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Abstract 

The global biosensors market is rapidly growing, driven by increasing demand for quick, affordable, and portable diagnostic tools 
across sectors, including healthcare, environmental monitoring, food safety, and biomedical research. The key to biosensor function is 
the biological recognition element (BRE), which determines the specificity, sensitivity, and reliability of the device. Traditional BREs, 
such as antibodies and enzymes, face significant limitations, including instability, high costs, and variability. Phage display technology 
offers a strong alternative, providing durable, stable, and highly specific peptides as BREs. However, it requires effective amplification 
and purification methods to produce high-quality peptide libraries. This study examines key factors affecting the amplification of fila
mentous M13 bacteriophage, highlighting the negative impact of high multiplicity of infection (MOI) caused by superinfection exclusion 
and reduced phage adsorption efficiency. Our findings indicate that the bacterial growth phase is the most important determinant of 
M13 amplification efficiency. Furthermore, post-infection PEG/NaCl precipitation followed by high-speed centrifugation significantly 
outperforms traditional filtration methods in purifying phages, maximizing recovery and viability. These findings present an optimized, 
reproducible, and scalable approach to M13 phage amplification, improving the effectiveness of phage display for developing advanced 
biorecognition elements. Ultimately, this research provides a foundational framework for more efficient biosensing and therapeutic 
applications, filling critical gaps in the current biosensor development landscape.
Keywords biosensors, phage display, M13 bacteriophage, biorecognition elements (BREs), peptide libraries, multiplicity of infection 
(MOI), superinfection exclusion, diagnostics ............................................................................................................. 

Introduction
The global biosensors market, valued at USD 32.14 billion in 2024, is 
projected to reach USD 75.84 billion by 2033, growing at a CAGR of 
10.40% during the forecast period of 2025–2033, indicating strong de
mand for fast, affordable, and portable testing devices [1]. Currently, 
over 70% of clinical decisions depend on diagnostic tests, and biosen
sors are playing an increasingly important role [2, 3]. Beyond health
care, they are also used in environmental monitoring, food safety, 
drug research, forensic science, and biomedical research [4–7].

A biosensor detects specific biological substances and converts that 
detection into a measurable signal. It comprises three main parts: a 
biological recognition element (BRE), a transducer, and a signal pro
cessor [4, 8]. The BRE is the primary component of the biosensor and 
is responsible for binding to the target substances, known as analytes. 

These biological recognition elements (BREs) include enzymes, anti
bodies, peptides, or aptamers, each chosen for their ability to interact 
with specific targets like glucose, toxins, or viruses [8, 9]. Once the 
BRE captures the target, the transducer converts this interaction into 
a physical signal, such as changes in electric current, light, heat, or pH 
[8, 10]. This signal is then sent to the signal processor, which amplifies 
it and displays the result in a user-friendly format, such as a number 
on a screen or a colour change [9]. These systems are remarkably im
pactful in medical diagnostics due to their rapid response, specificity, 
and potential for point-of-care use [8].

Despite advances in biosensor technology, creating effective and 
reliable BREs remains a significant challenge. Traditional probes, 
such as antibodies and enzymes, are widely used but have limitations 
[11]. Antibodies, although highly specific, are costly to produce, sensi
tive to environmental factors like pH and temperature, and can vary 
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between batches. Besides, antibodies cannot be produced against ev
ery target/analyte that is not an immunogen. Enzymes may lose activ
ity over time or under harsh conditions [11, 12]. Moreover, many 
new or rare targets lack readily available BREs, and even when avail
able, these BREs can also be slow, require high amounts of target ma
terial, or produce false positives [13]. Due to these issues, there is an 
increasing demand for stable, versatile and highly specific BREs like 
aptamers and peptides that can improve sensor performance and 
make biosensing more accessible [14].

Phage display technology is a powerful and versatile tool that plays 
a vital role in developing modern biosensors [15]. This technique 
involves using bacteriophages to display a wide variety of small pro
teins, such as peptides or antibody fragments, on their surfaces [15]. 
Biopanning is used to rapidly screen large libraries of these engi
neered phages to find specific peptides as BREs that bind strongly 
and selectively to a target of interest, such as a pathogen, toxin, or bio
marker [7]. Among the commonly used phages in this technology are 
M13, T4, T7, and λ [16]. These phages are preferred because they re
main stable under challenging environmental conditions, such as 
high temperatures or extreme pH levels [17–19]. This exceptional sta
bility comes from the unique structural organization of the Ff phage 
(e.g. M13), which consists of a single-stranded circular DNA encapsu
lated by thousands of copies of the major coat protein pVIII arranged 
in a 5-fold helical symmetry (Fig. 1A). This tightly packed cylindrical 
protein shell acts as a protective barrier, shielding the viral genome 
from denaturation and degradation under stress [17]. Additionally, 
the minor coat proteins (pIII, pVI, pVII, and pIX) positioned at both 
ends of the filament further contribute to structural integrity (Fig. 1A) 
[17–19]. This makes them suitable for real-world biosensing applica
tions where stability and reliability are essential [19, 20]. In biosensor 
development, the accuracy and sensitivity of detection largely de
pend on the quality of the BREs [21, 22]. Phage display enables the se
lection of peptides as BREs that are not only highly specific but also 
robust and cost-effective [23]. For instance, the filamentous M13 
phage, which carries single-stranded DNA (Fig. 1A), has been widely 
used to generate peptides that can detect harmful bacteria, chemical 
toxins, or disease-related biomarkers [24]. Its unique architecture, be
ing highly stable, genetically programmable, and multivalent, has 
established M13 as a versatile tool in both diagnostics and therapeu
tics [25]. In diagnostics, M13-based peptides and scaffolds have been 
widely applied in paper-based, electrochemical, and optical biosen
sors for rapid, cost-effective, and sensitive detection [26]. In therapeu
tics, M13 has enabled the development of monoclonal antibodies 
through phage display and is increasingly being explored as a plat
form for vaccines and targeted drug or gene delivery [27]. A growing 
body of literature suggests that diagnostic and sensing applications 
constitute the majority of M13-related studies, while therapeutic 
applications, particularly in antibody discovery and delivery systems, 
are also rapidly expanding. Overall, this has led to advances in areas 
such as nanobiosensing, early disease diagnosis, vaccine research, 
and targeted therapeutics [27].

During phage display biopanning, M13 bacteriophage libraries are 
exposed to specific targets or analytes to identify peptides that bind 
with high affinity and can eventually be developed as BREs [28]. 
However, the main challenge in biopanning is that the number of 
target-bound phages produced is low, which requires the subsequent 
effective amplification strategies to generate enough phages for fur
ther screening and analysis [29]. Additionally, selecting a purification 
method for amplified target-bound phage to remove contaminants, 

such as bacterial debris, is crucial to evaluate, as it can hinder the af
finity binding between phages and targeted analytes [26, 30, 31]. 
Therefore, maximizing the target-bound phage yield in a scalable and 
reproducible manner is essential for phage display biopanning. It 
depends on several key factors [32], including (i) host cell density 
[32], (ii) duration of phage and host infection [32, 33], (iii) phage-to- 
bacteria ratio (Multiplicity of Infection, MOI) [32–34], and (iv) phage 
purification methods (Fig. 1B) [31]. However, current literature lacks 
comprehensive studies on these parameters. Many biopanning proto
cols have involved infecting the Escherichia coli host at standard bac
terial densities with an optical density of 0.4–0.6 at 600 nm using M13 
phage, without clearly demonstrating the effect of host cell concentra
tions on phage infection efficiency and the impact on the number of 
target-bound phage generated [35–39]. Another aspect of phage am
plification is the infection or incubation time, which is often set arbi
trarily, typically between 4 and 24 h, to allow phages to infect host 
cells and replicate, with minimal investigation into how this duration 
influences phage replication kinetics or overall amplification effi
ciency [38–40]. The multiplicity of infection (MOI), the ratio of phage 
numbers added to infect host cells, based on published studies, 
ranges from 0.001 to 100, but there is no consensus on their impact 
on amplification bias or phage enrichment efficiency [41–42]. At low 
MOI values (e.g. 0.001–1), each bacterial cell is typically infected by a 
single phage particle, minimizing phage amplification [41–44]. 
However, this can result in slower amplification due to limited initial 
infection. In contrast, high MOI values (e.g. 10–100) may lead to multi
ple phage particles infecting the same host, which can result in super
infection exclusion, a process in which a bacterium already infected 
with phage resists subsequent infections [33, 34, 45]. In this context, 
the filamentous M13 bacteriophage initiates infection by specifically 
binding to the F pilus on F+ E. coli, which serves as its primary recep
tor and mediates phage genome entry into the host cell [46, 47]. This 
receptor-dependent mode of infection emphasizes phenomena such 
as superinfection exclusion, where prior occupation or alteration of 
the F pilus limits subsequent entry of the phage genome, ultimately 
reducing phage amplification [48, 49]. Optimizing MOI is therefore 
crucial to get a sufficient yield of phage during amplification. The pu
rification using polyethylene glycol (PEG)/NaCl precipitation followed 
by centrifugation is one of the most common methods used to purify 
amplified phage particles. This approach works by reducing the 
solubility of the phages, allowing them to be collected from the 
culture supernatant [35, 37, 44]. While widely adopted, it can be time- 
consuming and may not always recover all the phages, particularly 
when working with low phage concentrations [37]. On the 
other hand, filtration offers a quicker alternative. It uses size-based 
separation to isolate phages from host cell debris and other impuri
ties [50, 51]. Comparing these two methods is important to under
stand which one provides better phage yield and purity, especially 
when preparing samples for downstream applications like sequenc
ing, binding assays, or biosensor development. A clearer picture of 
their efficiency could help improve the overall consistency and effec
tiveness of phage amplification workflows.

This study aims to investigate and optimize the phage display 
method to achieve efficient, reproducible, and large-scale amplifica
tion of M13 phages. The optimized conditions are expected to acceler
ate the application of phage display in biosensing and therapeutic 
development. Most importantly, our findings lay the foundation for 
identifying new and effective biorecognition elements that could 
transform diagnostic strategies across both biomedical and industrial 
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sectors. Figure 1 represents a schematic overview of the molecular 
structure of M13 bacteriophage, key parameters and workflow com
prising infection, amplification, and quantification, ensuring assess
ment and optimization of M13 phage propagation for effective 
biopanning and subsequent biosensor applications.

Materials and methodology
Escherichia coli strains and M13 phage

The bacterial strain used in this study was E. coli K-12 ER2738 strain 
(F0proA+B+ lacIq Δ(lacZ)M15 zzf::Tn10(TetR)/fhuA2 glnV Δ(lac-proAB) 

Figure 1 Molecular structure of M13 bacteriophage, key parameters for optimizing its amplification, and the workflow for amplifying and quantifying 
M13 in the E. coli host system. (A) The molecular structure of M13 phage and its genome organization. Left: schematic of the filamentous M13 virion 
(�900 nm long, �6.5 nm wide) showing the major coat protein pVIII along the shaft and the minor coat proteins (pIII, pVI, pVII, pIX) at the tips 
surrounding the single-stranded DNA (ssDNA). Right: circular map of the �6.4 kb M13 genome highlighting genes involved in transcription/ 
replication, assembly/secretion, and virion structure. (B) Optimization parameters influencing amplification efficiency and yield: (1) host growth 
kinetics; (2) host density and incubation time; (3) multiplicity of infection (MOI); (4) aeration (O2 supply); (5) purification strategy; and (6) 
cryopreservation (‘phage banking’). (C) Workflow: (i) M13 infects E. coli; phage ssDNA enters the cell, phage proteins are expressed, and virions 
assemble and extrude through the envelope without host lysis, enabling continuous production; amplified phage is harvested and concentrated 
by centrifugation. (ii) 10-Fold serial dilutions (10−n) of the phage supernatant are prepared to obtain countable plaques. (iii) Detection and 
quantification are performed by a qualitative spot test (clearing of the bacterial lawn) and a double-agar layer (DAL) plaque assay for phage titre 
determination (PFU/ml).
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thi-1 Δ(hsdS-mcrB)5 (New England Biolabs, Australia). The bacterio
phage M13 ATCC 15669 was provided by RMIT University.

Growth curve of E. coli K-12 ER2738
The growth curve of E. coli K-12 ER278 was established and plotted to 
determine the growth time and density of the E. coli population based 
on optical density at a wavelength of 600 nm (OD600) and bacterial 
cell numbers in colony-forming units for subsequent phage infectiv
ity experiments. The E. coli K-12 ER2738 was grown in Luria-Bertani 
(LB) broth overnight at 37 �C with constant orbital shaking at 100 rpm 
according to Mira et al. [52] A 2% E. coli inoculum was prepared by di
luting the overnight culture to an optical density (OD) of 1.5 at 600 nm 
and mixing it with 5 ml of fresh LB to ensure a standardized and con
trolled starting cell density for experiments. The 2% E. coli culture 
grew at 37 �C with constant orbital shaking at 250 rpm. The OD values 
of the E. coli culture were measured using a PerkinElmer LAMBDA 
365 UV/Vis Spectrophotometer from PerkinElmer, USA, at a regular 
30-min interval until it reached a stationary plateau at 10 h of incuba
tion. The OD600 values of E. coli were plotted against time (Fig. 2A). 
The bacterial growth curve was fitted using the Boltzmann sigmoidal 
equation, which effectively captures the typical S-shaped (sigmoidal) 
profile of microbial growth [53]. The general form of the Boltzmann 
equation is [54]: 

y ¼ A1 � A2

1þ e
x� x0

dx
þA2 

wherey = OD600 (optical density at 600 nm),A1 = initial (minimum) OD 
value (baseline),A2 = final (maximum) OD value (plateau),x = time,x0 = 
the time at which the growth rate is at its maximum (inflection point), 
dx = the time constant, related to the slope of the curve at the inflec
tion point.

This model was used to fit the OD600 values plotted against time to 
quantify the growth phases of E. coli, including lag, log, and 

stationary phases. The sigmoidal fit provides insight into the transi
tion points and allows for the precise determination of the growth 
rate and generation time under the tested conditions. The colony- 
forming units (CFUs) of E. coli were determined using the Trypan 
Blue dye exclusion assay [55–57]. Briefly, 1 ml of E. coli culture was 
harvested at OD600 of 0.05, 0.5, 1.0, and 1.5 and centrifuged at 5000×g 
for 10 min at 4 �C. The pellet was washed twice with Tris-buffered sa
line, TBS (50 mM Tris-HCl, pH 7.5, 150 mM NaCl) and resuspended 
again in 1 ml of TBS. The resuspended E. coli cells were diluted 10- 
fold in TBS. Each dilution of E. coli cells was mixed with an equal vol
ume of 0.4% Trypan Blue. The 10 µl aliquot of Trypan Blue mixed cul
ture was loaded onto a Neubauer chamber (0.1 mm depth, 0.0001 ml 
chamber volume). The number of viable bacterial cells in 12 out of 25 
central grid squares was counted under the light microscope at 40X 
magnification, and the average cell count was used in the equation 
below to determine colony-forming units per millilitre (CFU/ml). The 
graph of CFU/ml of E. coli was plotted against the corresponding 
OD600 (Fig. 2B). 

CFU=ml ¼
Pn

i¼1 Ni
n × F

� �

× D × 104 

whereNi = Number of cells (CFU) counted in each selected square,n = 
Number of squares counted,F = Scaling factor to total squares in the 
grid (e.g. 25),D = Dilution factor,104 = Conversion factor (from haemo
cytometer volume: 0.1 mm3 = 10−4 ml).

Spot test assay
A rapid spot test assay was conducted according to previously de
scribed protocols with minor modifications to determine the viability 
of M13 phage in infecting and replicating within the host cells of 
E. coli K-12 ER2738, before quantifying the M13 phage population 
[58, 59]. To obtain early log phase E. coli, a 2% inoculum (OD600 � 1.5) 
from an overnight culture was added to 5 ml fresh LB broth and 

Figure 2 Growth kinetics of ER2738: Bacterial optical density (OD) over time and CFU count at different OD values. (A) Growth kinetics of E. coli ER2738 
were measured as optical density (OD) at 600 nm over time. The experimental data are fitted using a Boltzmann sigmoidal curve with corresponding 
equation parameters shown in the inset table. (B) Colony-forming unit (CFU) counts at different OD600 values, indicating bacterial concentration at 
various growth phases. Error bars represent standard deviations from independent biological triplicate measurements. One-way ANOVA with Tukey’s 
post hoc multiple comparison test showed significant differences among all OD600 groups (***P< .001, ****P< .0001)
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incubated at 37  �C at 250 rpm until OD600 reached �0.5. One hundred 
microlitres of the early log phase E. coli culture was harvested and 
mixed with 3 ml of LB agar containing 0.7% (w/v) agar (soft agar), 
then uniformly overlaid on an LB agar (LA) solid agar plate. A 10 
microlitre aliquot of phage suspension was applied to the solidified 
E. coli lawn culture on the LA plate and incubated overnight at 37 �C. 
The appearance of plaque-forming zones confirmed successful phage 
infection and replication in the E. coli host cells.

Double agar layer (DAL) assay and M13 
phage titration

The DAL assay was used to quantify the M13 phage population and 
its propagation according to the previously published method, with 
slight modifications [39, 60, 61]. A bottom layer of 15 ml of LA agar 
was prepared. The early log phase E. coli culture for infectivity by 
M13 phage was prepared according to the spot test assay described 
above. The top layer, consisting of a mixture with 100 µl of early log 
phase E. coli cells, 200 µl of a 10-fold diluted M13 phage suspension in 
TBS, and 3 ml of 0.7% LA, was evenly overlaid on the bottom agar 
layer and incubated at 37 �C overnight. The clear plaque-forming 
zones were counted, and the plaque-forming units were calculated 
according to the following formula: 

Undiluted phage suspension per ml ¼ pfu1 þ pfu2 þ � � � þ pfun
v1þ v2 þ � � � þ vn 

where

• pfu: number of plaques forming units from countable sample dilu
tion plates 

• v: volume used × dilution factor 
• n: number of counts 

And the standard deviation was calculated using the follow
ing formula: 

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N − 1

XN
i¼1ðxi � xÞ2

r

where

• S = standard deviation 
• N = sum of sample 
• xi = sample value 
• x = mean value 

Additionally, phage particle concentration was measured using a 
PerkinElmer LAMBDA 365 UV/Vis spectrophotometer (PerkinElmer, 
USA) at 269 and 320 nm with a low-volume quartz cuvette. Phage par
ticles were calculated using the previously reported equation to con
firm DAL-based quantification [39, 62]: 

Phage particles=ml ¼ ð6 × 1016Þ × ðA269 � A320Þ
N 

where

• N is the number of DNA bases in the M13 genome (6407 bases) 

E. coli densities and incubation time for M13  
phage-E. coli host interaction

To generate the desired plaque counts, the incubation time required 
for M13 phage to effectively infect and replicate in varying numbers 
of E. coli host cells was determined. A consistent M13 phage count of 
2 × 109 PFU/ml was used to infect from early log phage to mid-log 
phase E. coli cells at OD600 nm with values of 0.05 (�1 × 107 CFU/ml), 
0.5 (�1 × 108 CFU/ml), 1.0 (�3 × 108 CFU/ml), and 1.5 (�6 × 108 CFU/ 
ml). The E. coli and M13 phage cell suspensions were mixed well in 
20 ml LB broth in sterile 250 ml conical flasks to ensure sufficient aer
ation and incubated at 37 �C for 5 and 16 h, respectively. After incuba
tion, the E. coli host cells were removed through centrifugation at 
5000×g for 10 min at 4 �C. The supernatant containing the amplified 
M13 phages was then quantified using the DAL assay, as described in 
the ‘Double agar layer (DAL) assay and M13 phage titration’ section. 
The optimized infection time and the number of E. coli cells were ap
plied for subsequent experiments.

Determine the multiplicity of infection (MOI) of 
M13 phage

The MOI of M13 phages were determined by testing various ratios of 
M13 phages to E. coli cells. The infectivity ratios of M13 phage to 
E. coli were evaluated at 1:1, 2:1, 5:1, 10:1, and 100:1, using 0.25 × 108 

CFU/ml of E. coli host cells and a range of 0.25 × 108 PFU/ml to 
25 × 108 PFU/ml of phages. Suspensions of E. coli and M13 phages 
were thoroughly mixed in 20 ml LB broth in sterile 250 ml conical 
flasks to ensure sufficient aeration and incubated at 37 �C with con
tinuous orbital shaking at 250 rpm for 5 h. After incubation, the E. coli 
was removed by centrifugation at 5000×g for 10 min at 4 �C. The su
pernatant containing the amplified M13 phages was then quantified 
using the DAL assay, as described in the ‘Double agar layer (DAL) as
say and M13 phage titration’ section.

The effect of aeration on M13 phage infection
The impact of aeration on E. coli host cell infection with M13 was 
evaluated using different container types and controlled orbital shak
ing speeds, as previously published in the literature, with modifica
tions [39, 60, 61]. To independently assess the effect of container type 
on aeration, 20 ml of E. coli and M13 phage culture was grown either 
in sterile 50 ml polypropylene Falcon-type tubes, leaving �50% of 
headspace to constrain the air–liquid interface, and in 250 ml glass 
Erlenmeyer flasks, leaving �90% of headspace to maximize the oxy
gen transfer. All these experiments were performed at a fixed orbital 
shaking speed of 250 rpm. In parallel, to evaluate the effect of con
trolled shaking speed on aeration during phage–host infection, 20 ml 
E. coli–phage cultures were grown in sterile 250 ml glass Erlenmeyer 
flasks at 180, 250, and 320 rpm (same flask type throughout), thereby 
isolating the impact of shaking speed on oxygen transfer. In each aer
ation condition, the ratios of M13 phage to E. coli at 2:1, 10:1, and 
100:1 were tested. The densities of M13 phage to E. coli were pre
pared according to the ratios: 0.5 × 108 PFU/ml: 0.25 × 108 CFU/ml, 
2.5 × 108 PFU/ml: 0.25 × 108 CFU/ml, and 25 × 108 PFU/ml: 0.25 × 108 

CFU/ml. Suspensions of E. coli host cells and M13 phages were 
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thoroughly mixed in LB and incubated at 37 �C with continuous or
bital shaking as described above for 5 h. After incubation, the E. coli 
host cells were removed by centrifugation at 5000×g for 10 min at 
4 �C. The supernatant containing the amplified M13 phages was then 
quantified using the DAL assay, as described in the ‘Double agar layer 
(DAL) assay and M13 phage titration’ section.

M13 phages recovery by filtration
To enhance the recovery of M13 phages from E. coli infection, filtra
tion was performed after centrifuging the E. coli and phage 
suspensions following incubation, as outlined in the referenced 
method [50, 63]. After incubation with phages, E. coli host cells were 
removed via centrifugation as described in the ‘E. coli densities and 
incubation time for M13 phage-E. coli host interaction’ section. The 
supernatant was subsequently filtered through three types of sterile 
0.22 µm, 33 mm diameter syringe filters (Merck, Germany) to remove 
residual bacterial debris, yielding a clarified filtrate containing M13 
phage particles. The filters evaluated were: MillexTM-GP filter units 
(polyethersulfone [PES] membrane), MillexTM-GS filter units (mixed 
cellulose ester [MCE] membrane), and Nylon 66 membrane filters 
(polyamide membrane). Filtration efficiency was then assessed to 
compare phage recovery across membrane types. This filtrate was 
subsequently diluted 10-fold in Tris-buffer saline (50 mM Tris-HCl, 
pH 7.5, 150 mM NaCl) and quantified using the DAL assay, as detailed 
in the ‘Double agar layer (DAL) assay and M13 phage titra
tion’ section.

M13 phage recovery by PEG/NaCl precipitation and 
centrifugation

The recovery of M13 phages using polyethylene glycol (PEG) and so
dium chloride (NaCl) precipitation followed by centrifugation was eval
uated in comparison with filtration, as described in the ‘M13 phages 
recovery by filtration’ section. The PEG/NaCl precipitation was per
formed according to the previously published method [40, 61, 62]. After 
incubation with phages, E. coli host cells were removed via centrifuga
tion, as outlined in the ‘E. coli densities and incubation time for M13 
phage-E. coli host interaction’ section. The supernatant was mixed with 
one-fifth volume of a 2.5 M NaCl/20% (w/v) PEG-8000 solution and incu
bated on ice for 1 h to precipitate phages. Subsequently, it was centri
fuged at 20 000×g for 15, 30, or 60 min at 4 �C to pellet the phages to 
evaluate the effect of centrifugation time on phage recovery efficiency. 
The supernatant was then mixed with one-fifth volume of PEG/NaCl so
lution and incubated to precipitate phage particles independently for 
1 h, 4 h, or overnight (16 h) at 4 �C, to assess the effect of PEG/NaCl incu
bation duration on phage recovery efficiency. The mixture was subse
quently centrifuged at 20 000×g for 60 min at 4 �C to pellet the phage. 
Phage purification typically involves two rounds of PEG/NaCl precipita
tion to improve phage purity. The pellet was resuspended in Tris buffer 
saline (50 mM Tris-HCl, pH 7.5, 150 mM NaCl), diluted 10-fold, and quan
tified using the DAL assay, as described in the ‘Double agar layer (DAL) 
assay and M13 phage titration’ section. To assess bacterial contamina
tion after purification, aliquots from unpurified phage suspensions and 
phage suspensions purified by PEG/NaCl precipitation followed by cen
trifugation were plated using the spread plate method on LB agar and 
incubated overnight at 37 �C [40]. Viable E. coli ER2738 colonies were 
counted and expressed as CFU/ml to evaluate purification efficiency.

Stability and viability of M13 phage
To determine the long-term stability and viability of M13 phage, a 
high-titre phage stock of approximately 1.8 × 1010 PFU/ml was pre
pared in 15% (v/v) glycerol by mixing an equal volume of the phage 
suspension with 30% glycerol [39]. For comparison, a higher-titre 
M13 stock (�3.4 × 1011 PFU/ml) was also prepared and stored under 
identical conditions in 50% (v/v) glycerol. The phage stocks were 
stored at –80 �C for one year. After a year of storage, the frozen M13 
phage stock was thawed on ice and diluted 10-fold in TBS buffer for 
viability testing. The diluted phage was quantified using DAL as de
scribed in the ‘Double agar layer (DAL) assay and M13 phage titra
tion’ section.

Statistical analysis
Statistical analyses were conducted using GraphPad Prism (version 
9.5, GraphPad Software, San Diego, CA, USA). Data are presented as 
means ± standard deviations from three independent replicates. 
Differences between experimental groups were evaluated using suit
able statistical tests based on the experimental design: comparisons 
between two groups employed unpaired two-tailed Student’s t-tests, 
while comparisons among multiple groups were analysed using one- 
way analysis of variance (ANOVA) followed by Tukey’s post-hoc mul
tiple comparisons test. Additionally, two-way ANOVA was used to an
alyse experiments involving two independent variables, such as 
aeration conditions and infection ratios. A significance level of P< .05 
was considered statistically significant for all analyses, with signifi
cance denoted as *P< .05, **P< .01, ***P< .001, ****P< .0001 and no 
significance stars are shown for comparisons that were not statisti
cally significant.

Results and discussion
Growth curve of E. coli ER2738

The growth curve of E. coli ER2738, depicted in Fig. 2, aligns closely 
with the Boltzmann sigmoidal model, achieving an R2 of 0.9996. It 
shows typical bacterial growth, including a lag phase, a log phase at 
120 min, and a stationary phase at 300 min. Research indicates that 
M13 phages infect E. coli most efficiently during the early log phase to 
mid-log phase, within the OD600 nm 0.05–1.5 range, when E. coli has 
active metabolism and vigorous DNA replication, which creates ideal 
conditions for phage replication [38, 64, 65]. In our experiment, E. coli 
cells were collected between the early log phase to mid-log phase for 
further phage infectivity studies. The viable cell count ranged from 
1 × 107 to 6 × 108 CFU/ml at corresponding OD600 nm values, ensuring 
ample viable cells for effective phage infection (Fig. 2B). A significant 
correlation (P< .0001) was observed between optical density and via
ble cell count during the early to mid-log phase. The strong, consistent 
relationship between OD600 nm and viable cell counts allows for reli
able scaling of phage production protocols, crucial for industrial or 
therapeutic uses requiring consistent bacterial input [66, 67]. After 
approximately 300 min post-inoculation, cultures entered the station
ary phase, indicating the importance of avoiding late-phase cultures 
for infection, as diminished metabolic activity at this stage is less 
favourable for phage replication [68–70]. Overall, these results under
score the importance of host cell dynamics in optimizing M13 phage 
replication, highlighting that timing the infection to coincide with the 
host’s early to mid-log phase can significantly improve phage yields.
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Spot test and DAL assay confirm M13 phage 
infectivity, amplification, and quantification

Accurate detection and quantification of M13 phage are essential for 
evaluating phage amplification efficiency and viability, particularly 
in phage display applications [39]. Figure S1A demonstrates the initial 
assessment of M13 phage activity using the spot assay and the double 
agar layer (DAL) assay. The spot test assay provided rapid, visual con
firmation of phage infectivity, evidenced by clear lysis zones on a 
bacterial lawn in undiluted samples. Although qualitative, the spot 
test effectively screens phage activity and infectivity across multiple 
samples [58, 59]. This method is critically important in phage display, 
as it provides immediate confirmation of phage viability and infectiv
ity that helps to validate and select suitable phage candidates for fur
ther experimentation, including in phage library biopanning 
workflows [58, 59]. It enables rapid, visual screening of phage infec
tivity before proceeding to downstream selection (biopanning) steps. 
This ensures that only viable and infective phage clones are used, im
proving the efficiency and reliability of biopanning experiments. For 
quantitative analysis, the DAL assay provided clear, distinct plaques 
at dilutions of 10−6 and 10−7, resulting in an estimated M13 phage ti
ter of �3.56 ± 0.45 × 109 PFU/ml, verifying the phage concentration in 
stock. Quantitative evaluation through DAL assays is crucial in phage 
display workflows, ensuring precise phage enumeration and 
reproducibility [28]. To further validate DAL-based quantification, 
phage concentration was also measured by UV–Vis spectrophotome
try at 269 nm and 320 nm using a spectrophotometer with a 
low-volume quartz cuvette, and phage particles were calculated as 
described (Fig. S1B). Two independent phage concentrations were 
quantified using both methods, showing overall comparable titers be
tween DAL and UV-based measurements. Notably, UV-derived values 
were slightly higher than DAL-based titers, which is expected because 
the DAL assay enumerates infective (viable) phage particles, whereas 
UV-based quantification estimates total particle concentration and 
may include non-infective particles or free nucleic acid/protein [71]. 
Nevertheless, the close consistency between the two approaches sup
ports the reliability of the DAL assay for routine M13 phage quantifi
cation and strengthens confidence in its use throughout the study. By 
reliably quantifying phage titers, this method supports critical 
decision-making during phage display biopanning, amplification, 
storage, and purification processes, making it essential for generating 
consistent, high-quality phage stocks necessary for downstream 
applications [28, 29].

To further investigate initial phage propagation and amplification 
efficiency, we assessed phage recovery immediately after mixing 
phage with host bacteria (0 h) and following overnight incubation 
(Fig. S2). This experiment was included to establish a baseline refer
ence for standard overnight M13 propagation and to confirm net pro
duction of viable phage before the optimization studies presented in 
the ‘Effect of E. coli host density and incubation time on M13 phage 
amplification’ to ‘Aeration supports better phage infection’ sections. 
Figure S2A (left) confirmed phage infectivity through the Spot test, vi
sualized by clear bacterial lysis zones at lower dilutions. 
Simultaneously, DAL assays revealed distinct plaques at a 10−7 dilu
tion (Fig. S2A, right), indicative of successful phage replication and 
amplification. Quantitative DAL analysis (Fig. S2B) showed a signifi
cant increase in phage titers from �7.12 × 108 PFU/ml at 0 h to 
�1.5 × 109 PFU/ml after overnight incubation, yielding a relative re
covery ratio of 1:2.1 (Fig. S2C). Statistical evaluation using a two-tailed 

unpaired Student’s t-test confirmed this increase was highly signifi
cant (P< .0001), highlighting overnight phage amplification facili
tated by metabolically active log-phase E. coli hosts [40, 64, 72]. 
Ultimately, the purpose of this experiment was to confirm that M13 
phage amplifies in broth culture following infection of E. coli, result
ing in successful enrichment of M13 phage particles quantified by the 
DAL assay. This baseline amplification assessment then guided our 
subsequent optimization of MOI, incubation time, and aeration in the 
‘Effect of E. coli host density and incubation time on M13 phage am
plification’ to ‘Aeration supports better phage infection’ sections. 
Thus, these findings emphasize the critical importance of the DAL as
say as a reliable method for accurate quantification of M13 phage 
titers in phage display experiments [39, 60, 61]. The precision and re
producibility of plaque enumeration facilitated by serial dilutions 
within the DAL assay ensure consistent quantification, which is es
sential in phage display applications for evaluating amplification effi
ciency, optimizing storage conditions, and verifying purification 
protocols [39, 60, 61]. Together, the spot test and DAL assay create a 
robust detection and quantification pipeline that is indispensable in 
preparative workflows requiring consistent, high-titer phage stocks. 
Consequently, their integrated use significantly enhances the reliabil
ity and efficiency of phage display-based biosensing, diagnostic, and 
therapeutic applications.

Effect of E. coli host density and incubation time on 
M13 phage amplification

To maximize M13 phage amplification efficiency and achieve a high 
plaque count, the effects of E. coli density and incubation time on 
their interactions were investigated [39]. E. coli cultures were col
lected at different OD600 at 0.05, 0.5, 1.0, and 1.5, spanning from early 
log through mid-log growth phases, to optimize phage infection. 
Before infection, a quick spot test confirmed M13 phage viability, and 
titration measured the PFU/ml count, which was around 1.5 × 109 

(Fig. S2). As shown in Fig. 3 and Fig. S3, after 5 h of incubation, the 
highest plaque counts of 1.2 × 1013 PFU/ml were observed using E. 
coli at OD600 of 0.05, corresponding to the start of the early log phase. 
Following this, 7 × 1012 PFU/ml was recorded as the second highest at 
the early log phase of OD600 of 0.5. The two-way ANOVA followed by 
Tukey’s multiple comparisons test confirmed highly significant 
differences (P< .0001) between phage titers obtained at lower densi
ties (OD 0.05 and 0.5) and higher densities (OD 1.0 and 1.5). These 
results emphasize the critical importance of initiating phage amplifi
cation at optimal bacterial densities (OD 0.05 to 0.5) for maximum 
yield [39, 73]. A similar observation was made during 16 h of incuba
tion of M13 phage and E. coli cells, in which the elevated plaque 
counts were observed from the beginning and across the early loga
rithmic phase. In fact, filamentous M13 phage replicates most effi
ciently while infecting F+ E. coli cells in the early logarithmic phase of 
growth, when the bacteria are actively dividing. During this stage, the 
host’s cellular machinery is highly active, supporting the processes es
sential to the M13 life cycle, including genome replication, coat pro
tein synthesis, virion assembly, and continuous extrusion of phage 
particles without host lysis [39]. Our findings clearly demonstrate 
that initiating infection during this early log phase provides the most 
favourable physiological conditions for phage DNA replication and 
particle formation, resulting in prominently higher phage titers. 
While most established amplification protocols employ E. coli cul
tures with optical densities between 0.05 and 0.6 (OD600), few have 
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explored how variations in host cell concentration affect infection ef
ficiency and overall phage yield [35–38]. Although the precise molec
ular mechanisms behind this enhancement remain unclear, our 
results suggest that early log–phase cells allow the phage to harness 
the host’s biosynthetic capacity more effectively, enabling faster ge
nome replication, protein synthesis, and virion assembly. These find
ings are consistent with multiple studies that demonstrate a direct 
connection between bacterial growth phases and phage yield [66– 
68]. The referred studies support the assumption that optimal bacte
rial physiological state is a key determining factor of phage produc
tion efficiency. When the E. coli density entered the mid-log phase at 
OD600 1 and 1.5, the plaque count decreased by one log and 2 logs, re
spectively. While OD600 values of 1.0–1.5 indicate the mid-logarithmic 
phase of E. coli growth when cells are usually dividing rapidly, the ob
served M13 phage yields at these levels were notably lower (Fig. 3). 
This unexpected result may result from multiple limiting factors, in
cluding high bacterial cell densities that likely accelerate nutrient and 
oxygen depletion [69, 70, 74], impairing cellular metabolism and lim
iting resources needed for phage replication and release [74]. 
Additionally, overcrowded conditions might hinder M13 phage re
lease due to membrane stress and extracellular phage buildup. 
Receptor availability may also decrease since F pilus expression can 
decline under high-density or stressed conditions, such as nutrient 
limitation and oxygen deficiency [31, 68]. Similarly, starting infec
tions at low OD with fast-growing bacteria helps many obligately lytic 
phages (i.e. T4) because rapidly dividing cells give the phage more 
resources: the latent period (time from infection to lysis) gets shorter 
and the burst size (phage per lysed cell) gets bigger. By contrast, 
when cultures get dense and oxygen/nutrients run low, phage devel
opment slows and total yield drops [67, 75, 76]. In temperate phages 
like lambda (λ), whether the phage chooses to lyse the host or inte
grate into the host genome (lysogeny) depends on the phage-to-host 

ratio (MOI) and the physiological condition of the host [77]. When the 
host is growing slowly, such as under nutrient limitation or low oxy
gen, the phage is more likely to enter lysogeny [78]. This reduces the 
number of cells that lyse and leads to lower production of free phage. 
This is because slow-growing cells have less ATP, which stabilizes a 
regulatory protein called CII [79]. Stable CII favours lysogeny over 
lysis [80]. Therefore, in high-density or poorly aerated cultures, even 
though many infections occur, phage yield may be low.

Long incubation from 5 to 16 h did not significantly increase phage 
titers at optimal bacterial densities, indicating that maximum amplifi
cation was reached within the first 5 h. This saturation is likely due to 
the rapid depletion of host cellular resources and replication machin
ery during the exponential growth phase [67, 81]. Once the bacterial 
growth moved into the stationary phase, lack of nutrients and slower 
metabolism reduced phage production [64, 81]. Extended incubation 
did not improve infection efficiency, likely due to the accumulation of 
metabolic by-products and increased competition for nutrients, indi
cating that shorter incubation periods are more efficient. Moreover, 
overnight incubation at the highest bacterial density tested (OD600 = 
1.5) slightly reduced phage yield (Fig. 3), reflecting the minor negative 
impact of long incubation. However, no significant difference in 
phage titers was observed between 5 and 16 h of amplification. 
Overall, these findings establish guidelines for optimizing M13 phage 
amplification, highlighting the beginning of infection during the lag 
to early-logarithmic phase (OD 0.05–0.5) and 5 h incubation durations 
to enhance efficiency and yield, which is crucial for effective phage 
display library amplification. Notably, these findings are broadly con
sistent with workflows such as the New England Biolabs (NEB) Phage 
Display Peptide Library Kit [38]. We acknowledge that amplification 
conditions can vary across self-constructed phage display libraries; 
for example, infections are often initiated with E. coli TG1 at OD600 

�0.3–0.6, and amplification is frequently performed overnight [82].

Multiplicity of infection (MOI)
A constant concentration of E. coli at 0.25 × 108 CFU/ml was infected 
with M13 phages to host E. coli at the ratios of 1:1, 2:1, 5:1, 10:1, and 
100:1. The growth curve of E. coli without phage infection showed a 
standard sigmoidal growth pattern, reaching an optical density 
(OD600) plateau of approximately 2.5 at around 360 min (Fig. 4A). In 
contrast, bacterial growth was significantly reduced in phage- 
infected cultures, and most inhibition was observed at the moderate 
phage-to- E. coli ratio (2:1), followed by 5:1, 1:1, and 10:1. Conversely, 
at the highest phage concentration (phage: E. coli ratio of 100:1), the 
bacterial growth curve closely resembled that of the curve of the 
uninfected E. coli, indicating minimal growth inhibition. At 5 h 
post-infection, the optical density (OD600) measurements revealed an 
inverse relationship between host growth and M13 amplification effi
ciency (Fig. 4A; Table 1). Uninfected E. coli cultures reached an OD600 

of �2.53, while infected cultures displayed progressively lower OD 
values with increasing phage-to-host ratios from �2.33 at 100:1, 
�1.96 at 10:1, �1.38 at 1:1, �1.15 at 5:1, to �0.27 at 2:1. The reduction 
in OD at the 2:1 ratio indicates substantial growth interference by 
phage infection, corresponding to the highest measured phage titer 
(�8.3 × 1011 PFU/ml; Fig. 4B). This inverse correlation demonstrates 
that efficient phage amplification is associated with lower host den
sity and phage infection with the host from early-log-phase, consis
tent with the findings in the ‘Effect of E. coli host density and 
incubation time on M13 phage amplification’ section (Fig. 3). 

Figure 3 Optimization of M13 phage amplification at different host 
bacterial densities and incubation times. Quantification of M13 phage 
titers (PFU/ml, log10 scale) for different E. coli host OD values, 
comparing amplification for 5 h vs. 16 h. Each data point represents 
independent biological replicates. Error bars indicate standard 
deviation. Statistical analysis using two-way ANOVA followed by Tukey’s 
multiple comparisons test revealed significant differences in M13 phage 
titers across host bacterial densities, with lower OD600 values (0.05 and 
0.5) yielding significantly higher phage titers compared to higher ODs 
(1.0 and 1.5) (*P< .05, ***P< .001, ****P< .0001, as indicated). There 
was no significant difference in phage titers between 5 and 16 h of 
amplification (P> .05). Error bars represent standard deviations from 
independent biological replicates (n = 3)
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Conversely, higher ratios (10:1 and 100:1) resulted in elevated OD600 

values but reduced plaque counts, implying diminished infection effi
ciency. However, DAL assays conducted after 5 h of infection further 
confirmed these observations (Fig. S4). Visual inspection of plaques 
revealed differences in phage yield, with the 2:1 infection ratio show
ing the highest plaque density. Quantitative results (Fig. 4B) con
firmed these observations, as the 2:1 ratio significantly outperformed 
all other tested ratios, yielding approximately � 8.3 × 1011 PFU/ml. 
Higher ratios (10:1) produced markedly fewer phages (� 2 × 1011 

PFU/ml), while ratios exceeding 5:1 showed reduced yields, support
ing the idea that extreme infection ratios negatively impact phage 
production efficiency. Notably, the highest phage-to-host ratio (100:1) 
resulted in minimal bacterial growth inhibition (Fig. 4A) and a signifi
cant decrease in phage production (Fig. 4B). One possible explanation 
for this effect is superinfection exclusion (SIE). Superinfection exclu
sion (SIE) is a protective mechanism employed by the bacteria upon 
infection by the bacteriophage, which prevents subsequent phage 

infections [83]. At high multiplicities of infection (MOI), although M13 
is initially abundant, phage amplification drops significantly, while 
optical density (OD600) increases due to sustained bacterial growth 
(Fig. 4B). We assume that this outcome may be a result of superinfec
tion exclusion (SIE) mediated by M13-encoded proteins, particularly 
pIII [84, 85]. This leads to the proposal that the pIII protein may be re
sponsible for conferring superinfection immunity in M13-infected 
cells. Although superinfection exclusion (SIE) is a plausible contribu
tor to the reduced M13 yield observed at very high phage-to-host ra
tios, it is not likely to be the sole explanation. At extreme MOI, 
multiple phage particles can adsorb to the same cell, which may re
duce the effective entry of the phage genome or adsorption efficiency 
due to adsorption-driven perturbations of host physiology and a de
creased probability of the genome entry per adsorbed phage [48]. In 
addition, high MOI can increase selective pressure on the bacterial 
population, potentially accelerating the emergence and enrichment 
of phage-resistant mutants (e.g. F pilus-associated changes), which 

Figure 4 Effect of M13 phage to E. coli infection ratio on M13 phage amplification. (A) Growth curves of E. coli alone and E. coli infected with M13 at 
different infection ratios, measured by OD600 over time. Higher phage concentrations slow bacterial growth. (B) Quantification of M13 phage titers 
(PFU/ml) after 5 h of infection at different infection ratios. Each data point represents independent biological replicates (n = 3), and error bars indicate 
standard deviation. One-way ANOVA analysis revealed a statistically significant effect of infection ratio on M13 amplification (***P< .001, 
****P< .0001), with the 2:1 ratio producing the highest phage yield

Table 1 Comparison of key factors influencing M13 amplification at low vs high MOI.
..........................................................................................................................................................
Factor Effect at low MOI (e.g. 2:1) Effect at high MOI (e.g. 10:1, 100:1)..........................................................................................................................................................
Phage genome entry Gradual infection, allows multiple produc

tive cycles
Rapid adsorption to most cells; effective entry 
of phage genome may be reduced due to 
adsorption saturation

Superinfection exclusion (SIE) Minimal or delayed Likely contributes, but not exclusively; may limit 
subsequent productive infections

Phage-resistant mutants Limited selection pressure Increased selective pressure may accelerate 
emergence or enrichment of resistant mutants

Phage amplification High, sustained production Reduced due to combined effects of SIE, re
duced adsorption efficiency, and possi
ble resistance

Host growth (OD600) Partially suppressed by active phage replication Sustained growth despite infection, consistent 
with non-lytic M13 lifecycle

Overall phage yield Maximal at M13: E. coli = 2:1 Significantly reduced despite high initial 
phage input...........................................................................................................................................................
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would further reduce productive infection and apparent phage 
amplification yield [49]. As a result, infected host cells enter a phage- 
resistant, but metabolically active state, where new productive 
infections are blocked, but cellular functions remain intact [83]. 
Consequently, even with diminished phage yield, OD600 continues to 
rise, reflecting the non-lytic nature of M13 and the survival of 
infected E. coli [84]. Statistical analysis using one-way ANOVA con
firmed that the infection ratio significantly affected phage amplifica
tion (P< .0001), with the 2:1 ratio providing optimal conditions for 
maximal phage yield. On the other hand, at the low, 1:1 infection ra
tio, phage amplification yielded approximately 4 × 1011 PFU/ml after 
5 h (Fig. 4B). This result suggests that while the infection efficiency 
was sufficient to initiate active M13 propagation, the overall yield 
was limited by the relatively lower initial phage input compared to 
the 2:1 ratio. However, the lower phage density reduces the fre
quency of infection events. Similar outcomes have been reported for 
other filamentous and ssDNA phages, where low multiplicity of infec
tion (MOI) conditions result in slower amplification kinetics due to 
limited initial infection coverage of the host population [41–44]. 
These findings underscore the importance of precisely balancing 
phage-to-host ratios, highlighting that excessive phage inputs can un
expectedly diminish overall amplification efficiency. These findings 
reveal a dose-dependent switch in M13 infection outcomes, while 
moderate MOI favours robust phage amplification, high MOI induces 
early SIE that protects host cells at the cost of phage productivity. 
Thus, optimal phage amplification for practical applications should 
leverage moderate infection ratios, as demonstrated by the 2:1 condi
tion, which maximizes both phage yield and bacterial host utilization. 
A summary is presented in Table 1.

Aeration supports better phage infection
Aeration plays a critical role in bacterial culture growth and phage 
propagation, significantly impacting M13 phage amplification effi
ciency. To evaluate the impact of aeration on M13 phage amplifica
tion, infections were performed at three phage-to-host ratios (M13: 
E. coli = 2:1, 10:1, and 100:1) under different culture container types 
and independently controlled orbital shaking speed, followed by 
quantitative plaque analysis (Fig. 5, Fig. S5). First, to independently 
assess container-dependent aeration effects on phage yield, experi
ments were conducted at a fixed orbital shaking speed (250 rpm) us
ing 50 ml polypropylene Falcon-type tubes filled to � 50% of their 
volume with 20 ml of culture to reduce the air-liquid interface, and 
using 250 ml glass Erlenmeyer flasks containing 20 ml of culture (�
90% headspace) to maximize the surface area for oxygen transfer 
(Fig. 5A, Fig. S5B). Under identical orbital shaking conditions, cultures 
grown in 250 ml glass Erlenmeyer flasks consistently produced signif
icantly higher M13 titers than those grown in 50 ml polypropylene 
Falcon-type tubes across all infection ratios (Fig. 5B). At the 2:1 infec
tion ratio, plaque counts increased from �2.0 × 1011 PFU/ml (50 ml 
polypropylene Falcon-type tubes) to �8.3 × 1011 PFU/ml (250 ml glass 
Erlenmeyer flasks), representing an approximate 315% increase. 
Similar, though less evident, increases were observed at 10:1 (� 43% 
increase) and 100:1 (� 72% increase), suggesting that improved aera
tion consistently facilitates higher phage replication. In addition, the 
culture container material itself is an important factor, as polypropyl
ene tubes may contribute to reduced phage yield. Consistent with 
previous reports, our results demonstrate that phage propagation is 
influenced by container composition, with polypropylene surfaces 

associated with phage adsorption and reduced recovery [86]. Across 
all tested infection ratios, cultures grown in glass Erlenmeyer flasks 
consistently yielded higher M13 titers than those propagated in poly
propylene Falcon-type tubes (Fig. 5A), indicating that container mate
rial may contribute to differences in apparent phage recovery, likely 
due to surface-associated adsorption or loss in polypropylene con
tainers. When glass Erlenmeyer flasks consistently yielded higher 
M13 titers, we next fixed the container type (glass) and examined 
how oxygen transfer driven by different shaking speeds influences 
phage yield. As shown in Fig. 5B, increasing shaking speed signifi
cantly enhanced M13 phage amplification across all tested infection 
ratios. At the optimal infection ratio of 2:1, phage titers increased 
prominently with increasing aeration, reaching a maximum at 
250 rpm (�1.1 × 1012 PFU/ml), compared to lower yields at 180 rpm 
(�1.2 × 1011 PFU/ml) and 320 rpm (�2.5 × 1011 PFU/ml). Similar 
trends were observed at infection ratios of 10:1 and 100:1, where in
termediate shaking (250 rpm) consistently produced higher phage 

Figure 5 Effect of aeration on M13 phage amplification for 5 h under 
varying container types and shaking speeds across different phage-to-host 
infection ratios. (A) Comparison of M13 phage titers obtained after 5 h of 
infection using different container types at a fixed shaking speed 
(250 rpm): 50 ml polypropylene Falcon-type tubes versus 250 ml glass 
Erlenmeyer flasks. (B) Quantification of M13 phage titers (PFU/ml) following 
5 h of infection at M13: E. coli ratios of 2:1, 10:1, and 100:1 under different 
shaking speeds (180, 250, and 320 rpm) in 250 ml glass Erlenmeyer flasks. 
Bars represent mean PFU/ml, with individual data points shown as dots 
and error bars indicating standard deviation from independent biological 
replicates (n = 3). Statistical significance was determined using two-way 
ANOVA followed by Tukey’s multiple comparisons test; significance levels 
are indicated as (*P< .05, ****P< .0001)
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yields than either lower or higher shaking speeds. These results 
showing enhanced M13 phage amplification with increased aeration 
are consistent with previous findings that dissolved oxygen concen
tration and agitation rates influence filamentous phage yield in con
trolled culture systems [87]. On the other hand, excessive agitation 
(such as 320 rpm) and associated mechanical shear stress are known 
to affect phage stability and phage-host interactions [88]. Mechanical 
forces, such as shear, can influence phage structural integrity and 
adsorption dynamics, potentially reducing productive infection un
der high agitation conditions [88]. Two-way ANOVA confirmed a 
highly significant effect of shaking speed on phage yield (P< .0001), 
highlighting aeration (oxygenation) as a critical determinant of M13 
amplification efficiency. Importantly, while the container type was 
held constant, increasing shaking speed within glass Erlenmeyer 
flasks resulted in a noticeable enhancement of M13 yield (Fig. 5B), 
demonstrating that aeration is an important factor in phage amplifi
cation. Collectively, these findings suggest that although container 
material likely contributes to overall phage recovery, improved aera
tion achieved through appropriate container types and controlled or
bital shaking conditions is an important determinant of M13 phage 
amplification, as supported by two-way ANOVA, which shows a 
highly significant effect of aeration on phage yield (P< .0001). 
Improved aeration has been shown to positively influence microbial 
metabolism, and by extension, bacteriophage replication, including 
M13 [62]. Although direct studies on M13 phage amplification under 
varying oxygen conditions are limited, existing research supports the 
hypothesis that oxygen availability enhances host bacterial activity, 
which is critical for efficient phage replication. For instance, in
creased oxygen supply significantly improved metabolic fluxes and 
growth in Azotobacter vinelandii, suggesting that similar effects would 
benefit E. coli, the host for M13 phage [89]. Enhanced aeration was 
also found to improve bacterial nutrient uptake and phosphorus re
moval efficiency in wastewater systems, highlighting the metabolic 
sensitivity of microorganisms to dissolved oxygen levels [90]. 
Additionally, oxygen access influenced membrane protein orienta
tion and accessibility in M13 major coat protein mutants, further 
underlining the importance of oxygen-related dynamics in phage bi
ology [91]. Studies on other systems, such as microbially induced cal
cite precipitation and aquaculture, also demonstrate that sufficient 
aeration improves microbial performance and product output, which 
can be extrapolated to suggest enhanced phage replication efficiency 
under optimal oxygen conditions [92, 93]. Visual comparison of pla
que formation under suboptimal (low shaking speed or use of poly
propylene Falcon-type tubes) and optimal aeration (moderate 
shaking speed of 250 rpm in glass Erlenmeyer flasks) further sup
ported these findings (Fig. S5), showing notably increased plaque 
densities under optimal aeration conditions. Optimal aeration condi
tions likely enhanced bacterial metabolism and host replication effi
ciency, thereby improving the resources available for M13 phage 
replication. Overall, these results emphasize that aeration is a crucial, 
often underestimated factor for M13 phage amplification. While 
maintaining optimal E. coli host density and an appropriate multiplic
ity of infection (MOI) are essential for initiating efficient phage–host 
interactions, these parameters alone cannot ensure high phage yield 
without sufficient oxygen availability. Adequate aeration upholds the 
host’s metabolic activity, ensuring continuous ATP generation and 
biosynthetic fluxes required for phage genome replication, protein 
synthesis, and virion extrusion [70]. In contrast, limited oxygen leads 
to metabolic slowdown, nutrient imbalance, and accumulation of 

toxic by-products, all of which restrict phage propagation [70]. 
Therefore, maximizing M13 phage amplification requires a balanced 
integration of host density, infection ratio, and aeration, where 
proper oxygenation maintains the physiological state of E. coli neces
sary for sustained, high-efficiency phage production. These findings 
highlight the importance of carefully optimizing aeration conditions, 
particularly for phage display applications, to ensure efficient and re
producible phage amplification.

Purification
To ensure contamination-free phage preparations, multiple research
ers have employed 0.22 µm filtration units [50, 51]. Though other 
types, such as 0.45 µm filters, are useful for clarification or filtration, 
studies have shown that purification efficiency is often similar be
tween 0.22 µm and 0.45 µm pore sizes [94]. However, we selected 
0.22 µm filters for purification due to their smaller pore size, which 
provides better retention of bacteria and fine debris. Therefore, we 
evaluated the efficacy of 0.22 µm filtration for purifying amplified 
M13 phage suspensions, using E. coli cultures infected at the early log
arithmic phase with an initial phage concentration of approximately 
2 × 109 PFU/ml. Amplified M13 phage supernatants were filtered us
ing three sterile 0.22 µm, 33 mm diameter syringe filter types: polye
thersulfone (PES, MillexTM-GP), mixed cellulose ester (MCE, MillexTM- 
GS), and Nylon 66 (polyamide) membranes. Non-filtered supernatant 
served as a control. Filtration efficiency was assessed by plaque assay 
(DAL method) to quantify phage recovery following filtration. 
Figure 6Ai displays representative DAL assay plates for phage sus
pensions diluted to 10−9, with and without filtration. Visual inspec
tion of the respective plates indicates a substantial reduction in 
plaque numbers following filtration across all membrane types when 
compared to the non-filtered control, suggesting significant phage re
moval. Quantitative analysis (Fig. 6Aii) revealed a statistically signifi
cant decrease (P< .0001) in M13 phage titers post-filtration. 
Specifically, the non-filtered phage suspension exhibited titers of ap
proximately 1013 PFU/ml, whereas filtration through PES, MCE, and 
Nylon 66 membranes resulted in titers of approximately 1011, 1011, 
and 1010 PFU/ml, respectively, equivalent to an overall 2-log reduc
tion in recoverable phage particles. Among the membranes tested, 
PES filters exhibited the highest phage recovery, followed by MCE, 
while Nylon 66 filters showed the greatest loss of phage particles. 
These differences are likely due to fundamental differences in mem
brane surface chemistry and nonspecific adsorptive interactions; ny
lon membranes typically show higher protein- and particle-binding 
capacity, whereas PES membranes are widely recommended for bio
logical sample filtration because they typically exhibit low protein/ 
biomacromolecule adsorption and extractables, reducing loss of ana
lytes such as proteins or virus particles [95, 96]. The considerable loss 
in phage particles indicates that it inadvertently traps a significant 
fraction of the M13 phage particles, substantially lowering phage 
yields. This may be attributable to phage aggregation or adherence to 
filter membranes [51]. Furthermore, the extended filamentous struc
ture of M13 phage, which can reach lengths of approximately 900 nm 
[60], inherently challenges its passage through 0.22 µm pore-size fil
ters, despite its narrow diameter (�6.5 nm). Although filtration effec
tively removes bacterial debris and enhances purity, an advantage 
for target-binding specificity in phage display, it also results in signifi
cant phage loss. This loss may include high-affinity binders, 
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potentially undermining the diversity and quality of the amplified 
phage pool during phage display application.

We next investigated the effect of PEG/NaCl precipitation combined 
with different precipitation and centrifugation times. During this 
step, bacteria and bacterial debris were removed through repeated 
moderate-speed centrifugation, pelleting only the bacteria and col
lecting the supernatant containing the phage. This process ensured 
the effective elimination of bacterial contaminants, preventing any 
residual debris from remaining. To optimize recovery following PEG/ 

NaCl precipitation, we evaluated the effects of centrifugation dura
tion and PEG/NaCl precipitation time on M13 yield (Fig. 6B; Fig. S6). 
When phage suspensions were precipitated for 1 h and centrifuged at 
20000×g, increasing the centrifugation time from 15 to 30 and 60 min 
produced a progressive and significant increase in recoverable titers, 
rising from approximately �1 × 1012 PFU/ml (15 min) to �4 × 1012 

PFU/ml (30 min) and �1 × 1013 PFU/ml (60 min) (Fig. 6Bi; Fig. S6A). 
Consistent with this trend, plaque plates showed visibly higher pla
que density at longer centrifugation times, indicating improved 

Figure 6 Optimization of M13 phage purification: effects of membrane filtration, PEG/NaCl precipitation duration and centrifugation time. (A) Effect 
of membrane filtration on M13 phage recovery. (i) Representative plaque assay plates (PFU) showing M13 phage titers at a 10−9 dilution under 
different filtration conditions: non-filtered, polyethersulfone (PES), mixed cellulose ester (MCE), and nylon 66 (polyamide) membranes. (ii) 
Quantification of M13 phage titers (PFU/ml) following filtration using different membrane types. Non-filtered samples yielded significantly higher 
phage titers compared to filtered samples, with membrane-dependent differences observed. (B) Optimization of PEG/NaCl precipitation and 
centrifugation parameters. (i) Effect of centrifugation time (15, 30, and 60 min) on M13 phage recovery following PEG/NaCl precipitation for 1 h, 
showing a progressive increase in phage yield with longer centrifugation times. (ii) Effect of PEG/NaCl precipitation duration (1, 4, and 16 h) on M13 
phage recovery at 60 min of centrifugation at 20 000×g, with significantly higher titers observed after extended precipitation times. Bars represent 
mean PFU/ml, individual data points are shown as dots, and error bars indicate standard deviation from independent biological replicates (n = 3). 
Statistical significance was determined using one-way ANOVA with Tukey’s multiple-comparison tests, as indicated in the figure (**P< .01, 
***P< .001, ****P< .0001)
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pelleting efficiency. Figure S7 also shows that extending centrifuga
tion time after PEG/NaCl precipitation (15–60 min) significantly im
proved M13 recovery and reduced phage loss, with the highest 
recovery observed at 60 min. We also found that high-speed centrifu
gation alone can effectively recover M13 at very high starting titers 
(≥1 × 1013 PFU/ml). Extending centrifugation at 20000×g from 15 to 
30 and 60 min significantly increased plaque density and phage titers 
(Fig. S8A and B), indicating that direct centrifugation can concentrate 
M13 without PEG/NaCl under high-titer conditions. We next fixed 
centrifugation at 60 min and varied PEG/NaCl precipitation duration 
independently (1 h, 4 h, and 16 h/overnight). Extended precipitation 
markedly improved phage recovery, increasing from approximately 
�1 × 1013 PFU/ml (1 h) to �2 × 1013 PFU/ml (4 h) and reaching 
�4 × 1013 PFU/ml after overnight precipitation (Fig. 6Bi); Fig. S6B). 
These results indicate that longer PEG/NaCl incubation enhances pre
cipitation completeness and phage capture, consistent with common 
phage purification workflows recommending ≥4 h or overnight pre
cipitation to maximize recovery [39]. Therefore, these data demon
strate that both sufficient precipitation time and adequate 
centrifugation duration are critical determinants of PEG/NaCl-based 
M13 phage recovery. In contrast, optimized incubation time for PEG/ 
NaCl precipitation followed by high-speed centrifugation has demon
strated superior recovery and preserved phage integrity, offering a 
faster, scalable, and reliable method for phage purification. 
Moreover, using this practice provided a higher M13 phage titer 
while ensuring both a high phage count and ultimately excellent 
phage quality. These findings indicate that PEG/NaCl precipitation fol
lowed by high-speed centrifugation is sufficient to achieve effective, 
filtration-free purification of M13 phage without increased bacterial 
carryover, consistent with established filamentous phage and phage 
display workflows [39]. This conclusion is further supported by bacte
rial contamination assays, which demonstrated a near-complete 
elimination of viable E. coli ER2738 following purification, with CFU/ 

ml counts reduced by several orders of magnitude compared with 
unpurified samples (Fig. S9). Efficient purification of phage suspen
sions is crucial for downstream applications, particularly in phage 
display biopanning, where the removal of contaminants is essential 
[31]. Bacterial debris can interfere with phage binding and compro
mise the selection of high-affinity binders. Insufficient purification 
may lead to the unintended loss of valuable target-specific phages 
while retaining low-affinity clones, thereby impairing the identifica
tion of effective biorecognition elements (BREs) [31]. While filtration 
ensures high purity, it substantially reduces phage yield. PEG/NaCl 
precipitation, though widely used, also limits recovery. PEG/NaCl pre
cipitation followed by high-speed centrifugation emerged as the most 
efficient strategy, balancing recovery and purity, both of which are 
essential for preserving the diversity and functionality of the M13 
phage as well as the M13 phage display library in phage dis
play biopanning.

Phage preservation strategies for long-term stability
Long-term glycerol storage is essential in phage display to maintain 
M13 phage viability and infectivity, ensuring that displayed peptides 
or proteins retain their functional binding properties in subsequent 
biopanning or assay rounds [39]. This is particularly crucial for pre
serving rare high-affinity binders enriched during later selection 
stages, protecting them from potential loss due to contamination, mu
tation, or technical errors [39]. Figure S10A demonstrates the long- 
term stability of M13 phage by comparing plaque titers at the time of 
initial storage and after one year in 15% glycerol at –80 �C. As shown 
in Fig. S10A, DAL assay plates at a 10−7 dilution exhibited comparable 
plaque densities before and after storage, while quantitative analysis 
in Fig. S10A confirmed that phage titers remained consistently 
around 1.8 × 1010 PFU/ml. Statistical analysis using an unpaired two- 
tailed Student’s t-test revealed no significant difference (P> .05) be
tween the initial and one-year titers, indicating that M13 viability 

Table 2 Best-practice conditions for high-titre M13 amplification in E. coli.
..........................................................................................................................................................
Parameter Recommended condition Rationale/note..........................................................................................................................................................
Host strain & baseline culture E. coli K-12 ER2738 in LB at 37 �C, 250 rpm 

(early-log phase)
Matches host strain, temperature, and shaking 
conditions used throughout the study.

Host density at infection Start infection in lag–early log phase (OD600 = 
0.05–0.5)

Highest phage titers observed at low OD600; 
yields decrease at OD600 ≥ 1.0 despite contin
ued bacterial growth.

Incubation time (amplification) 5 h at 37 �C, 250 rpm Extension to 16 h (overnight) does not signifi
cantly increase phage yield at optimal 
host densities.

MOI/infection ratio (M13: E. coli) 2:1 (moderate MOI) Produces the highest phage yield (�8 × 1011 

PFU/ml). Higher MOIs (≥10:1) reduce yield, 
likely due to combined effects of superinfection 
exclusion, reduced effective adsorption effi
ciency, and increased selection for phage-resis
tant mutants.

Aeration (shaking speed/vessel) High aeration: 250 ml glass Erlenmeyer flask 
with 20 ml culture, 250 rpm

Enhanced oxygen transfer significantly 
increases phage yield compared to polypropyl
ene tubes or lower shaking speeds.

Clarification/purification strategy PEG/NaCl precipitation followed by high-speed 
centrifugation (20,000×g, ≥60 min, 4 �C)

Extended PEG/NaCl precipitation (4–16 h) com
bined with sufficient centrifugation time maxi
mizes phage recovery; membrane filtration 
reduce apparent phage yield.

Long-term preservation (‘phage banking’) 15%–50% glycerol at −80 �C Phage viability maintained for ≥1 year with no 
significant loss in titer across glycerol con
centrations............................................................................................................................................................
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was effectively preserved. In addition, Fig. S10B shows that M13 
phage stocks prepared in 50% (v/v) glycerol (initial �3.4 × 1011 PFU/ 
ml) also retained comparable titers after one year at −80 �C, with no 
significant differences between the initial and one-year 

measurements (P> .05), confirming robust long-term viability across 
glycerol concentrations. The use of 15% to 50% glycerol as a cryopro
tectant likely contributed to this stability by preventing ice crystal for
mation and preserving the structural integrity of the filamentous 

Figure 7 Optimized workflow for high-efficiency M13 phage propagation and purification. The flowchart summarizes the most efficient experimental 
pathway for M13 phage production identified in this study, including host preparation, phage infection at moderate multiplicity of infection, high- 
aeration amplification, cell removal, PEG/NaCl-based concentration, phage quantification, and long-term storage. Parameter choices reflect 
conditions yielding maximal phage titres while minimizing phage loss and bacterial contamination. This workflow is intended as a practical guideline 
for reproducible M13 phage propagation
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phage capsid, which is essential for maintaining infectivity during 
freezing [97, 98]. This is especially critical for filamentous phages like 
M13, whose replication and infectivity are highly dependent on cap
sid structure [65, 99, 100]. These findings highlight the suitability of 
glycerol-based storage for phage display applications, where repro
ducibility and long-term access to enriched clones are critical. 
Furthermore, it ensures the availability of rare, high-affinity clones 
throughout extended research timelines, safeguarding the continuity 
and reliability of phage display studies.

To aid reproducibility, we summarize the optimized amplification 
and purification conditions for M13 phage in E. coli in Table 2.

Conclusion
In conclusion, this study identified and optimized critical parameters 
for enhancing the propagation and purification efficiency of M13 
bacteriophage, significantly improving its application in phage dis
play technologies. The research demonstrated that optimal phage am
plification occurs under precise bacterial density conditions, 
controlled multiplicity of infection (MOI), and enhanced aeration, 
highlighting the detrimental impact of high MOI due to superinfec
tion exclusion. This study determines that factors influencing the bac
terial growth phase, specifically host density, multiplicity of infection, 
and aeration, collectively regulate the optimal conditions for maximal 
M13 phage yield. Additionally, optimal incubation time for PEG/NaCl 
precipitation followed by high-speed centrifugation was shown to 
substantially improve phage recovery compared to traditional filtra
tion methods, addressing key purification challenges. To further sup
port practical implementation, we have summarized the most 
efficient M13 propagation and purification workflow as a step-by- 
step flowchart at the end of the conclusion (Fig. 7). These findings 
offer a robust, scalable, and reproducible framework essential for 
generating high-quality M13 phage libraries, thus enabling more reli
able and effective identification of biorecognition elements (BREs). 
Eventually, this work will contribute valuable insights that will signif
icantly advance biosensor development and therapeutic applications, 
addressing existing gaps and paving the way for innovative diagnos
tic and industrial solutions.
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