need to use different buffers during the separation.
However, this technique lacks selectivity and suffers from low
productivity. Macromolecules, which stay adsorbed within the
active SEC column packing may strongly reduce the effective
volume of the separation pores.” Thus, the scaling up process
using SEC is restricted because the column can get saturated
with host cell proteins consequently preventing the separation
of large bacteriophages from host cell proteins. Another
drawback is the limitation in increasing pressure to increase
the flow rate and decrease purification time; increasing the
pressure leads to an increase in temperature which may cause
some changes in the protein structure which leaves the risk
of on-column protein denaturation and aggregation.” This
causes an additional risk of decreasing in the column lifetime.
Hence, the necessity of periodically re-calibration of the
SEC columns as well as removing macromolecules adsorbed
within packing in the course of analyses are other problems
with this technique.”

Ion Exchange Chromatography
Ion exchange chromatography (IEC) is one of the most
efficient methods for separating charged particles. The IEC
is based on electrostatic interactions between charged groups
of a particle (in this case virus) and solid support matrix.”
There are two types of IEC; anion- and cation-exchange
chromatography (AEC and CEC, respectively). Positively
charged ion-exchange matrices are known as anion-exchange
matrices that interact with negatively charged virus. While
matrices loaded with groups of negatively charged are
called cation-exchange matrices, and viruses with positive
charge are adsorbed.” Charge-based virus binding to the
solid matrix is dependent on the difference between the pI
of the virus and the charge on the surface matrix. To create
electrostatic interaction, the pH of the adsorption buffer is
selected in such a way that the virus is negatively charged and
the matrix is positively charged or vice versa. After binding
the virus to the solid surface, it can be separated from the
column by changing pH, ionic strength or the combination
of both pH and ionic strength of the elution buffer.*®’® Anion-
exchange chromatography has been used to purify several
bacteriophages.*®”®” The purification of M13 with anion
exchange chromatography has also been reported thrice. 7%
For the anion-exchange chromatography purification of M13
phage, the adsorption buffer has a pH higher than the pI of the
viral particle, thus the M 13 phage particles have a net negative
charge and thus, bind onto the positively charged adsorbent.
On the other hand, the elution buffer has a pH lower than plI
of the phage, thus it has a net positive charge and can be eluted
out from a positively charged adsorbent.*”

pH optimization of the elution buffer and ionic strength
is essential to reach the highest recovery and infectivity rate.
In a study conducted by Monjezi et al,* the effect of pH and
ionic strength was evaluated on the recovery percentage and
infectivity of the eluted M13 phage particles. To evaluate the
effect of pH, citrate buffer containing 1.5 M NaCl at different
pH levels of 3.5, 4, and 5 were used. The highest recovery
percentage was achieved when pH 4 was applied (about
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69%). At the pH levels higher than the pI of M13 (pH 5), the
lowest recovery was observed (18%); this is logical as at this
pH, the particles have a net negative charge and bind onto
the positively charged adsorbent and could not elute. The
lower recovery percentage of elution buffer at pH 3.5 was
also observed (19%). It should be noted that studies have
shown that at pH levels lower than 3 the phage structure folds
to a looser arrangement.®’ Henceforth, the lower recovery
percentage of elution buffer at pH 3.5 was most likely due to
the destructive effect of low pH on the phage structure. Thus,
the selected pH for elution of phage should be lower than its
pL, but not very low to cause damage to the structure of the
phage.

Another factor that is applied to elute phage from the ion
exchanger is changing the ionic strength of elution buffer.
Elution from the ion exchanger is usually accomplished
by increasing the ionic strength of the eluting buffer; as a
result, this reduces the forces between bound phage and the
adsorbent. In the same study, the effect of different ionic
strength of citrate buffer with pH 4 on recovery percentage
was compared. Results showed that the NaCl concentration
of 1 M eluted the lowest amount of M13 (37%) compared to
those containing 1.5 M (78.6%).* When the salt concentration
was increased from 1.5 M to 2 M, an increase in recovery
percentage was expected; nonetheless, the recovery in 2 M
NaCl (44.3%) was lower than that of 1.5 M NaCl (78.6%). The
authors hypothesize that this was most likely due to highly
viscous elution buffer containing 2 M NaCl which may pose
a problem in elution operation. This emphasizes the necessity
of optimizing elution buffer salt concentration to achieve
the highest recovery percentage. It is worth noting that the
complete elution process is only achieved when optimization
in the combination of both pH and ionic strength is applied.
Studies have shown that using a low pH elution buffer to
switch the phage charge from negative to positive, without
adding salt solution, was not completely effective (48.6 +
18.1% of elution efficiency).

Furthermore, the increase of Cl anion concentration
without decreasing the pH was not enough to fully disrupt
the ionic interactions between negative-charged MI13
particles and the positive-charged adsorbent (36.4 + 10.6%
elution efficiency). In contrast, elution buffer with pH 4 in the
presence of a high salt concentration was most effective for
M13 phage elution (86.4 + 14.9% elution efficiency).”” Other
factors that affect the yield of phage include the chemistry
type of separation matrices, buffer type, and the column
capacity. The protocol of purification should be individually
optimized for each bacteriophage. For each phage, taking
into account the required end product titer, the appropriate
volume and column type are needed to be chosen. For large-
scaling, optimization of the protocol on an analytical scale or
a laboratory scale column can be done, and then for large-
scale applications, a larger volume column with an industrial
scale can be used.”

Some studies have compared AEC and traditional PEG/
NaCl or CsCl DGU as a function of yield, purity and time
consumption. In a study conducted by Ling et al.® the

performance of the two methods, conventional multiple
steps  PEG/NaCl and expanded bed anion exchange
chromatography were evaluated and compared for purifying
MI13 bacteriophage. By using expanded bed AEC, the
purification of the M13 bacteriophage, yielded a higher
recovery percentage (82.86%) compared to the PEG/
NaCl method (36.07%).*° In another study, comparing the
performance of AEC and conventional CsCl gradient density
ultracentrifugation method showed that an average yield of
74% was achieved from AEC. The purification process was
substantially shortened from 18h in the ultracentrifugation
method to less than 2h in ACE. The SDS-PAGE evaluation
demonstrated that the purity of phages was comparable
to that of the CsCl DGU method. In addition, plaque
forming assay revealed that the AEC-purified phages were
still infectious.” The anion-exchange columns have other
advantages. They can be exploited several times, although, it
should be considered that after multiple usages the capacity
may sometimes be reduced.” Additionally, given the fact that
the pI of a bacteriophage and its corresponding genome-free
particle is different, IEC confers the advantage of the capability
of purifying virion from its genome-free particles.” Moreover,
due to the centrifugation step in the traditional methods, the
volume of phage suspension which is used in each sample
is restricted, while in the chromatography method by using
appropriate HPLC or FPLC pump and loading system, on each
column the volume of bacteriophages which can be loaded
are unlimited. This offers an extra advantage especially for
phages that are not properly amplified in the previous stage of
a plate or liquid amplification.®

In summary, the AEC chromatography method offers a
valid and effective substitution for conventional benchtop
purification and concentration methods, particularly for
bacteriophages which are not sufficiently stable in these
traditional approaches.” The main drawbacks are the need to
connect to the chromatography column to costly FPLC* or
HPLC?#% systems that are not available in all laboratories,” as
well as a potentially long optimization process. Nevertheless,
after optimization, the scalability of each column is achieved
without any additional optimization.*

CIMs Monolith Anion-Exchange Chromatography

Recently, convective interactive medias (CIMs) monoliths
based anion-exchange chromatography demonstrated the
effective purification and concentration potential for several
bacteriophages, including Staphylococcus phage VDX-10,
Escherichia phages T4, lambda and M13.7*%* The method
has shown that it could be a useful alternative approach to
CsCl gradient concentration of bacteriophages as a standard
method. Taking into account the phage yield, per sample,
CsCl purification can generally give a higher amount of phage
particles than the 0.34 ml and 8 ml columns employed in CIMs
monoliths based on anion-exchange chromatography. This is
while the centrifugation step in the CsCl method is a limiting
factor due to the restricted phage suspension used in each
sample. Meanwhile, the CIMs monoliths chromatography
method doesnt encounter with the mentioned problem
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because of an unlimited volume of phages which can be
loaded on each column. The bacteriophages which did not
have enough opportunity for a proper amplification in the
previous step will be able to amplify themselves. Also, the
CIMs monoliths’ can be optimized for larger columns to use
in the industrial scales purification of phages.*

Conclusions

To select an appropriate method for the concentration of
M13 bacteriophages, different criteria should be considered
including cost, equipment, yield and purity of the product.
However, application of M13 phage is the most important
factor for the selection of the concentration method. Regarding
to the routine phage applications, isoelectric precipitation
technique is suggest because of its low cost, fast performance,
high recovery rate and also minimal equipment. On the
other hand, if very high purification is considered, especially
about the M13 phage library displaying system, CsCl-based
concentration could be exploited. Also, for a large scale
production of concentrated M13, chromatography approaches
is recommended. All methods regarding concentration of
M13 bacteriophage are categorized in Table 1, and scientists
who intend to work with M13 can employ each of them based
on the advantages and disadvantages of the methods.

Table 1. Brief Comparison of the M13 Phage Concentration Methods
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moieties; (2) Need to subject PEG-precipitated phage to the next method
of purification
(1) Low cost; (2) Lack of PEG/NaCl contaminants
in PEG precipitations; (3) Needs minimal material
Isoelectric and equipment and does not require expensive (1) Risk of contaminants protein with isoelectric point similar to the T
precipitation ultracentrifuge; (4) Fast; (5) High phage recovery rate; phage
Separation of the virus from their corresponding genome-
free virus-like particles (weaker than AEC method)
Spermidine-based (1) Lack of PEG/NaCl contaminants in PEG precipitations  -Its effectiveness depends on the NaCl concentration 57

precipitation

Size-exclusion
chromatography
(SEC)

(1) No need to using harsh buffers or conditions; (2) High
purity; (3) High recovery rate; Low cost

(1) High yield; (2) High purity; (3) Simple and fast after
optimization; (4) Columns can be used more than once;

lon exchange (4) The capability of purifying virion from its genome-free

(1) Lack of selectivity; (2) Low productivity; (3) Restriction in scaling
up as the column can get saturated with host proteins after a few

times;

rate and decrease purification time. Increasing pressure can lead

(4) Limitation in increasing pressure to increase the flow

64,76,77

to phage protein denaturation and aggregation; (5) The necessity of
periodically re-calibration of the columns as well as removing adsorbed
macromolecules. (6) Does not district and separate virus from their
corresponding genome-free particles

(1) Time-consuming and laborious optimization pH and ionic strength of

buffers; (2) Purification protocol needs to be optimized for each phage

39,49,71,78, 80,82

chromatography particles; (5) Suitable for phages which do not amplify individua!ly; (3) Need cqstly FPLC or HPLC systems which are not
well on a plate or liquid growth media available in all laboratories
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