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Abstract 

Bacteriophages are viruses that infect bacteria and have the potential to serve as an 
alternative to antibiotic treatments for illnesses caused by multidrug-resistant bacteria. 
However, there remains a critical need to develop improved tools for monitoring their 
stability and bioactivity. Dynamic light scattering (DLS) may offer several advantages 
over plaque assay for determining phage stability, such as being quicker, more 
effective, and less damaging. This method measures the Brownian motion of phages in 
solution caused by bombardment from solvent molecules and links this motion to 
particle size. Our goal was to investigate whether DLS can be used in phage research 
and to examine the effect of different treatments on phages physical state. For this 
purpose, we examined two phages, T4 and PRD1, with their respective host strains of E. 
coli DMS616 and Salmonella enterica DS88. We used DLS to monitor the sizes of phage 
particles and investigate the changes triggered by sonication and heating. Both methods 
led to aggregation and an increase in the z-average. Furthermore, the sonication 
method caused the denaturation of phages and the formation of multiple sharp peaks. 
Our studies showed that DLS can be used to investigate the physical state of phages. 

By examining the correlation coefficient versus time plot, it was observed that the 
purified samples of intact phage particles had an intercept close to 1. Samples with 
intercepts significantly higher or lower than 1 indicated an underlying issue with 
the data, such as aggregation. Multiple shoulders indicated a heterogeneous 
sample. The intensity-weighted distribution provided the most accurate particle 
size measurements for monodisperse samples. However, for polydisperse samples, 
the volume distribution offered a better representation of the contribution of 
different particle sizes to the overall sample volume. 

Keywords: dynamic light scattering, phage, therapy, T4, PRD1, antibiotic resistance 
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1. INTRODUCTION  

 
1.1. Introduction to phages 

Bacteriophages, or phages for short, are viruses that specifically infect bacteria and 
are approximately 50 times smaller than bacteria (20–200 nm) (Ranveer et al. 2024). 
The term "bacteriophage" originates from the Greek words "bacterio" (meaning 
bacteria) and "phage" (meaning eat or devour) (Goodridge and Abedon 2002). 
Phages exhibit a wide range of diversity in their morphology, genetics, and life 
cycles. Most phages infect only a small subset of host strains (Drulis-Kawa et al. 
2015).  

Phages attach to the host cell's surface and bind to a specific phage receptor 
before injecting their genome into the bacterial cell. Depending on the infection 
type, the following steps may vary: They do not always kill bacteria, and they can 
have a variety of interactions with their bacterial hosts. Lysogenic or temperate and 
lytic, or virulent, are the two categories of infection under which phages can be 
classified (Inal 2003). The lytic cycle degrades host DNA and produces various 
proteins such as capsid protein, lysis protein, and so on. From these, new phage 
particles are assembled within the bacterial cell. Phages employ the host's synthetic 
machinery to manufacture roughly 50–200 phages, which pressure the bacterial cell 
wall, causing the cell to rupture and release the phages (Goodridge and Abedon 
2002). In the lysogenic life cycle, phage DNA gets integrated into host DNA and 
replicated along with host DNA, thereby remaining cryptic entities. The 
incorporated phage DNA is referred to as prophage. Lytic genes are present in 
temperate bacteriophages but are not expressed (Jiang and Paul 1998). Ultimately, 
the virulent genes are expressed during their life cycle, and the lysogenic life cycle 
turns into a lytic cycle. 

 

1.2. Bacteriophages against antibiotic-resistant bacteria 

Phages are naturally adapted to target bacterial infections due to their abundance 
in nature and long history of coexistence with bacteria. Phages are being considered 
as a possible treatment for bacterial infections because of the fast worldwide spread 
of bacteria that are resistant to multiple drugs and the decrease in the development 
of new antibiotics. Being naturally occurring, highly specific, and capable of 
evolution are just a few of the many benefits that phages offer as prospective 
antibacterial agents (Zalewska-Piątek 2023). Thanks to their extreme specificity, 
phages can wipe out dangerous bacteria while sparing beneficial bacteria and 
human cells from harm (Rahimi-Midani et al. 2021). Bacteriophages can evolve 
quickly to overcome bacterial resistance, aiding in the prevention of resistance 
development (Eaves E. 2018). Additionally, phages can treat a wide variety of 
bacterial infections due to their extreme diversity. Therefore, they have the potential 
to treat bacterial infections, either alone or in combination with antibiotics. 
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However, a deeper understanding of their structure, function, and stability is 
essential to optimize their effectiveness in combating infections. 

1.3. History of Phage Research 

In 1915, a paper was published by Twort, a British bacteriologist, which detailed the 
discovery of an agent with the ability to cause bacterial lysis. However at that 
moment, he failed to identify the agent as a virus, and he was beginning to suspect 
an enzyme. There was initially a lack of interest in his work. Around the same time, 
Félix d'Hérelle (d’Hérelle 1917), a French-Canadian microbiologist at the Pasteur 
Institute in Paris, discovered bacteriophages independently. In 1917, d'Hérelle 
published his research, correctly identifying the bacteriophage as a virus that infects 
and kills bacteria. He coined the term "bacteriophage" to describe these entities. 

In the 1920s and 1930s, scientists from all over the globe studied phages to see 
if they could treat human infections caused by bacteria. In the 1940s, the 
pharmaceutical corporation Eli Lilly produced phages in the United States for 
human use, promoting them to treat various bacterial infections, including wounds 
and upper respiratory tract infections (Sulakvelidze et al. 2001). The phages did not 
appear to work well, perhaps due to poor storage or purification; moreover, it was 
unknown back then that many phages were quite selective about the bacteria they 
infected. When antibiotics were introduced in the mid-20th century, phage 
treatment became less popular in the US and most of Europe ("Seeking the Path of 
Least Resistance" 2019). There was a revival of interest in phage therapy in the late 
20th and early 21st centuries, driven by concerns about antibiotic resistance and its 
limitations. However, there are still obstacles to implementing phage treatment in 
Europe, even though many reported successful cases of patients treated with 
phages have been reported. Several clinical trials are taking place in the US and 
Europe to make phage treatment widely available (Royer et al. 2021). 

1.4. Conventional Phage Detection Methods 

When it comes to phage therapy, phage counting techniques are crucial to help with 
dosage determination, quality control, and monitoring phage dynamics. All phases 
of phage therapy, from development to production to implementation and 
monitoring, rely on phage counting methods. Increasing our understanding of 
phage biology and therapeutic processes, improving treatment outcomes, and 
ensuring product standards and safety all depend on precise phage activity testing 
(Daubie et al. 2022). 

1.4.1. Double agar overlay plaque assay 

The double agar overlay plaque test is the gold standard for phage enumeration. 
This is a quantitative technique on a solid medium in which a densely growing 
bacterial culture is exposed to several phage dilutions, using one Petri dish per 
phage dilution. Creating and testing serial dilutions aims to produce a "countable" 
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number of plaques on a plate. Phage dilutions are mixed with the bacterial strain in 
a soft agar matrix uniformly distributed over a solid agar medium and incubated, 
typically overnight. Individual infected cells produce phages, which infect 
neighboring cells in the bacterial layer. Multiple rounds of infection occur until 
bacterial growth on the plate stops due to nutritional depletion. This will form 
discrete holes, or plaques, a zone lacking bacterial growth induced by the 
proliferation of a single phage particle. Plaques will merge into larger areas devoid 
of cells if the number of infectious particles is too high (Daubie et al. 2022). 

Theoretically and under most circumstances, each plaque began from a single 
phage infecting a single bacterial cell. Therefore, counting the plaques allows us to 
determine the number of plaque-forming units (PFUs) in the starting suspension 
(Abedon 2018). 

Plaque morphology, which can be unique to each phage, reveals details about 
its biology—such as lytic activity and genetic characteristics—with variations in 
plaque size reflecting differences in lytic activity, replication efficiency, and 
diffusion rate within the agar medium (Abedon 2018). Some phages produce large, 
clear plaques, while others create smaller, turbid plaques. Plaques can come in 
various shapes, including round, irregular, and transparent, with fuzzy edges. The 
growth pattern of the host bacteria and the distribution of phages within the agar 
may influence plaque shape. Plaques can be transparent or opaque, depending on 
the bacterial lysis level and phage progeny release. Highly virulent or lytic strains 
produce clear plaques due to complete cell death, whereas strains that only kill 
some of their hosts or that only slow cell growth produce turbid plaques (Ramesh 
et al. 2019).  

Double agar overlay plaque assay is a reliable method to measure the number 
of infective phages, but it has several limitations.  Plaque assay is only applicable to 
phages that form countable plaques (Toister et al. 2024). Therefore, the selection of 
an appropriate host strain that the phage can infect is crucial for accurately 
determining phage concentration (Han and Yang 2014). 

Plaque assays can be time-consuming, especially when dealing with slow-
growing bacteria or phages with long latent periods. Plaques can take hours or even 
days to become visible, delaying the results (Han and Yang 2014). For instance, 
Plaque assays with mycobacteriophages can take 3-5 days due to the slow growth 
of Mycobacterium smegmatis and the phages' long latent periods (Karuppannan et al., 
2024). 

Plaques must be counted accurately, which requires skill and attention to 
detail. High plaque counts are challenging because of plaque overlap on plates, 
which can lead to plaque undercounting (Abedon and Katsaounis 2019). Plaque size 
and morphology can vary depending on growth conditions, phage infection 
efficiency, and host bacterial characteristics. Variability in plaque size and 
morphology can make phage concentration difficult to accurately quantify.  

Some phages may be sensitive to antibiotics or chemicals found in the growth 
medium, which inhibits plaque formation.  For example, studies have shown that 
anionic synthetic polymers can inhibit bacteriophage infection (Marton et al. 2023) 

and aminoglycoside antibiotics can inhibit phage infection by blocking an early 
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stage of the infection cycle ("Aminoglycoside Antibiotics Inhibit Phage Infection" 
n.d.). This can have an impact on the assay's accuracy, especially if the sample 
contains antibiotic residues or other inhibitory substances. The plaque assay's 
sensitivity depends on its ability to detect individual plaques. If the phage 
concentration in the sample is extremely low, it may be difficult to distinguish 
individual plaques from background noise, resulting in inaccurate quantification. 

1.4.2. Advanced microscopic techniques  

Phages are often smaller than the wavelengths of light used in light microscopy, 

making them invisible with this approach. However, scanning electron microscopy 

(SEM), Atomic force microscopy (AFM) and cryogenic electron microscopy (cryo-

EM) have been proven to be a valuable tool in phage research, providing detailed 

structural and functional insights into these biological entities. For example, 

Obořilová et al. (2021) used AFM in liquid to monitor the lytic activity of phages on 

Staphylococcus aureus, offering insights into changes in cellular stiffness during the 

lysis process.  Leroux et al. (2018) used SEM to ascertain the binding of phage to 

clinically relevant A. Baumannii isolates. In a study by Li et al. (2023) the structure 

of bacteriophage E217 before and after DNA ejection was determined using cryo-

EM. In this study, a high-titer phage stock of approximately 1010 PFU/mL was used 

to ensure clear visualization of the phage particles. 

1.5. DLS as a Potential Method for Phage Enumeration 
 

1.5.1. Insight into DLS Theory: Understanding the Principles 

Dynamic Light Scattering (DLS), also known as photon correlation spectroscopy 
(PCS), is a popular method for determining the homogeneity, size, size distribution 
and shape of particles in suspension (Thomas et al. 2017). The Brownian motion 
theory, established by Albert Einstein in 1905, is the foundation of DLS (Haar 1969). 
Brownian motion is based on the idea that particles constantly collide with solvent 
molecules; the energy transferred during these collisions causes the particles to 
move randomly in all directions. The mobility of particles is affected by the size, 
temperature, and viscosity of the solvent. As a result, knowing the exact 
temperature is critical for DLS measurements, because the viscosity of the solvent 
varies with temperature (Harding and Jumel 1998). 

When a monochromatic beam of light hits particles, part of the incident light 
can be transferred or absorbed by the sample. Additionally, if the particles are small 
enough compared to the wavelength of the radiation, the light scatters in all 
directions (Rayleigh scattering). The scattering pattern is influenced by the size and 
shape of the particles, and the intensity of the scattered light is measured by a 
detector (Stetefeld et al. 2016). 

Small particles move faster, and the intensity of light changes more rapidly. 
Conversely, larger particles move slower, and the scattered light changes more 
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slowly. If all the other factors influencing particle movement are known, the 
hydrodynamic diameter can be measured by the particle speed. The digital 
autocorrelator correlates the scattered light intensity variations with respect to time 
to estimate the rate of fluctuation, which is related to the diffusion behavior of 
macromolecules. The Stokes-Einstein (equation 1) relates the diffusion coefficient 
and the particle diameter (Stetefeld et al. 2016). 

d(H) = 𝑘B𝑇/6𝜋𝜂Rh                                                      (1) 

 Rh: hydrodynamic diameter of an equivalent spherical particle (nm); kB: Boltzmann 
constant (1.38 × 10⁻²³ J·K⁻¹); T: absolute temperature (K); η: viscosity of the dispersing 
medium (mPa·s); d(H):  translational diffusion coefficient (m²·s⁻¹). 

 

1.5.2. Comparing DLS with double agar layer plaque assay 

Several studies have shown that using DLS can offer advantages in certain aspects 

of phage characterization over the plaque assay. Some recent studies suggest that 

DLS can measure particle size distribution and aggregation kinetics much more 

quickly. Once standard curves are made to link changes in physical condition to 

changes in bioactivity, DLS is quicker, more efficient, and less damaging than 

plaque test (Dharmaraj et al. 2023). 

The plaque assay can lead to sample loss, especially during the preparation of 
serial dilutions, however DLS is non-destructive and does not involve sample loss, 
so the same sample can be measured again and again (Clement et al. 2017). 
Furthermore, DLS can detect changes in particle size distribution and aggregation 
states, even at low concentrations, making it highly sensitive to changes in phage 
stability.  

 

1.5.3. High-titer preparation of phage for DLS measurement 

To obtain proper sample concentration and accurate measurement, a high-titer 
lysate with a high phage concentration is required. In this work, T4 lysate was 
prepared using the plate wash method, and PRD1 lysate was prepared using the 
agar culture method. 

The plate wash approach and the agar culture method extract phages directly 
from the agar plates where they have been amplified. Initially, the host bacterial 
culture is mixed with a low concentration of phage and soft agar, then distributed 
on agar plates and incubated until plaques appear. Plates with densely packed 
plaques, forming a "web" pattern, yield the highest titer lysates. A completely wiped 
clean plate may indicate that all bacteria were destroyed before multiple rounds of 
infection could occur, resulting in a lower yield of titter (Skaradzińska et al., 2020). 
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After incubation, the phages are harvested from semi-confluent plates. The 
methods for harvesting phages differ between the two approaches. In the plate 
wash method, the phages are collected by washing the agar plate's surface with a 
buffer or a small amount of broth. The buffer is gently swirled over the agar surface 
to loosen the phages from the plaques and release them into the liquid. The mixture 
containing the phages is then transferred to a sterile container and centrifuged. The 
heavier components, such as bacterial debris and intact bacterial cells, settle at the 
bottom of the centrifuge tube, leaving the lighter components, such as phages and 
other small particles, in the supernatant. In the agar culture method, the agar surface 
is scraped or cut into small pieces and transferred into a buffer or LB solution. The 
mixture is then incubated to release the phages from the agar. Subsequent steps are 
similar to the plate wash method (Skaradzińska et al. 2020). 

Bacteriophage storage should be long-term and stable for use in research and 
industrial applications. Phage lysates that are filtered and free of bacteria can be 
stored in screw-capped glass tubes at 4°C for months, if not years, without 
significant loss of infectivity. Refrigeration slows down potential degradation 
processes and helps maintain the structural integrity of the phage particles. 
However, storage at -80°C with the addition of antifreeze agents, such as glycerol, 
can extend stability to several years. The shelf life of phage lysates depends on the 
specific conditions and types of phages being stored (Fortier and Moineau 2009). 
Phage lysate may include a variety of contaminants, like host cell debris, nucleic 
acids, proteins, and impurities. Purification helps to eliminate the impurities, 
ensuring that the phage sample is pure and free of interfering substances. 

Bacteriophages may be easily concentrated from crude lysates of infected 
bacteria by adding polyethylene glycol (PEG). PEG 6000 has been found to provide 
optimal precipitation conditions for a variety of phages (Yamamoto et al. 1970). PEG 
works as a neutral solvent sponge, limiting solvent accessibility. As the 
concentration of PEG increases, so does the effective protein concentration until 
solubility is surpassed and precipitation occurs (Atha and Ingham 1981). The 
presence of salt enhances the precipitation of virus particles by promoting the 
salting-out effect of PEG. Therefore, by adding a mixture of PEG and salt, the phages 
aggregate and precipitate out of solution (Chan-Wha and Kyun Rha 1996). For most 
phages, a PEG concentration of 10% is sufficient to pellet at least 90% of their 
infective titer in 1 hour at 4°C. However, various phages may require varying PEG 
concentrations for optimal precipitation efficiency (Yamamoto et al. 1970). 

PEG precipitation alone is often insufficient for preparing bacteriophage 
samples for DLS because it can co-precipitate contaminants such as proteins, nucleic 
acids, and cellular debris. This leads to a heterogeneous mixture that can cause 
background noise and high polydispersity, skewing the DLS results. These 
impurities are effectively separated and purified using (ultra)centrifugation 
typically with a density gradient. particularly using a sucrose or cesium chloride 
gradient, is a common method to separate phages based on their buoyant density 
(Wang et al. 2018). 
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1.5.4. Sample Preparation for DLS measurement 

After purifying the phages, DLS can be used to study the physical properties of the 
phage preparations. Prepared solutions for DLS must be clear to very little blurry. 
Although the instrument can measure solutions at concentrations of up to 40%, and 
probably higher, the size measured in these conditions will be inaccurate (Farrell 
and Brousseau 2018). 
To obtain a clear solution, the purified phages should be suspended in a suitable 
liquid medium. The stability of the phage particles in the solution and compatibility 
with the DLS apparatus should all be considered when selecting a liquid medium 
for DLS experiments. The liquid medium must be optically transparent and 
filterable, with a Refractive Index different from particles, have low viscosity, have 
minimal absorbance, and be compatible with the examined particles (i.e. not cause 
swelling, dissolution or aggregation (Farrell and Brousseau 2018). 

In some cases, it is recommended to homogenize the sample with a vortex 
before performing DLS measurements. This helps ensure that the sample is 
uniformly mixed and free of aggregates, leading to more accurate and reliable 
results (Ruiz et al. 2022). In our studies, the purified phage solutions were vortexed 
before DLS measurements. However, the treated samples were not vortexed 
because we aimed to detect any aggregations within the samples, and vortexing 
could potentially impact the results.  
 

1.6. DLS Data Analysis 

1.6.1. Autocorrelation function 

The correlation coefficient versus time graph is crucial for data analysis, and 
includes all data related to particle diffusion inside the sample ("Common Terms 
Used in Dynamic Light Scattering" 2013). The DLS instrument measures time 
fluctuations of light intensity caused by the motions of macromolecules in solution. 
These intensity fluctuations over time are represented by an autocorrelation 
function G2(τ) (equation 2) ("Dynamic Light Scattering (AKA QLS, PCS)" n.d.).  The 
autocorrelation function describes the correlation of light intensity fluctuations at 
delay time τ, where G2(τ) is the measured intensity autocorrelation function, B is a 
baseline constant representing the average intensity, β is a coherence factor 
depending on the experimental setup, and ∣g1(τ)∣2 is the normalized intensity 
autocorrelation function related to the scattered light's electric field autocorrelation. 

                                             G2(τ)=B [1+β |g1(τ)|2]                                                     (2) 

For a monodisperse particle dispersion, the correlation curve should be smooth and 
have only one exponential decay function. The y-Intercept, also known as the 
Intercept, is the point at where the correlation curve intersects the correlogram's y-
axis. The intercept may be used to calculate the signal-to-noise ratio of a measured 
sample, and it is commonly used to assess data quality. It is typically scaled such 



13 
 

that an ideal signal yields a value of 1, whereas a good system yield intercepts 
greater than 0.6. ("Common Terms Used in Dynamic Light Scattering" 2013) 

1.6.2. Size Distribution 

DLS can measure particle sizes ranging from 1 nm to around 5 µm (Lim et al. 2013). 
The sizing result is represented as the z-average and size distribution, which can be 
in the form of intensity-weighted distribution, volume distribution, or number 
distribution. Each of these distributions provides unique insights into the sample's 
qualities. 

The primary outcome of a DLS experiment is the intensity-weighted 
distribution of particle sizes, which indicates the relative intensity of the scattered 
light from particles of various sizes. According to Rayleigh’s approximation, the 
intensity of scattered light increases with the sixth power of the particle radius (I ∝ 
d6) (Lim et al. 2013) (Malvern Instruments 2013). Thus, the intensity-weighted 
distribution can be misleading when a small number of aggregates or larger 
particles are present in the solution. These larger particles can dominate the 
distribution, causing the intensity-weighted distribution to inaccurately represent 
the overall size distribution of the sample. 

The intensity-weighted distribution data can be automatically transformed 
into volume-weighted and number distribution data using Mie theory (Malvern 
Instruments Worldwide 2011). the volume distribution transforms the intensity-
weighted distribution into a distribution based on particle volume, which scales 
with the third power of the particle radius (V∝r3). This provides a more balanced 
perspective of the sample by considering the volume occupied by particles of 
various sizes, although bigger particles are still given more weight. the number 
distribution depicts the actual number of particles in each size class, disregarding 
their scattering intensity or volume (Lim et al. 2013). Choosing the right distribution 
type depending on the analysis's needs is crucial, as each kind has unique biases 
and uses. 

 

 1.6.3. Z-average and PDI 

Understanding the average size (z-average) and PDI is fundamental for interpreting 
DLS results. The z-average, also known as the cumulants mean, is the intensity-
weighted mean hydrodynamic size of the population of particles derived from a 
cumulants analysis of the measured correlation curve. The z-average assumes a 
monodisperse sample with a Gaussian distribution. 

The quantitative description of polydispersity, called polydispersity index 
(PDI), measures the sample's polydispersity based on its size distribution width. A 
PDI greater than 0.7 indicates that the sample is too polydisperse for accurate size 
distribution measurement. Conversely, a PDI less than 0.05 signifies a purely 
monodisperse sample, resulting in a monomodal distribution (Karmakar n.d.). 
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1.7. Phage stability 
 

1.7.1. Stability as a variable concept among phage strains 

Phages are composed of nucleic acids and proteins that may lose their function 
under certain physicochemical conditions. Phage stability is crucial for the effective 
use of bacteriophages as alternative antibacterial agents. However, phages often 
exhibit variable stability in solution. Therefore, phage preparations should maintain 
high therapeutic efficacy during treatment and maintain stable activity when 
exposed to unfavorable physicochemical and physiological conditions during 
storage (Jończyk-Matysiak et al. 2019). 

The concept of stability may vary by phage strain. Some phages are considered 
stable if their titer does not dramatically diminish after a few days, while others may 
remain stable for months and years (Pirnay et al. 2015). Several factors can affect 
phage stability, including temperature, pH, ion concentration, osmolarity, storage 
conditions, host factors, exposure to chemicals, disinfectants, and solvents, as well 
as exposure to UV light or sunlight (Jończyk-Matysiak et al. 2019).   

1.7.2. Effect of heat-treatment on phages 

The global molecular mechanisms behind virus inactivation and the structural 
changes induced by heat are not fully understood (Vörös et al. 2018). Heat treatment 
is thought to inactivate phages by denaturing the secondary structures of proteins 
and other molecules, causing decreased molecular function ("Virus Inactivation 
Mechanisms" n.d.). loss of DNA from capsids due to heat exposure has been 
suggested as a possible way of inactivation, along with protein denaturation. 
However, little is known about the structural changes that heat induces in phages 
(Vörös et al. 2018). 

For example, studies have demonstrated that upon heating, the tail of 
bacteriophage λ is first disrupted around 68°C, which triggers the release of the 
DNA. The head of the capsid subsequently melts at a higher temperature of around 
87°C. This sequential denaturation indicates that different structural components of 
the phage capsid respond distinctively to thermal stress, with the tail region being 
more susceptible to early disruption compared to the head (Qiu 2012). Also, studies 
on protein denaturation indicated that thermal stress leads to the unfolding of 
protein structures, which is consistent with the observed behavior in phage capsid 
component (Jespers et al. 2004). 

Another study on heating bacteriophage showed that exposing T7 particles to 
65 ˚C caused the release of genomic DNA and the loss of tails, making phage 
particles unstable. Increasing the temperature to 80 ˚C improved mechanical 
stability, possibly because of the partial denaturation of the capsomeric proteins that 
maintain the overall capsid structure. Heat treatment resulted in DNA loss, but the 
T7 phage's capsid was remarkable in its ability to endure high temperatures while 
maintaining nearly all its global topographical structure (Vörös et al. 2018). Partial 
denaturation can occur within the overall structural constraints of the viral capsid. 
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Recent studies have shown that ion strength can affect phage inactivation 
temperature. Changes in ion strength influence phage stability and susceptibility to 
inactivation. For example, heating T4 phage at 50 to 70°C, even in extreme 
conditions, has shown slowed inactivation due to the presence of alkaline cations. 
Both single-charged and doubly charged ions had a stabilizing effect, with sodium 
(Na+), potassium (K+), and magnesium (Mg2+) having the most significant impacts, 
while calcium (Ca2+) did not (Lark and Adams 1953). 

In general, the precise temperature at which a phage becomes inactive can 
differ from one strain of phage to another and from one protein composition to 
another. The proteinaceous structures of most phages can begin to suffer serious 
damage at temperatures exceeding 50-60°C. Rapid loss of phage infectivity occurs 
at temperatures greater than 70–80°C, when protein denaturation is most noticeable 
(Blazanin et al. 2021). Most phages can be inactivated within minutes of exposure 
to extreme heat, such as boiling temperatures (100°C). Phages in lysate form may 
sustain activity throughout storage at 4 °C, -20°C, and -80°C (Ritchie 1977). 
However, ice crystals at -20 °C can also potentially inactivate phages (Hatch and 
Warren 1969). Therefore, additional research is needed to address these concerns. 

1.7.3. Effect of sonication on phages 

Sonication or the act of applying ultrasonic energy to phage particles can 
significantly affect phage stability. Ultrasonic action works based on cavitation 
effect, producing heat, and reactive oxygen species (ROS) (Lu et al. 2023). The 
inactivation of a phage by ultrasound is dependent on several elements, including 
the ultrasonic power, wave amplitude, sample volume, temperature, composition, 
and the characteristics of the phage, such as its size, composition, and shape (Nunes 
et al. 2022).  

The ultrasonic cavitation process uses high-frequency sound waves to 
produce tiny bubbles in a liquid. Rapid formation and collapse of these bubbles 
results in significant local temperature and pressure fluctuations. Strong shock 
waves and shear forces are created when these bubbles burst, and these forces have 
the potential to damage cellular structures. (Li et al. 2021) mechanical effects of 
cavitation can inactivate viruses by destroying their lipid membranes and protein 
spikes (Chrysikopoulos et al. 2013) with extreme pressure and heat. Cavitation can 
indirectly cause radical production, which may supplement mechanical stresses in 
viral structures ("Ultrasound–biophysics mechanisms" n.d.). Free radicals may help 
to inactivate viruses by oxidizing the protein capsid and DNA (Filipić et al. 2022). 

 

1.8. The structural features of the phages T4 and PRD1 
 

1.8.1. Bacteriophage T4 
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Bacteriophage T4 is the most extensively studied member of Tevenvirinae, subfamily 
of viruses in the family Straboviridae of class Caudoviricetes (Nikulin and Zimin 
2021). T4 is one of the largest bacteriophages, measuring about 200 nanometers in 
length and 90 nanometers in width, as observed through electron microscopy 
(Bichet et al. 2021). 

T4 has a prolate icosahedron (Tmid=20) capsid, 119.5 nm length and 86 nm 
width, containing 172 kg of continuous double-stranded DNA genome. The capsid 
comprises 930 copies of gp23, 55 copies of gp24, 12 copies of gp20, and two outer 
capsid proteins: Hoc (39 kDa) and Soc (Fokine et al. 2004) (Sathaliyawala et al. 2006). 

The tail is made up of a sheath, an internal tail tube, and a baseplate located at 
its distal end. The capsid connects to a tail assembly via the neck, which is 
continuous with a rigid cylindrical tail tube about 94 nm long, with an exterior 
diameter of 9.6 nm and an interior diameter of 4.3 nm (Maghsoodi et al. 2016). The 
tail tube consists of gp19 protein monomers covered by a helical sheath. This sheath 
is composed of six helical strands, each made of 23 gp18 protein subunits that 
interact with one another. The strands are connected at the top of the neck and at 
the bottom to the baseplate. They also align side by side to form 23 groups, each 
containing six units (Yap and Rossmann 2014). 

Six long tail fibers are attached to the baseplate’s periphery and serve as the 

host cell recognition sensors. During an infection, both the sheath and the bottom 

part undergo significant structural changes (Yap and Rossmann 2014). 

1.8.2. Bacteriophage PRD1  

The PRD1 bacteriophage is a member of the Tectiviridae family, characterized by an 
icosahedral outer protein layer surrounding an internal lipid membrane. This 
membrane protects its linear, double-stranded DNA genome. PRD1 can infect 
specific bacteria, including E. coli, S. Typhimurium, and Pseudomonas aeruginosa, 
which possess a multidrug resistance plasmid known as IncP-type, carrying the 
phage receptor (Žiedaitė et al. 2005). 

The outer protein shell of the PRD1 bacteriophage is composed of P3 trimers 
arranged in a pseudo-T=25 lattice and stabilized by the P30 protein. The spike-
penton complex is located where proteins P2, P5, and P31 converge. Protein P2 
recognizes and binds to a receptor on the host cell’s membrane, triggering the 
formation of an opening at a capsid vertex. This leads to the membrane 
transforming into a tubular, tail-like structure that facilitates the entry of DNA into 
the host cell. Virion-associated lytic enzymes assist in transporting DNA through 
the peptidoglycan layer (Žiedaitė et al. 2005). 
 

https://en.wikipedia.org/wiki/Viruses
https://en.wikipedia.org/wiki/Straboviridae
https://en.wikipedia.org/wiki/Caudoviricetes
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Figure 1. 
 

Schematic representation of the PRD1 (left) (Butcher et al. 2012) and T4 (right) 
(Archer and Liu 2009). 

 

1.9. Aims of the study 

The purpose of this study was to investigate the effectiveness of DLS in analyzing 
the physical state of T4 and PRD1 phages. The study measured the size, size 
distribution, and particle concentration of phage suspensions before and after 
treatment with heating and sonication and compared the results with plaque assay 
results. 

Szermer-Olearnik et al. determined the hydrodynamic size of the T4 phage to 
be approximately 137.9 ± 1.06 nm (Szermer-Olearnik et al. 2017). Accordingly, we 
anticipated that our measurements of the T4 phage would yield comparable results. 
For PRD1, which has a size of approximately 65 nm, we anticipated observing a 
larger hydrodynamic size due to the hydrated state of the particles typically 
measured by DLS. Inspired by the findings of Dharmaraj et al., we anticipated that 
the treated samples would exhibit polydispersity, manifested as distinct peaks or 
broad peaks with shoulders in the size and volume weighted distributions 
(Dharmaraj et al. 2023). We expected an increase in the z-average and PDI, changes 
in particle concentration and a decrease in phage titer in the double agar overlay 
plaque assay compared to the control samples. 

2. MATERIALS AND METHODS 

2.1. Phage strain, bacterial host, and media  

The T4 and PRD1 phages, and their host bacterial strains, E. coli DMS616 and S. 
Typhimurium serovar DS88, were sourced from the -80°C freezer stocks at the 
University of Jyväskylä. The bacterial strains were cultivated in 5 ml liquid Luria-
Bertani (LB) cultures and on LB plates (1% agar). Liquid cultures were incubated in 
an incubator shaker (New Brunswick Excella E24, Eppendorf, Hamburg, Germany) 
at 230 rpm and 37°C, and plates were incubated at 37°C in a CO2 incubator. The 

A B 
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phage particle titer, measured in plaque-forming units (PFU) per ml, was 
determined using the double-layer agar method.  

Polyethylene Glycol 6000 (PEG 6000) was supplied by Sigma-Aldrich, 
Darmstadt, Germany (CAS No. 25322-68-3), Sodium Chloride (NaCl) was 
purchased from VWR, Belgium (CAS No. 7647-14-5, MW 58.44), and Sucrose (D(+)-
Saccharose) was purchased from VWR Chemicals, Leuven, Belgium. To create 5-
20% sucrose gradient, Sucrose solutions at concentrations of 5% and 20% (w/v) 
were prepared using distilled water and filtered through a syringe filters. The linear 
sucrose gradients were formed using the Gradient former (Gradient Master 107, 
BioComp Instruments, USA)  

20 mM potassium phosphate buffer was used for diluting phages during 
different steps of purification and DLS measurement. Syringe filter (Filtropur S, 
PES, pore size: 0.2 µm, Sartorius, Germany, Product No. 83.1826.001) was used for 
filtering solutions, including the buffers, phage lysates and glucose solutions to 
ensure sterility. Detailed information on solutions and media can be found in 
Appendix 1. 

2.2. Phage Purification 

2.2.1. Determining the titer of phage stocks using double agar overlay plaque 
assay 

To get countable plaques, the T4 and PRD1 phage stocks were diluted in LB broth 
down to 10-10, right before the assay. 3 ml of LB soft agar (0.7% agar) at 47 °C, 200 µl 
of the host culture, and 100 µl of each phage dilution were rapidly and thoroughly 
mixed by vortexing and poured onto an agar plate. The overlay medium was 
allowed to solidify by placing the dishes on a level surface at room temperature for 
15 minutes, and the dishes were then incubated overnight at 37°C, in an incubator. 
The titers of phage stocks were calculated using equation (2). plaques (on plate 10-

k) represents the number of plaques observed on the plate that was diluted by a 
factor of 10−k. 

Titer (PFU/mL) = plaques (on plate 10-k) ×10 ×10k                              (2) 

2.2.2. Preparing the T4 and PRD1 lysates 

Dilutions of phage suspensions mixed with bacteria were plated as described in the 
double agar overlay plaque assay protocol, to achieve Five semi-confluent plates of 
T4 and twenty semi-confluent plates of PRD1.  

Following the formation of plaques, 5 ml of LB-broth was added to each T4 
plate and incubated at 150 rpm and 4 °C for 2 hours using a shaker (Heidolph Hei-
MIX series Vibramax 100, Heidolph Instruments GmbH & Co. KG, Germany). The 
plate surface was gently scraped with a z-rod and transferred to a screw-cap tube 
using a sterile syringe. Using a Fiberlite F21-8x50y rotor from Thermo Scientific 
(USA) in a Sorvall RC6+ centrifuge, the phage suspension was centrifugated at 
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10,000 rpm for 10 minutes at 4°C. The liquid on top was filtered using a 0.2 µm 
syringe filter, and the final phage stock was stored at 4 °C.   

The PRD1 phages were harvested from the semi-confluent plates by gently 
scraping the top agar using a z-rod. The collected top agar was then transferred to 
an Erlenmeyer flask, and 5 ml of LB broth was added per plate. The phage 
suspension was incubated in the incubator shaker at 230 rpm and 37 °C for 3 hours. 
Following incubation, the PRD1 phage suspension was cleared through 
centrifugation using a Sorvall SS34 rotor at 10,000 rpm for 10 minutes at 4 °C. Prior 
to storage at 4 °C, the phage lysate was filtered using a 0.2 um syringe filter. 

2.2.3. Phage PEG precipitation/purification 

The lysates were transferred into Erlenmeyer flasks and supplemented to a final 
concentration of 10% PEG 6000 and 0.5 M NaCl. After incubation for 15 minutes at 
4 °C, percipitaed phages were pelleted at 8000 rpm in a Sorvall RC6+ centrifuge 
using an SLA-1500 Rotor for 30 min at 4 °C.  
T4 and PRD1 Pellets were re-suspended in 2 ml and 5 ml of 20 mM potassium 
phosphate buffer respectively. The suspension was centrifuged (Mega Star 
1.6/1.6R, VWR International, LLC) for 5 minutes at 4000 x g and 4 °C. The 
supernatant was transferred to a clean Eppendorf for the second purification step. 
 

2.2.4. Phage Purification by Sucrose Density Gradients 

Sucrose solutions were made in distilled water. The PRD1 suspension was layered 
on gradients of 5 to 20% (w/v) sucrose and centrifuged using a SW-28 rotor in an 
ultracentrifuge (Optima L-100K, Beckman Coulter) at 24,000 rpm for one hour at 15 
°C. The lower light scattering band was collected and phages were pelleted by 
ultracentrifugation for 3 hours at 33,000 rpm and 4 °C using a 70-Ti rotor. The 
supernatant was discarded, and the pellet (purified PRD1) was resuspended in 20 
mM potassium phosphate buffer and stored on ice. 

The T4 suspension was layered on gradients of 5 to 20% (w/v) sucrose and 
centrifuged using a SW41 rotor, at 24,000 rpm, 15°C for 20 minutes in a Beckman 
Coulter Optima L-100K ultra centrifuge. An additional 10 minutes of 
ultracentrifugation followed the initial 20 minutes for better results. The lower and 
upper bands were collected and centrifuged for 2 hours at 4 °C and 34 k using a 70Ti 
rotor, to pellet the phages. The lower pellet was resuspended in 50 µl of 20 mM 
potassium phosphate buffer, and the upper pellet was resuspended in 100 µl of 20 
mM potassium phosphate buffer. The lower pellet suspension was labeled as 
"purified T4" and stored on ice. 

The lower band after Sucrose density gradient ultracentrifugation is referred 
to as the "L-band", and the upper band is referred to as the "U-band". The pellet 
resulting from the centrifugation of the upper band was labeled as the "U-pellet," 
and the pellet resulting from the lower band centrifugation was labeled as the "L-
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pellet." The titers of PEG-Pellet, L-Pellet, U-Pellet, U-Band, L-Band, and phage 
lysates were measured using double agar overlay plaque assay. 

2.3. Bradford protein assay 

The protein concentrations of the purified phages were measured using the 
Bradford protein assay. The Bovine serum albumin (BSA) stock solution was 
diluted to a concentration of 0.1 μg/μl (50 μl 2 mg/ml BSA + 950 μl buffer) using 1x 
phosphate-buffered saline (PBS).  The 0.1 μg/μl BSA was serially diluted in PBS to 
yield concentrations of 0.01; 0.02; 0.03; 0.04 and 0.05 µg/µl.  

The assay was performed in a total volume of 200 µL, containing 100 µL of 
Bradford Reagent (1X) (Table 1). The contents of all wells were mixed by pipetting 
and incubated at room temperature (RT) for five minutes. Following incubation, the 
measurement was performed using a microplate reader (Thermo Scientific 
Microplate Photometer, Multiskan FC, USA). 
 
Table 1. 

  

 

 

 

Bradford Assay for Phage Concentration Determination. Protein (µg) represents 
the protein concentration in micrograms, calculated by multiplying the BSA 
concentration (0.1 µg/µL) by the volume of the BSA. Amount of Sample (µL) 
represents the volume of the original sample (protein BSA/Phage) added to the 
assay in microliters. Amount of Buffer (µL) represents the volume of PBS buffer 
added to the assay to achieve the desired dilution in microliters.

Standard/Sample Protein (µg) Amount of sample (µl) Amount of buffer (µl) 

Standard 1 1  10 µl BSA 90  

Standard 2 2  20 µl BSA 80  

Standard 3 3  30 µl BSA 70  

Standard 4 4  40 µl BSA 60  

Standard 5 5  50 µl BSA 50  

Standard 6 0 0 100  

Standard 1 unknown 10 µl T4 90  

Standard 2 unknown 50 µl T4 50  

Standard 3 unknown 10 µl PRD1 90  

Standard 4 unknown 50 µl PRD1 50 

 

2.4. DLS measurement 

DLS measurements were carried out using a Malvern Zetasizer (Malvern 
Panalytical Ltd., UK). The instrument utilized Multi-Angle Dynamic Light 
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Scattering (MADLS) technology for the particle concentration measurements. A 10 
mW He-Ne laser operating at a wavelength of 633 nm and a detection angle of 173° 
(backscatter) was employed for size measurements with an equilibration time of 
120 sec. Two millilitre of sample was measured in a 1 cm × 1 cm transparent 
disposable cuvette. The temperature was controlled and maintained at 25°C during 
the measurements. The hydrodynamic radii (Rh) were calculated using the Stokes–
Einstein equation (Equation 1). 

For each sample, three size measurements were taken to ensure 
reproducibility, and the data were analyzed using the ZS Xplorer software (Malvern 
Panalytical Ltd.). Prior to measurement, samples were diluted in 20 mM potassium 
phosphate buffer to ensure that the scattering intensity was within the optimal 
range for the instrument. The average size (z-average) and polydispersity index 
(PDI) were calculated using the cumulants analysis method. Statistical analysis of 
the DLS data was conducted using Microsoft Excel (version 2020). 

After each DLS measurement, the phage titer was determined using a plaque 
assay, as described in the double agar overlay plaque assay protocol. 

2.5. Phage characterization and optimization using DLS 

To find the best phage titer for DLS measurement, different dilutions of each phage 
were made in 20 mM potassium phosphate buffer and tested. A ten-fold serial 
dilution of T4 starting with an initial titer of 4.5×1012 was prepared up to the 10-5 
dilution. Ten-fold serial dilutions of PRD1 were prepared up to the 10-4 dilution, 
starting with an initial titer of 8×1012 PFU/mL. T4 dilutions with dilution factors of 
103, 104, and 105 and PRD1 samples with dilution factors of 102, 103, and 104 were 
measured using DLS. A separate set of purified T4 samples diluted in distilled water 
was prepared and stored at 4°C for three weeks to examine the phage stability in 
water. 

2.5.1. Heat-treatment of phages 

The purified phages were diluted in a 20 mM potassium phosphate buffer to achieve 
a titer of 7.8×1011 PFU/mL for PRD1 and 2.4×108 PFU/mL for T4. Each sample tube 
was securely capped to prevent evaporation or contamination during the heating 
process. The samples were heat-treated using a Digital Dry Bath (Labnet AccuBlock, 
Labnet International, Inc., Edison, USA) equipped with a block heater capable of 
accommodating multiple sample tubes simultaneously. 

For T4, the dry bath was set to a temperature of 70°C, and samples were heated 
at the same temperature for varying durations of 60 minutes, 90 minutes, and 130 
minutes. For PRD1, samples were heated at 70°C for 60 minutes, 90 minutes, and 
120 minutes. During heating, the dry bath maintained a constant temperature with 
an accuracy of ±0.5°C. Control experiments were conducted in parallel, maintained 
at 4°C. The control samples were vortexed for one minute before measurement, 
while the treated samples were measured without vortexing. 
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2.5.2. Sonication treatment of Phages 

The purified phages samples were diluted in a 20 mM potassium phosphate buffer 
to achieve a titer of 7.8×1011 PFU/mL for PRD1 and 2.4×108 PFU/mL for T4. The 
samples were sonicated using a probe sonicator (Branson XL-2000 series, Branson 
Ultrasonics Corporation, Danbury, CT, USA) at an amplitude of 20% for different 
durations of 60 sec, 55 sec, and 10 sec with pulse cycles of 0.5:1, 1:1 and 0.5:1 second 
pulse (on: off) respectively, at room temperature, to find the optimal setting. 

The 5 ml Eppendorf tubes, compatible with the sonicator probe and containing 
2 ml sample, were placed in an ice bath to maintain a low temperature during 
sonication. The tubes were secured on ice to prevent the probe from touching the 
sides or bottom. The control samples were kept on ice without sonication.

3. RESULTS 

 

3.1. Phage purification by PEG precipitation and sucrose gradient 
ultracentrifugation 

The phages T4 and PRD1 were purified using standard PEG/NaCl precipitation, 
followed by 5-20% sucrose gradient ultracentrifugation. During ultracentrifugation, 
the particles migrated through the gradient, forming two distinguishable bands 
based on their size (Figure 2). The lower density band (upper band) presumably 
represented a mixture of procapsids, phage components, bacterial remnants, cell 
debris, and impurities, with an overabundance of capsid structures, settling near 
the top of the gradient. The higher density band (lower band), hypothesized to 
consist of intact phage particles, appeared closer to the bottom. 

The T4 phages formed a bluish-white, opalescent band, while the PRD1 phages 
formed a clear, transparent band. For both phages, the upper band was less dense, 
and fainter compared to the lower band. Gradient-purified phage preparations 
were collected and further purified by centrifugation. 

  

B A 
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Figure 2. 
 
 

Purification of phages T4 and PRD1 using 5-20% sucrose gradients resulted in 
distinct bands. Bacteriophages harvested after precipitation with PEG were 
layered over a sucrose step gradient. 

 

3.2. Bradford test 

The Bradford test was conducted to determine the protein concentration in purified 

phage samples at the same concentration optimized for DLS measurement. The 

concentration of phage (in μg/μl) was determined using the equation y = 0.1723x + 

0.5045 with an R2 value of 0.9761, where y is absorbance and x is concentration.  

The protein concentration of the 10000-fold dilution of T4 (Initial titer: 2.4×108 

PFU/mL), was 0.027 μg/μl. The protein concentration of 1000-fold dilution phage 

PRD1 (initial titer 7.8×1011 PFU/mL), was 0.021 μg/μl. Thus, the results of the 

Bradford test showed that a protein concentration of 0.021 μg/μl for PRD1 and 0.027 

μg/μl for T4 are suitable for measurement with DLS. 

3.3. Characterizing T4 Phage with DLS 

3.3.1. DLS can measure the hydrodynamic size of T4 phages 

To find the optimal T4 concentration for the DLS measurement, ten-fold serial 
dilutions of purified T4 up to the 10-5 dilution were prepared and measured using 
DLS five days after purification. The samples, with titers of 1.5×109, 2.4×108, and 
1.8×107 PFU/mL, had intercepts of 0.98, 0.92, and 0.52, and z-average of 155, 150.6, 
and 147.8 nm, respectively (Figure 4.A) (Table 3). Considering the intercept values 
and the correlation curves, the optimal phage titer for DLS measurement was 
determined to be 2.4×108 PFU/mL.  
For the optimal T4 preparation, the autocorrelation curves exhibited a smooth, 
exponential decay from a high initial value to zero, without multiple peaks or 
irregularities. The mode peak for the intensity-weighted distribution was located at 
146.1 nm, indicating the hydrodynamic size of intact T4 phage particles. The volume 
distribution showed peak1 at 108 nm and a non-Gaussian distribution with a 
shoulder around 197 nm (Figure 4.B). Considering that transformations from 
intensity-weighted to volume distributions can amplify errors and noise, and since 
the volume distribution peak1 is located at sizes smaller than intact phage particles, 
it can be concluded that the volume distribution results are not reliable in this case, 
and the intensity-weighted distribution provides the most reliable size distribution. 
 
Table 3.  T4 Characterization Results. 
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Characterization results of phage T4 using DLS and titration. Z-average represents 

the intensity-weighted mean hydrodynamic size of the ensemble collection of 

particles nanometers. The Polydispersity Index (PDI) indicates the  

uniformity of particle sizes within each sample. Particle concentration 

(particles/ml) denotes the number of particles per milliliter of the sample, while  

the titer (PFU/mL) represents the titer of phages in plaque-forming units per 

milliliter. The samples labeled as L-pellet and U-pellet were obtained through  

centrifugation of the lower and upper bands, respectively, during the purification 

process. The T4 lysate (unpurified) sample represents the initial unprocessed T4 

solution.

 

Sample 
(dilution factor)  

Z-average 
(nm)  

Intercept PDI Peak 1  
(nm) 

Peak 2 

(nm) 
Particle 

concentration 
(paticles/ml) 

Phage 
titer 

(pfu/ml) 

PEG-Pellet  
N/A N/A N/A N/A N/A N/A 3.5×1011 

L-Band  
N/A N/A N/A N/A N/A N/A 9.4×109 

L-Pellet 
N/A N/A N/A N/A N/A N/A 4.5×1012 

L-Pellet (10-3) 
155 0.98 0.22 146.1 5468 4.89×109 1.5×109 

L -Pellet (10-4) 
150.6 0.92 0.19 146.1 5468 

7.12×108 2.4×108 

L -Pellet (10-5) 
147.8 0.56 0.24 146.1 5468 

5.56×107 1.8×107 

T4 lysate  
480 ml N/A N/A N/A N/A N/A 7.6×109 

Lysate (10-1) 
123.8 0.98 0.22 

146.1 
0 1.62×1010 2×109 

Lysate (10-2) 
117 0.95 0.22 

125.6 
0 2.08×109 1.8 ×108 

Lysate (10-3) 
117 0.81 0.19 

125.6 
0 3.27×108 2.1×107 

U-Band  
N/A N/A N/A N/A N/A N/A 4×107 

U- Pellet 
N/A N/A N/A N/A N/A N/A 3.8×109 

U-Pellet (10-3) 108.5 0.91 0.09 108 0 N/A N/A 

U-Pellet (10-4) 131.3 0.67 0.18 146.1 0 N/A N/A 

U-Pellet (10-5) 173.2 0.20 0.10 169.9 0 N/A N/A 
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Figure 4. 

 

 A) The DLS autocorrelation function (ACF) curves were measured for T4 dilutions 

with titers of 1.5×109, 2.4×108, and 1.8×107 PFU/mL. B) The intensity-weighted and 

volume-weighted distributions of T4 phage with a titer of 2.4×108 PFU/mL.

3.3.2. Volume Distribution: A Better Representation of T4 Lysate Heterogeneity 

Ten-fold serial dilutions of T4 lysate were prepared up to the 10-3 dilution, with 
phage titers of 2×109, 1.8×108, and 2.1×107 PFU/mL, and measured by DLS, resulting 
in intercept values of 0.98, 0.95, and 0.81, respectiv
ely. The autocorrelation curves displayed a smooth, exponential decay from a high 
initial value to zero, without multiple peaks or irregularities. Therefore, all 
measurements were considered reliable (Figure 5.A). 
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Figure 5.  
  
 
 
 
 

 
DLS measurement for T4 lysate preparation (titers: 2×109, 1.8×108, 2.1×107 
PFU/mL). A) The DLS autocorrelation function (ACF) curves show smooth, 
exponential decay with intercepts above 0.8. B) The intensity-weighted 
distribution and C) the volume-weighted distribution show shoulders, 
indicating polydispersity. 

 
For lysates with titers of 2×109, 1.8×108 and 2.1×107 PFU/mL, the mode peak for the 
intensity-weighted distribution was located at 146.1 nm, 125.6 nm, and 125.6 nm, 
respectively (Table 4), while the mode peak for the volume distribution were at 
92.89 nm, 79.88 nm, and 92.89 nm (Figure 5.B and 5.C). The volume-weighted 
distributions exhibited a shoulder, indicating a polydisperse sample with multiple 
size components. This shoulder alongside the main peak is caused by the presence 
of larger particles or aggregates. Phage lysate is heterogeneous because it contains 
a mixture of phage particles, host cell debris, DNA, proteins, and residual medium 
components. Therefore, the volume distribution offered a more realistic view of the 
sample's overall heterogeneity. 

The particle concentration measurements by DLS for both purified phage samples 
and lysates indicated that a tenfold dilution results in a tenfold reduction in both 
phage titer and particle concentration (Table 3). 

 
3.3.3. Heat-treatment of T4 at 70°C causes aggregation, fragmentation and loss of 

infectivity

The effect of heat treatment on T4 phages was investigated in two experiments. The 
first experiment aimed to determine the optimal temperature for the heat treatment 
experiment. Two samples of T4 were prepared at a concentration of 1.5×108 
PFU/mL. The control was kept at 4 °C, and the other sample was heated at 70 °C 
for 60 minutes. DLS was used to analyze the size distribution and particle 
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concentration of control and heated samples. The intensity-weighted size 
distribution of the control sample exhibited a Gaussian peak at 146.1 nm. The heated 
sample displayed three distinct peaks at 68.69 nm, 79.88 nm, and 169.9 nm (Figure 
6.B). The z-average of the control was 180.8 nm, which increased to 480 nm after 
heating, and the particle concentration decreased from 2.9×108 PFU/mL to 1.98×107 
PFU/mL. After heating, the plaque assay results also showed a decrease in phage 
titer from 1.5×108 to 7×104 PFU/mL (Table 4). The control had an intercept of 0.87, 
suggesting high measurement quality, whereas the heat-treated sample had an 
intercept of 0.52, indicating low data quality (Figure 6.A). The decreased intercept 
value, along with 
an approximately threefold increase in z-average, the appearance of multiple peaks, 
reduced titer, and a tenfold decrease in particle concentration after heating, all 
suggest phage aggregation through the heating process.  

In the second heat treatment experiment, four samples of T4 were prepared at 
a concentration of 6.2×107 PFU/mL. One sample was used as a control, and three 
were heated at 70 °C for 60, 90, and 130 minutes. After the initial heating and DLS 
measurement, treated samples were further heated until they reached a total 
heating time of 130 minutes, followed by another DLS measurement. The aim was 
to gather triple results of 130 min heated samples.  

The control sample displayed an intercept of 0.87, suggesting reliable 
measurements. All three heated samples exhibited low intercept values (<0.6), 
suggesting poor data quality (Figure 6.D). The intensity-weighted distribution of 
the control sample showed a single sharp peak at 146.1 nm, indicating that the most 
abundant particles present in the sample were intact phage particles. The heated 
samples showed peaks at larger sizes (197.6 nm and 229.8 nm) and smaller sizes 
(37.56 nm and 59.07 nm) compared to intact phage particles (Figure 6.E and 6.F). 
The measured diameter of the treated samples particles may not be reliable due to 
the low intercept values. In the volume size distribution, the control sample 
exhibited a peak at 108 nm with a shoulder, suggesting polydispersity. All heat-
treated samples exhibited broader peaks, and starting from 90 °C, changes in the 
curve shape and the emergence of new peaks indicated an enhanced polydispersity 
(Figure 6.G and 6H).  
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Figure 6.  
 

 
 
 

 
 
 
 

Experiment 1. Heat Treatment of T4 Phages (initial titer: 1.5×108 PFU/mL). A) DLS 
autocorrelation function (ACF) curves were measured for the control and heat 
treatment at 70 °C for 60 min. B & C) Intensity-weighted and volume-weighted 
distributions for the control and heat-treated samples. 
Experiment 2. Heat Treatment of T4 Phages (initial titer: 6.2×107 PFU/mL). D) DLS 
ACF curves were measured for heat treatment of T4 phages (6.2×10⁷ PFU/mL) at 
70 °C for 60 min, 90 min, and 130 min. E & F) Intensity-weighted distributions of 
control and heat-treated samples. G & H) Volume-weighted distributions of control 
and heat-treated T4 samples. Aggregations around 5468 nm are observed in all 
samples. 
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Aggregations around 5468 nm were observed in both the control and heat-

treated samples in both intensity-weighted and volume distribution profiles. As 
these measurements were taken 16 days after phage purification, it is possible that 
some aggregation occurred during storage or sample preparation. 

After heating for 130 minutes, the particle concentration decreased tenfold; it 
was 1.11 × 108 particles/ml in the control sample and 8.1 × 107, 4.2 × 107, and 4.3 × 
107 particles/ml in the heated samples, it suggests aggregation. The plaque assay 
indicated that the phage titers dropped to zero (Table 4). 
 

Table 4.   
 
 
 
 
 
 

DLS results for the heat treatment of purified T4 phage at 70 °C. The z-average (nm) 
indicates the mean hydrodynamic diameter of particles in the sample. The 
Polydispersity Index (PDI) reflects the sample's dispersity, with lower values 
suggesting greater uniformity. Particle concentration (particles/mL) represents  
the number of particles per milliliter as measured by DLS. The titer (PFU/mL) 
denotes the concentration of viable phage particles, measured in plaque-forming 
units per milliliter. 

 
3.3.4. Sonication Disrupts T4 Phage Structure and Increases Aggregation  

Sample Z-average 
(nm) 

PDI Intercept Peak 1  
(nm) 

Peak 2 
(nm) 

Particle 
concentration 
(paticles/ml) 

Phage 
titer  

(pfu/ml) 

First Experiment 

Control 180.8 0.3
0 

0.87 146.1 - 2.9×108 1.5×108 

60 min 480 0.3
9 

0.52 68.69 79.88 1.979×107 7×104 

Second experiment 

Control 156 0.2
5 

0.87 146.1 5468 1.11 × 108 6.2×107 

60min 201.7 0.2
0 

0.57 267.2 0 N/A N/A 

90 min 200 0.3
1 

0.56 229.8 5468 N/A N/A 

130 min (S1) 193.7 0.3
0 

0.50 197.6 5468 8.10×107 0 

130 min (S2) 181.9 0.2
6 

0.51 197.6 5468 4.20×107 
 

0 

130 min (S3) 177.8 0.2
4 

0.52 197.6 32.3 4.26×107 0 
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Four samples of T4 were prepared at a concentration of 1.26×10⁸ PFU/mL. One was 
kept at 4 °C as a control, and three samples (S1, S2, and S3) were subjected to 
mechanical pressure using a probe sonicator. All three samples were sonicated at 
an amplitude of 20% but for different durations and pulse cycles. S1 was sonicated 
for 1 minute (0.5 sec on/1 sec off), S2 for 55 seconds (1 sec on/1 sec off), and S3 for 
10 seconds (0.5 sec on/1 sec off), all at room temperature. After sonication, the z-
average values for S1, S2, and S3 were 3640 nm, 4264 nm, and 3535 nm, respectively 
(table 5). This indicates an approximately 25-fold increase compared to intact phage 
particles, suggesting potential aggregation. 
The control sample had an intercept of 0.87, while the sonicated samples showed 
intercepts higher than one (S1: 4.21; S2: 3.93; S3: 3.27), indicating poor data quality 
and potential structural changes (Figure 6.A). The high intercept values suggest 
"number fluctuations," possibly due to aggregation or other changes induced by 
sonication. The intensity- and volume distribution profiles of the sonicated samples 
show either two distinct peaks or a broad peak, below 100 nm, significantly smaller 
than intact T4 phages (Figure 7.B and 7.C). The particle concentrations for S1, S2, 
and S3 were 6.7 × 10⁸, 7.8 × 1010, and 1.7 × 1010 particles/ml, respectively (table 5), 
suggest that the particle concentration increased in S2 and S3, supporting the 
hypothesis that sonication may have caused the breakdown of some phage 
particles. 

In summary, the increase in z-average and intercept values, the appearance of 
multiple peaks in size distribution, and increased particle concentration underscore 
the significant impact of sonication on T4 phage structure. 

In the second experiment, three samples of T4 were prepared at a titer of 
1.26×10⁸ PFU/mL and labeled as control, S1, and S2. Using a probe sonicator on ice, 
S1 received a 1:1 second pulse (on:off) for 10 seconds, repeated twice with a 10-
second interval. S2 received the same pulse for 10 seconds, repeated three times 
with a 10-second interval between sonication. The control sample shows an 
intercept of 0.86, suggesting reliable measurement. However, the sonicated samples 
S1 and S2 exhibited intercepts of 2.76 and 3.51, suggesting 'number fluctuations' due 
to potential aggregation or structural changes likely resulting from the disruptive 
effects on phage structures (Figure 7.D). 

The mode peak of the control sample for the intensity-weighted distribution 
was located at 169.9 nm (Figure 7.E), which is larger than the size of intact T4 
particles. Sonication was performed 15 days after phage purification, likely 
resulting in some aggregations forming during the two weeks of storage in the cold 
room. Since the intensity-weighted distribution is sensitive to larger particles, the 
mode is shifted to the size of these aggregates. The mode peak of the control sample 
for the volume-weighted distribution was located at 146.1 nm (Figure 7.F), likely 
because the effect of aggregates in the volume-weight distribution is less than the 
intensity-weight distribution. 

In the sonicated samples of both intensity and volume distribution, multiple 
peaks at 59.07 nm, 108 nm, and 169 nm appeared (Figure 7.E and 7.F). The z-average 
for the control sample was 174.4 nm, while sonication significantly increased the z-
average to 2866 nm and 3313 nm. The particle concentration in S1 and S2 increased 
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tenfold, from 2.31×10⁸ particles/ml in the control to 2.23×10⁹ particles/ml for S1 
and 1.54×10⁹ particles/ml for S2. The phage titer decreased tenfold, from 1.26×10⁸ 
PFU/mL in the control to 5.6×10⁷ PFU/mL for S1 and 1.5×10⁷ PFU/mL for S2. 

These findings suggest that most of the phages were initially intact and 
uniformly distributed but probably disintegrated into smaller particles and large 
aggregates in both sonicated samples due to the mechanical force of sonication. 
These results underscore the effectiveness of DLS for assessing the physical state of 
phages. 

Table 5.            DLS measurements for sonicated T4 phage samples at 20% amplitude 

Sample Pulse 
cycle 
sec 

(on:off) 

Time 
(sec)  

 

Z-average 
(nm) 

PDI Intercept Particle 
concentation 
(paticles/ml) 

Phage 
titer 

(pfu/ml) 

Control 1:1 N/A 174.4 0.31 0.86 2.31× 108 1.26× 108 

First experiment 

S1 0.5: 1 60 3640 1 4.22 6.7 × 108 N/A 

S2 1: 1 55 4264 1 3.94 7.8 × 1010 N/A 

S3 0.5: 1 10 3535 1 3.27 1.7 × 1010 N/A 

Second experiment 

10sec 
(2x ) 

1:1 60 
2866 

1 2.76 2.23×109 5.6×107 

10 sec 
(3x) 

1:1 60 
3313 

1 3.51 1.54×109 1.5×107 
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Figure 7. 
  
 
 
 
 
 
 
 

Sonication of T4 phages (Initila titer: 1.26×10⁸ PFU/mL) at 20% amplitude. 

Experiment 1. Sonication of phage samples S1 (1 min, 0.5:1 sec pulse), S2 (55 sec, 1:1 
sec pulse), and S3 (10 sec, 0.5:1 sec pulse). A) Autocorrelation function (ACF) 
curves. B & C) Intensity-weighted and volume-weighted distributions. 
Experiment 2. Sonication of phage samples using a 1:1 sec pulse. S1 (two 10-second 
sonication with a 10-second interval). S2 (three 10-second sonication with the same 
interval). D) Autocorrelation function (ACF) curves. E & F) Intensity-weighted and 
volume-weighted distributions. 

 

3.3.5. Dilution in Water Reduces T4 Phage Stability and Promotes Aggregation 

Two samples of purified T4 phage with an initial titer of 4.5×10¹² PFU/mL were 
prepared with dilution factors of 10³ and 10⁴ in distilled water and stored at 4°C for 
three weeks. The plaque assay was not performed; the results are reported based on 
dilution factors to compare the size distribution and particle concentration between 
the freshly diluted phages in 20 mM potassium phosphate buffer and the three-
week-old, diluted samples in distilled water. 

The intercepts for all measured samples were higher than 0.9, suggesting 
reliable measurements (Figure 8.A). The fresh phage preparation diluted in buffer 
with a dilution factor of 10³ had an z-average of 155 nm, with the mode peak at 146.1 
nm. The phage preparation with the same dilution factor but stored in distilled 
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water for three weeks had an z-average of 280.6 nm and a mode peak at 108 nm. 
The particle concentration decreased approximately tenfold, from 4.89×109 to 
1.52×108 PFU/mL in the water diluted sample (Table 6). 

The fresh diluted phage in buffer with a dilution factor of 10⁴, had an z-average 
of 150.6 nm, with the mode peak at 146.1 nm. However, the diluted phage in water 
showed an z-average of 272.1 nm and the mode peak was located at 310.1 nm. 
Particle concentration also decreased approximately tenfold, from 7.12×108 to 
9.73×107 PFU/mL.  The intensity-weighted size distribution indicates that fresh 
phages have a sharp peak at 146.1 nm, suggesting predominantly intact phage 
particles. In contrast, the phages diluted in water after three weeks exhibit broad 
peaks at 488.7 nm and 310.7 nm and shoulders at 79.88 nm, indicating increased 
polydispersity (Figure 8.B). The volume-weighted distribution graph shows similar 
results; however, the smaller particles, instead of appearing as shoulders, are 
appearing as a distinct peak at 68.69 nm (Figure 8.C). 

These findings indicate that the stability of phages in water at 4 °C decreases 
with higher dilution factors, resulting in both clumping and breakdown. Phages are 
known to have low stability in distilled water because direct oxidation can damage 
the capsid and tail, leading to the loss of genetic information. This highlights the 
importance of storing phages correctly to maintain their integrity for different 
applications. 

Table 6.           DLS measurement results for purified T4 phages diluted in distilled water  
                         after three weeks 

Dilution factor 

Z-Average 
(nm) 

PDI 
Intercept Peak 1 

(nm) 
Particle 

concentration 
(particles/ml) 

Phage titer 
(pfu/ml) 

Fresh purified T4 in buffer 

103 155 0.22 0.98 146.1 4.89×109 1.5×109 

104 150.6 0.19 0.92 146.1 7.12×108 2.4×108 

Purified T4 in distilled water after three weeks 

103 280.6 0.45 0.99 108 1.51×108 N/A 

104 272.1 0.47 0.97 310.07 9.73×107 N/A 
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Figure 8.  
 
 
 
 
 
 

 
 DLS measurement of T4 phages (initial titer: 4.5×10¹² PFU/ml), diluted (1:1000 and 
1:10000) in distilled water and stored at 4°C for three weeks, compared with fresh 
phage preparations in buffer. A) The DLS autocorrelation function (ACF) curves. 
B&C) DLS measurements of size dispersion of T4 phages diluted in water represent 
data weighted by intensity (B) and volume (C) of particles. 

 

3.4. Characterizing the tailless PRD1 Phage with DLS 

3.4.1. DLS can measure the hydrodynamic size of PRD1 

Ten-fold serial dilutions of PRD1 were prepared up to the 10-5 dilution and 
measured using DLS five days after purification. The samples, with titers of 
4.3×1011, 7.8×1011, and 4.7×1010 PFU/mL, had intercepts of 0.94, 0.94, and 0.46, and 
z-averages of 77.11, 78.4, and 130 nm, respectively (Table 7). The autocorrelation 
function showed that samples with the 7.8×1011 and 4.3×1011 PFU/mL phage titers 
had smooth autocorrelation curves with exponential decay, without multiple peaks 
or irregularities, and with intercepts close to 1, suggesting high-quality data (Figure 
9.A). 

The phage titer of 7.8×10¹¹ PFU/mL was selected as optimal concentration for 
the next experiments. Th z-average for this concentration was 78.4 nm. The intensity 
distribution exhibited a sharp Gaussian peak at 79.88 nm, indicating that the 
hydrodynamic size of the complete PRD1 phages is 79.88 nm.  
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Figure 9.  
 

A) The DLS autocorrelation function (ACF) curves were measured for PRD1 

dilutions with titers of 7.8×1011, 4.3×1011, and 4.7×1011 PFU/mL. B) The 

intensity-weighted and volume-weighted distributions of PRD1 phage with a 

titer of 7.8×1011 PFU/mL . 

 
 

Table 7.             PRD1 Characterization 

Sample 
(dilution 
factor) 

Z-average 
(nm) 

Intercept 
PDI 

Peak 1 
(nm) 

Particle  
concentration 
(particles/ml) 

Phage titer 
(pfu/ml) 

Lysate N/A  N/A  N/A  N/A N/A  5.4×1011 

Lysate (101) 110.9 0.97 0.1781 125.6 2.68×1010 N/A  

Lysate (102) 113 0.97 0.1692 125.6 7.97×109 N/A  

Lysate (103) 123.2 0.85 0.2065 146.1 2.17×107 N/A  

L-Pellet N/A  N/A  N/A  N/A  N/A  8×1012 

L- Pellet (102) 77.11 0.94 0.02 79.88 2.35×1010 4.3×1011 

L- Pellet (103) 78.4 0.94 0.05 79.88 1.42×1010 7.8×1011 

L- Pellet (104) 130 0.46 0.13 146.1 1.69×109 4.7×1010 

       

 
3.4.2. Volume Distribution: A Better Representation of PRD1 Lysate 

Heterogeneity 

Ten-fold serial dilutions of PRD1 lysate were prepared up to the 10-3 dilution, 
starting with an initial titer of 8×1012 pfu/ml, and were analysed using DLS. The 
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autocorrelation function indicated that all samples had an intercept above 0.8, 
suggesting reliable measurements (Figure 10.A). The mode peak of lysates with 
dilution factors of 101, 102, and 103 for the intensity-based distribution were located 
at 125.6 nm, 126.6 nm, and 146.1 nm, respectively. Since these peaks are nearly 
double the size of intact PRD1 phage particles, they likely represent aggregates or 
other large particles in the lysates. Additionally, the broader peaks of lysate 
compared to purified phage samples indicate polydispersity in the lysate (Figure 
10.B). The poly dispersity is more evident in the volume-weighted distribution, 
where the mode peak for dilution factors of 101, 102, and 103 appear at 68.69 nm, 
79.88 nm, and 68.69 nm, representing intact PRD1 phage particles, with a shoulder 
around 197 nm, and a 23.88 nm peak for the 10-1 diluted sample. The volume-
weighted distribution provides a more realistic profile of the size distribution due 
to the lysate's heterogeneity and polydispersity (Figure 10.C). 
 

 

 
Figure 10. 

 

 

 

DLS measurements of size dispersion of PRD1 lysate.  A) The DLS 

autocorrelation function (ACF) curves were measured for dilutions of PRD1 

lysates, with an initial titer of 5.4×1011 pfu/ml, and dilution factors of 101, 102 

and 103. B&C) The intensity-weighted and volume-weighted distribution show 

broad peaks, highlighting lysate polydispersity. 
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3.4.3. Impact of Heat Treatment on PRD1: Reduced Infectivity and Increased 
Aggregation 

Four samples of PRD1 were prepared at a concentration of 7.4×10⁹pfu/ml. One 
sample was used as the control and the remaining three samples were treated at 
70°C for 60, 90, and 120 minutes. The intercept for the control sample was 0.86, 
suggesting high-quality data. The intercepts for the samples heat-treated for 60, 90, 
and 120 minutes were 0.56, 0.48, and 0.43, respectively. They were all below 0.6, 
suggesting low quality measurement, probably because of the polydispersity 
(Figure11.A). 

The mode peak of the control sample for the intensity-weighted distribution 
was located in 79.88 nm, representing the hydrodynamic size of intact PRD1phages. 
However, broad peaks were observed in the samples heated for 60, 90, and 120 
minutes at 79.88, 125.6, and 92.89, respectively. A peak at 5468 nm was also observed 
in all the heated samples. The width of the mode peaks in the heated samples was 
almost twice that of the control sample, indicating an increase in polydispersity due 
to heating (Figure11.B). However, the measured hydrodynamic sizes of the particles 
in the heated samples may not be reliable because the samples were not 
homogeneous, making the size measurement inaccurate. 

The mode peak of the control sample for the volume-weighted distribution 
was located in 59.07 nm, which is smaller than the hydrodynamic size of intact 
phage particles. All heated samples exhibited three distinct broad peaks with 
significantly lower volume percentages compared to the control. This indicates that 
polydispersity increased after heating (Figure 11.C). 

The phage titer in the control sample was 7.4×109 pfu/ml. However, after 60 
minutes of heating, it decreased to 7.15×106 pfu/ml. The phage titer remained 
almost constant up to 120 minutes of heating. The particle concentration detected 
by DLS increased from 8.53×109 to 1.54×1010 after 60 minutes of heating. After 90 
and 120 minutes of heating, it decreased by approximately 100-fold to 5×108 and 

2.45×108 (Table 8). The fluctuation in particle concentration suggests that after 60 
minutes of heating, some phages might have fragmented, resulting in an increased 
particle concentration. However, with extended heating time, aggregation may 
have occurred, and the particle concentration decreased to about one-tenth of the 
initial concentration. This is consistent with the results shown in the volume-
weighted distribution chart, as the 60-minute heated sample showed two distinct 
peaks smaller than the control peak, supporting the fragmentation hypothesis. In 
contrast, the 90 and 120-minute heated samples showed a reduction from three 
peaks to two, reinforcing the aggregation idea.   

The results from the plaque assay align with the DLS results, as DLS data 
indicates physical changes in the particles after 60 minutes of heating, and the 
plaque test results show a 1000-fold decrease in viable phage concentration. 
 
Table 8.    Results of DLS measurement for heat-treated PRD1 phage  
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 Sample 

Z-average 
(nm) 

Intercept 
PDI 

Peak 
1  

(nm) 

Peak 
2 

(nm) 

Particle 
concentration 
(particles/ml) 

Titer (pfu/ml) 

Control 1 81.54 0.86 0.09708 79.88 0 8.53×109 7.4×109 

60 min 85.34 0.56 0.3042 79.88 5468 1.54×1010 7.1×106 

90 min 114.1 0.48 0.2926 125.6 5468 5×108 7.4×106 

120 min 85.73 0.43 0.2683 92.89 5468 2.45×108 5.5×106 

        

 

 
Figure 11. 

 

 

 

Heat Treatment of PRD1 Phages with initial titer of 7.4×109 PFU/mL. A) 

Schematic illustration of the autocorrelation. B) The intensity-weighted 

distribution suggesting increased polydispersity. C) In the volume-weighted 

distribution indicating increased polydispersity after heating.  
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distribution and particle concentration of both the control and treated samples were 
immediately measured using DLS. The autocorrelation curves for the control and 
treated samples, sonicated for 10, 20, 30, 40, 50, and 60 seconds, showed intercepts 
of 0.85, 2.22, 4.73, 3.53, 3.66, 3.73, and 2.82, respectively (Figure 12.A). Since the 
intercept of control was higher than 0.6 and close to 1, it was considered a high-
quality measurement. However, the intercepts of the treated samples were higher 
than 2, making the size measurement results unreliable. 

The intensity-weighted distribution of the treated samples showed a 
significant difference compared to that of the control sample. The control sample 
had a peak at 79.88 nm, representing the hydrodynamic size of the intact phage 
particles, with an intensity percentage of 14.93. However, in the sample sonicated 
for 10 seconds, the phage peak was absent, and two sharper peaks appeared: one at 
50.79 nm with an intensity percentage of 40.1, and the other at 32.3 nm with an 
intensity percentage of 17.74 (Figure 12.B). Although size measurement in the 
treated samples is not precise due to polydispersity, this distribution chart generally 
suggests particle fragmentation and an increase in the number of particles. The 
particle concentration results support this hypothesis. In the control sample, the 
particle concentration was 2.40×109 particles/ml, but after 10 seconds of sonication, 
it increased to 6.28×1010 particles/ml.  

The same trend was observed in the samples sonicated for 20, 30, 40, and 50 
seconds. In addition to the disappearance of the intact PRD1 phage peak, two new 
peaks appeared at 37.56 nm and 9.65 nm (20 seconds), 43.68 nm and 59.07 nm (30 
and 40 seconds), and 32.3 nm and 50.79 nm (50 seconds). These new peaks, with 
hydrodynamic sizes smaller than the complete phage, had intensity percentages 
significantly higher than the phage peak. This suggests the hypothesis of phage 
fragmentation and an increase in particle concentration. Given that particle 
concentration continued to increase with sonication time from 10 to 20, 30, 40, and 
50 seconds, this further supports the hypothesis that particle fragmentation has 
occurred. 

In the sample sonicated for 60 seconds, a peak was observed at 108 nm with 
an intensity percentage of 38.88. This peak is larger than the complete phage 
particles and is sharper than the phage peak, with a significantly higher intensity 
percentage. These results suggest particle aggregation in the sample sonicated for 
60 seconds. Given that the measured particle concentration at 60 seconds is ten times 
less than at 50 seconds, the hypothesis of aggregation is further supported. The 
volume-weighted distribution chart shows a similar trend. The control peak is 
broader than the sonicated samples. After 10, 20, 30, 40, and 50 seconds of 
sonication, two much sharper peaks appeared compared to the control sample. In 
the sample sonicated for 60 seconds, a broader peak appeared with a size larger 
than the complete phage particles (Figure 12.C).  

Plaque assays showed that the 10-second sonicated sample did not have a 
reduced titer compared to the control. The 20-second sonicated sample had a 
tenfold reduction in titer, while the 30, 40, 50, and 60-second sonicated samples had 
zero titer, indicating complete loss of viability. Thus, DLS did not assist in 
determining the viability of the phages (Table 9). 
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Table 9.    DLS measurements of sonication treated of PRD1 phage samples. 

Sample 

Z-Average 
(nm) 

PDI 
Intercept Peak 1 

(nm) 
Particle 

concentration 
(particles/ml) 

Phage titer 
(pfu/ml) 

Control 84.85 0.1368 0.84 92.89 2.40×109 3.8×109 

10 sec 1621 0.9315 2.22 25.19 6.28×1010 5.95×109 

20sec 8763 0.8514 4.72 9.65 1.78×1011 4.1×108 

30 sec 3003 1 3.51 43.68 1.30×1011 0 

40 sec 3226 1 3.72 27.21 2.47×1011 0 

50 sec 3939 1 3.73 25.19 3.35×1011 0 

60 sec 2661 1 2.81 108 3.32×1010 0 

 

 

Figure 12.  

 

Sonication of PRD1 preparation with initial titer of 3.8×109 PFU/mL. A) The DLS 

autocorrelation function (ACF) curves. B) intensity-weighted size distribution. 

C) volume-weighted distribution.
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Next, the suitability of DLS method to distinguish phages with different 
morphologies (tailed and non-tailed) in a mixture was assessed. A 1:1 phage 
mixture was created using 500 µl of PRD1 phage at 3.8 × 109 PFU/mL and 500 µl of 
T4 phage at 1.5 × 109 PFU/mL. After vortexing, the hydrodynamic size was 
measured using DLS. DLS could not distinguish between the two different phages. 
The intensity-weighted distribution showed the mode peak at 146.1 nm which 
represents the size of the intact T4 phage particles (Figure 13.B).  

For the next measurement, the phage titer of the T4 phage was reduced to 6.2 
× 107 PFU/mL. Then, 500 µl of PRD1 at 3.8 × 109 PFU/mL was mixed with 500 µl of 
T4 at 6.2 × 107 PFU/mL. After changing the mixture ratio, only one peak at the size 
of intact PRD1 phage particles, 92.89 nm, appeared. Both measurements displayed 
"good" correlation functions (Figure 13.A). 

The mode peak for the control PRD1 sample was 92 nm, which was larger than 
the hydrodynamic size of the PRD1 phage. The control sample was diluted in a 
buffer two weeks before the experiment. During this time, some aggregation likely 
occurred in the cold room. Since the intensity-weighted distribution is highly 
sensitive to larger particles, the mode peak was positioned higher than the 
hydrodynamic size of the page. 

 
Table 10. DLS measurements of phage mixture 

Sample 

Z-average 
(nm) 

PDI 
Intercept Peak 1 

(nm) 
Particle 

concentration 
(particles/ml) 

Phage 
titer 

(pfu/ml) 

Control- PRD1- 3.8 
× 109 

84.85 0.14 
0.93 79.88 

2.40×109 

3.8×109 

Control-T4-1.5 × 109 
PFU/mL 

156 0.25 
0.87 146.1 1.11×108 6.2×107 

500ul PRD1 3.8 × 
109+500ul T4 1.5 × 

109 

1621 0.93 

0.85 146.1 

6.28×1010 

5.95×109 

2500 ul PRD1 3.8 × 
109+500ul T4 1.5 × 

109 PFU/mL 

8763 0.85 

0.85 92.89 

1.78×1011 

4.1×108 
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Figure 13.  
 

 
 

DLS Measurements of Phage Mixture. A) The DLS autocorrelation function 
ACF) curves.  B) intensity-weighted size distribution. C) volume-weighted 
distribution.

4. DISCUSSION 

At the outset, this study aimed to evaluate the effectiveness of the DLS method in 
assessing the physical state of phages. We report that DLS tracking of phage size 
distributions is an effective way to predict the aggregation and integrity of phage 
preparations. To achieve optimal concentration, the phages were purified through 
a traditional method: PEG precipitation followed by ultracentrifugation. This 
process resulted in the formation of two bands. Despite the enrichment of complete 
phage particles in the lower band, many infective phages were also present in the 
upper (low-density) band (Figure 2) (Appendix 3). 
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Previous studies have noted that combining PEG precipitation with sucrose 
density centrifugation provides a robust method for purifying large 
macromolecular complexes, serving as an orthogonal approach to PEG 
precipitation (Henneberg and Chari 2021). Bacteriophages can be easily 
concentrated from crude lysates of infected bacteria by adding PEG. Specifically, T4 
bacteriophages are efficiently removed from the solution by simple settling when 
the concentration of PEG 6000 is between 2% and 10% (Yamamoto et al. 1970).  

Some protocols use additional NaCl to enhance precipitation. The suggested 
mechanism of phage precipitation using PEG is very similar to the salting-out 
process used in protein precipitation (Atha and Ingham 1981) (Arakawa and 
Timasheff 1984). Bacteriophage particles are primarily composed of coat proteins 
surrounding their genetic material. In solutions containing PEG and high salt 
content, water molecules are separated, causing the bacteriophages to aggregate 
into clusters. Adding salts, such as NaCl, to PEG can replace some water molecules 
interacting with the charged coat proteins of the phage, reducing the number of 
available water molecules and promoting better aggregation and precipitation of 
the phage. Additionally, NaCl helps separate membrane-bound phages from the 
bacterial membrane. As a result, the precipitated phages can be easily collected by 
centrifugation (Archer and Liu 2009). Based on these studies, we used 10% 
weight/volume PEG 6000 and 0.5 M NaCl. The mixture was gently stirred for 15 
minutes at 4 °C until a clear solution was achieved. 

4.1. Optimal Protein Concentration for DLS Measurement 

The lowest required sample concentration in DLS experiments is determined by 
various instrumental and sample parameters. Most DLS instruments need a 
minimum concentration of around 0.5 mg/mL (NanoTemper Technologies 2023). 
Concentrations ranging from 1 to 10 mg/mL are often a reasonable starting point 
for determining the appropriate sample concentration (JKweb, Webdesign Basel & 
Zürich). 

The Bradford assay measures the total protein concentration in the sample, which 

includes proteins from phage particles as well as any other proteins present in the 

buffer. Although the Bradford assay does not provide a direct measure of phage 

concentration, the protein concentration obtained can be used as an indirect 

indicator. This indirect measure can help determine if the protein concentration is 

within a suitable range for DLS analysis, thus aiding in the estimation of whether 

the sample concentration is appropriate for accurate measurement. 

The concentration of our phage samples was lower than the range recommended 

by previous studies for DLS measurements (Figure 3). The T4 phage had a titer of 

2.4×108 PFU/mL and a protein concentration of 0.027 μg/μl (Table 3). The PRD1 

phage had a titer of 7.8×1011 PFU/mL yielding a protein concentration of 0.021 

μg/μl (Table 7). These protein concentrations were deemed appropriate for our DLS 

measurement experiments. 
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4.2. Hydrodynamic size of the T4 and PRD1 phages 

We determined the hydrodynamic size of the T4 phage using DLS and obtained a 
measurement of 146.1 nm (Table 3). This size closely aligns with the average 
diameter of the T4 phage reported in previous studies: 137.9 ± 1.06 nm, with a 
narrow size distribution and a PDI of 0.030 ± 0.023 (Szermer-Olearnik et al., 2017). 

DLS interprets results using a spherical model, assuming particles exhibit 
spherical behavior. However, T4 phages do not entirely fit this model, and their 
measurements are interpreted as if they were spherical (Szermer-Olearnik et al. 
2017). Therefore, the hydrodynamic size of T4 is different from its actual size, as 
seen under high-resolution electron microscopy (Willey et al. 2008). 

We measured the hydrodynamic size of PRD1 at 78.4 nm, which aligns with 
the sizes reported in other studies (Table 7). In a study by Mesquita et al., the size 
of PRD1 was measured using both DLS and SEM. The SEM results showed a cubic 
(icosahedral) capsid with no tail, measuring 63 nm, while the DLS measurements 
indicated a size of 82 ± 6 nm (Mesquita et al. 2010). 

In our study, the discrepancy between the hydrodynamic size and the actual 
size of T4 was 53.9 nm, which is greater than the 15.4 nm size difference observed 
for PRD1. This is because PRD1 has an icosahedral capsid and therefore fits better 
in the DLS model, while phage T4 has a more elongated structure and a tail. 

4.3. Cumulants analysis (z-average, and PDI)  

The Polydispersity Index (PDI) is a dimensionless measure that ranges from 0 for 
monodisperse samples to 1 for polydisperse samples. In practice, the best values for 
monodisperse samples are around 0.05. PDI values below 0.05 are typically 
observed with latex standards or particle dispersions. DLS can only provide a 
monomodal (single peak) distribution within this range. From 0.08 to 0.7, the mid-
range PDI values represent the range where distribution algorithms perform most 
effectively. PDI values above 0.7 indicate a very broad particle size distribution (Tosi 
et al. 2020). 

The z-average diameter is the intensity-weighted mean diameter derived from 
cumulant analysis. Cumulant analysis, while providing z-average and PDI, has its 
limitations. A primary limitation of cumulant analysis is that it only describes a 
single average-size result using the z-average value. This method cannot identify 
individual modes in populations that deviate significantly from a monomodal 
distribution. As a population's modality increases, the effectiveness of cumulant 
analysis in providing useful information decreases (Tosi et al. 2020). 

In the study by Szermer-Olearnik et al., reducing the ionic strength to 10 mM 
significantly altered the distribution of T4 particles. The autocorrelation curve in a 
low ionic strength environment indicated a rapid increase in the presence of larger 
aggregates. The z-average increased approximately with the square root of time, 
suggesting a diffusion-regulated aggregation process. This behavior underscores 
the impact of ionic strength on particle dynamics and aggregation in solution. In the 
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same study it is mentioned that in the polydisperse system, particle clusters varied 
in size and form. As a result, 'average diameter' for a given time point should not 
be taken as the typical measurement of aggregates (Szermer-Olearnik et al. 2017). 

In our study, the untreated control samples showed high-quality 
measurements with intercepts between 0.6 and 1. The PDI ranged from 0.05 to 0.32, 
and the z-average was 150.6-180.8 nm for T4 and 78.4-84.85 nm for PRD1. 

The z-average for the sonicated samples was 2866-4264 nm for T4 and 1621-
8763 nm for PRD1 (Table 5 and 9). For heated samples, the z-average was 177.8-
193.7 nm for T4 and 85-114 nm for PRD1 (Table 4 and 8). The sonicated T4 samples 
had intercepts greater than 1, specifically ranging from 2.76 to 4.22, with PDIs of 1. 
Similarly, PRD1 sonicated samples had intercepts above 2, with PDIs ranging from 
0.85 to 1 and z-averages from 1621 nm to 8763 nm. Heat-treated T4 samples showed 
intercepts of 0.5, PDIs of 0.30, 0.26, and 0.24, and z-averages of 193.7 nm, 181.9 nm, 
and 177.8 nm. Heated PRD1 samples had intercepts lower than 0.4, PDIs of 0.34, 
0.29, and 0.26, and z-averages of 85 nm, 114 nm, and 85 nm. These results suggest 
that due to high polydispersity and sample aggregation, the size distribution for 
sonicated and heat-treated samples is not reliable. 

Our study demonstrates that DLS Cumulants analysis provides valuable 
insights into the physical state of phages despite some inherent limitations. For 
untreated control samples, the analysis indicated uniform particle size distributions 
with intercepts between 0.6 and 1. The z-average in homogenous monodisperse 
phage samples represents the hydrodynamic size of intact phage particles.  

When sonicated and heated samples were compared to control samples, there 
were significant changes in the intercept values and z-average. Sonicated T4 
samples had intercepts greater than one and z-averages ranging from 2866 nm to 
4264 nm, and sonicated PRD1 samples had intercepts greater than two and z-
averages ranging from 1621 nm to 8763 nm. The increase in z-average likely 
indicates aggregation. However, due to the high polydispersity of these samples, 
the data quality is low, making it difficult to determine the precise hydrodynamic 
size of the aggregates. Similarly, heat-treated T4 and PRD1 samples showed 
intercepts lower than 0.6, indicating unreliable measurements. Despite this, the 
deviations still suggest significant changes in the physical state of the particles. 

Our research showed that DLS cumulant analysis works very well for 
homogeneous, uniform samples, giving accurate readings that show how the 
particles are distributed in size. However, particle size characterization becomes 
challenging for samples with high polydispersity, such as those undergoing 
physical stress, while the analysis can detect physical changes. Thus, it should be 
complemented by other analytical methods to ensure comprehensive and accurate 
characterization. 

4.4. Distribution analysis (distribution of sizes) 

Studies have demonstrated that many environmental factors and handling 
procedures can cause phage damage and titer loss, with aggregation being a 
common consequence. Researchers have reported using DLS to track phage size 
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distributions, finding it to be an effective method for predicting the bioactivity of 
phage preparations in a semi-quantitative to quantitative manner (“Correction to: 
Rapid assessment of changes in phage bioactivity using dynamic light scattering” 
2024b). 

Particle size distributions can be plotted in three ways: by intensity, volume, 
or number of particles. Volume and number size distributions are derived from the 
primary intensity-weighted distribution using Mie Theory. Since the DLS technique 
relies on changes in light intensity due to Rayleigh scattering, the primary size 
distribution obtained from a DLS measurement is the intensity-weighted 
distribution. The intensity-weighted distribution is highly sensitive to the presence 
of large particles or aggregates. For example, if we analyze a sample containing an 
equal number of particles of 100 nm and 10 nm in diameter, the DLS results will 
show a distribution with two peaks. The peak corresponding to the larger particles 
will have an area 106 times greater than that of the peak for the smaller particles. 
Therefore, the intensity-weighted distribution does not accurately reflect the actual 
number of particles in polydisperse samples.  

The volume-weighted size distribution is also sensitive to large particles. 
However, converting the intensity-weighted distribution into volume-weighted 
distributions provides a more realistic representation of the sample composition. 
For the volume-weighted distribution, the peak for the larger particles will be 103 
times higher than that of the same number of smaller particles. However, the 
volume-weighted distribution should only be used to estimate the relative amounts 
of material in distinct peaks since the means and particularly the widths are less 
reliable. For reporting the size of each peak in the distribution, it is more accurate to 
use the primary intensity-weighted size distributions (Tosi et al. 2020). 

In our study, the size distribution based on intensity for untreated, 
monodispersed phage samples showed the most accurate hydrodynamic size for 
the phages. Therefore, we reported the hydrodynamic size of phages T4 and PRD1 
based on the intensity-weighted distribution (Figure 9 and 4). In a homogenous 
monodisperse sample without contamination and impurities, we expect only a 
single sharp Gaussian peak, which should represent the size of the complete phage 
particles. In some control samples, a peak around 5460 nanometers is also observed, 
which may be due to aggregation during storage of the phage at 4°C. This impurity 
can negatively affect the reliability of the intensity-weighted distribution of the 
purified sample. Therefore, it is recommended that in future experiments, the tests 
be conducted immediately after phage purification to minimize the impact of 
impurities on the validity of the results. 

In polydisperse samples, the volume-weighted distribution provides a more 
realistic depiction of the sample. For instance, in heat-treated T4 samples, the 
difference between the control and heat-treated samples is not very clear in the 
intensity-weighted distribution. However, in the volume-weighted distribution, all 
heat-treated samples show a significant difference compared to the control. From 
90 to 130 degrees, the volume percentage is almost halved, and distinct peaks are 
observed. The 60-degree heat-treated sample shows that the size of peak1 is almost 
double that of the peak1 of the control sample. Therefore, the effect of heat, which 
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increased polydispersity, was very clearly visible in the volume-weighted 
distribution. 

The same results apply to PRD1 as well. However, for phage PRD1, the 
difference between volume and intensity-weighted distribution is less compared to 
phage T4. For phage PRD1, the heat-treated samples have almost half the volume 
and intensity percentage of the control peak, and the peaks after heat treatment are 
nearly twice as broad. The volume-weighted distribution again provides a clearer 
representation of the size distribution, with distinct peaks observed for the 60-
minute heat-treated sample. 

The difference between the size distribution of control and sonicated samples 
for both phages is much greater than that of heat-treated samples because sonication 
has a more significant effect on increasing polydispersity. For instance, in the case 
of sonicated T4 phage samples, both intensity and volume-weighted size 
distributions show that the control sample has a single peak around the 
hydrodynamic size of the intact phage. However, the sonicated samples exhibit 
several distinct, sharp peaks with intensity or volume percentages nearly more than 
double that of the control phage. 

Very similar results were observed for PRD1 phage. The control phage only 
displays a single peak around the size of the intact phage, whereas the sonicated 
samples show multiple distinct, sharp peaks with higher volume or intensity 
percentages than those of the control peak. Additionally, the 60-second sonicated 
sample shows a very different peak at a size larger than that of the control sample. 

The distribution charts were unable to distinguish between PRD1 and T4 
phages, showing only a single peak for the sample containing a mix of phages. The 
main reason is that the hydrodynamic sizes of the T4 and PRD1 phages differ by 
approximately 70 nanometers. Thus, the device cannot detect two distinct peaks 
and instead displays these two phages as a broad single peak. 

Additionally, it should be noted that the PRD1 phage sample had been stored 
in a cold room for several weeks, causing its size to increase from 78 nanometers to 
92.89 nanometers. This aggregation also contributed to the merging of the peaks. If 
the size difference between the phages were greater, the intensity and volume-
weighted size distribution would likely be able to indicate the presence of different 
phages. 
 

4.5. Autocorrelation function 

Autocorrelation function curves are essential for characterizing particle size 
changes in solutions, as smaller particles exhibit shorter correlation times compared 
to larger ones. Carvalho et al. (2014) demonstrated that denaturation and 
aggregation can be monitored through autocorrelation curves. At 60 and 65 °C, the 
autocorrelation curves displayed oscillations, indicating non-diffusive properties or 
very high-count rates, which align with the presence of large aggregates in the 
solution. This study highlights the utility of autocorrelation analysis in 
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understanding particle dynamics and stability under varying conditions (Carvalho 
et al. 2014). 

Misono (2019) describes that Oscillations in the autocorrelation curve in DLS 
suggest complicated dynamics within the sample, such as a polydisperse particle 
size distribution. These oscillations can also be caused by multiple scattering events, 
high particle concentrations that cause interactions, or structural rearrangements in 
complex fluids. This understanding is critical for interpreting DLS data and 
properly defining particle behaviors under different situations (Misono 2019). 

The intercept value can be used to evaluate the signal-to-noise ratio from a 
measured sample and thus is often used to judge data quality. It is usually scaled 
such that an ideal signal will give a value of 1, and a good system will give intercepts 
more than 0.6, and greater than 0.9 for the best systems (‘Dynamic Light Scattering 
(DLS) - Definition & Terms | Malvern Panalytical’). A lower-than-expected value 
may indicate too high or too low a sample concentration, absorption or fluorescence 
of the sample. Too high a sample concentration may lead to multiple scattering 
effects that will reduce the intercept value. 

In our study, both heating and sonication have significantly affected the 
intercept values of the samples. Heating generally decreases the intercept values, as 
seen in both T4 and PRD1 heated samples, which have lower intercept ranges (0.50 
to 0.57 for T4 and 0.43 to 0.56 for PRD1) compared to their control and L-Pellet 
counterparts. Sonication, on the other hand, dramatically increases the intercept 
values, as observed in the sonicated T4 samples (2.76 to 4.22) and sonicated PRD1 
samples (2.22 to 4.72). Therefore, heating tends to decrease the intercept values, 
indicating a possible reduction in particle size or aggregation, while sonication 
increases the intercept values, suggesting an increase in particle size distribution or 
polydispersity. 

4.6. Comparing DLS and plaque assay results 

To determine if DLS can detect the biological activity of phages, we performed 
plaque assays for most of the samples measured by DLS. Due to time constraints, 
plaque assay results were missing for some samples. However, we made an effort 
to gather sufficient data from both untreated and treated samples to enable a 
realistic evaluation of DLS's capability to measure the biological activity of phages. 

The data shows a strong correlation between the titer and the particle 
concentration of the untreated purified T4 phage samples. The samples with titers 
of 1.5×109, 2.4×108, and 1.8×107 PFU/mL, had particle concentrations of 4.89×109, 
7.12×108, and 5.56×107 paticles/ml. This indicates that as the titer of the phage 
decreases, the particle concentration measured by DLS also decreases 
proportionally. The peak1 for all three samples represents the size of the complete 
T4 phage particles, suggesting that the majority of the particles counted are intact 
phage particles. The strong correlation between phage titer and particle 
concentration indicates that the DLS is reliable for assessing the bioactivity of 
monodispersed and purified phage samples. 
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In the T4 sonication experiment, the control sample containing untreated 
phage had again nearly identical particle concentration and phage titer, with a 
phage titer of 1.26×108 PFU/mL and a particle concentration of 2.31×108 

paticles/ml. However, after sonication under two different programs, particle 
concentrations increased to 2.23×109 and 1.54×109 paticles/ml, while phage titers 
decreased to 5.6×107 and 1.5×107 PFU/mL, respectively. This indicates that in the 
treated samples, a portion of the phages were damaged, leading to a tenfold 
decrease in phage titer and a tenfold increase in particle concentration. This 
suggests that the inactivation of some phages may be due to fragmentation and loss 
of phage integrity under mechanical stress. Additionally, changes in size 
distribution for sonicated phages and appearing several distinct peaks confirm this 
damage. Therefore, while DLS results could not directly measure the reduction in 
phage bioactivity, they clearly indicated physical alterations in the phages, 
suggesting a likely decrease in bioactivity. 

The results for phage PRD1 differed slightly from expectations. We anticipated 
a tenfold decrease in phage titer with a tenfold increase in phage dilution. However, 
with a hundredfold increase in the dilution of purified phage PRD1, the phage titer 
decreased from 8×1012 to 4.3×1011, showing only a tenfold reduction. Additionally, 
the difference between the 100-fold diluted phage and the 1000-fold diluted sample 
was less than expected. This could be due to the small size of the phage. The small 
size of phage PRD1 could contribute to its behavior during dilution. Smaller 
particles might be more prone to interactions with container surfaces or might 
diffuse differently, impacting the effective concentration in the solution. Phages 
might also form aggregates or clusters. At higher concentrations, these clusters 
could remain intact, but as the solution is diluted, these clusters might not disperse 
completely, leading to fewer effective phage particles than expected. 

The relationship between phage titer and particle concentration for PRD1 was 
slightly different from that for phage T4. The phage titer for the serially diluted 
purified phage PRD1 samples was 4.3×1011, 7.8×1011, and 4.7×1010 PFU/mL, while 
the particle concentrations for these samples were 2.35×1010, 1.42×1010, and 1.69×109 

paticles/ml, respectively. In fact, for each sample, the particle concentration was ten 
times lower than the phage titer, unlike phage T4, where the particle concentration 
was almost equal to the phage titer. Again, this could be because PRD1 might have 
a higher tendency to form aggregates or clusters that are not fully separated during 
dilution or measurement. These aggregates can lead to an underestimation of the 
titer, as multiple infective phages within an aggregate might be counted as a single 
particle. 

This error in the heating experiment of phage PRD1 was somehow corrected. 
The 1000-fold diluted phage sample (control) had a titer of 7.4×109 PFU/mL as we 
expected, and its particle concentration measured by DLS was almost equal to the 
phage titer, at 8.53×109 PFU/mL. After 60, 90, and 120 minutes of heating, the phage 
titer decreased to 7.15×106, 7.4×106, and 5.5×106 PFU/mL, respectively, showing an 
almost 1000-fold reduction, indicating that some phages lost their biological activity 
during the heating process. The particle concentrations for the heated samples were 
1.54×1010, 5×108, and 2.45×108 paticles/ml, respectively. In the 60-minute heated 
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sample, the particle concentration increased tenfold, while in the 90 and 120-minute 
samples, it decreased tenfold. These results, along with the distribution chart, 
suggest that at lower temperatures, some particles fragmented, and at higher 
temperatures, aggregation occurred, explaining the changes in particle 
concentration. In any case, both the fragmented and aggregated particles likely lost 
their infectivity since a similar reduction in phage titer was observed in all three 
samples. 

Therefore, similar to the phage T4 sample, observing changes in particle 
concentration and size distribution suggests that part of the phage sample has lost 
its biological activity. However, accurately predicting the type and extent of 
damage using DLS was not possible. 

In the phage sonication experiment, the control sample showed nearly 
identical predicted particle concentration and phage titer. After twenty seconds of 
sonication, the particle concentration increased tenfold, while the phage titer 
remained unchanged. After thirty seconds of sonication, the particle concentration 
increased almost a hundredfold, and the titer decreased by approximately ten times. 
Data on the phage titer for samples sonicated for longer durations is not available. 

If the phage sample is monodispersed and free from contamination, as 
observed in all control samples, the particle concentration measured by DLS will 
closely match the phage titer. The mode peak for the intensity-weighted distribution 
of the control samples will be Gaussian. However, after treatment and subsequent 
damage to the phages, changes in particle concentration, size distribution, or both 
will be observable. These changes allow us to predict a reduction in titer using DLS, 
although accurately quantifying the reduction or determining the type of damage 
was not possible in our experiment. 

The study by Dharmaraj et al. (2023) compared plaque assays and DLS for 
assessing phages, focusing on titer loss and size alterations. Plaque assays measure 
the infectivity of phages by counting plaques formed on a bacterial lawn, crucial for 
applications like phage therapy. DLS assesses the size distribution and aggregation 
state of phage particles, providing insights into their physical stability. The results 
indicated that while both methods are valuable, they serve complementary 
purposes: plaque assays evaluate phage infectivity, whereas DLS offers information 
on physical stability and aggregation. 

Szermer-Olearnik et al. (2017) demonstrated that DLS predictions of phage 
titer loss is accurate and that DLS can provide clinically relevant information on the 
activity of a phage sample prior to its use. They have shown that DLS tracking of 
phage size distributions is a valuable tool for forecasting the bioactivity of phage 
preparations in a semi-quantitative to quantitative manner. Once standard curves 
are established to correlate changes in physical condition with bioactivity, DLS 
proves to be quicker, more efficient, and less damaging than plaque assays. 
However, the study also acknowledges the limitations of DLS in fully assessing the 
bioactivity of phages (Szermer-Olearnik et al. 2017). 

Some studies suggest that aggregation can be a mechanism for increasing 
phage survival at mild temperatures. Bożena et al. (Szermer-Olearnik et al. 2017) 
showed that phages in aggregates were more resistant to extreme environmental 



51 
 

conditions like heat. However, we still need to directly address or propose the 
possibility of aggregation as a mechanism for increasing phage survival at mild 
temperatures. 

 

5. CONCLUSION 

 

DLS is an effective technique to analyze the physical properties of phages, including 
the hydrodynamic size and aggregation state. DLS measures the hydrodynamic 
diameter of the T4 phage to be 146.1 nm and the PRD1 phage to be 79.88 nm. 
Additionally, DLS is effective in detecting changes in phage size distributions that 
result from treatments such as heat and sonication. 
The combined results from DLS and plaque assays show that heat treatment 
significantly disrupts phage integrity and infectivity. For both PRD1 and T4 phages, 
heating leads to increased polydispersity, aggregation, fragmentation, and a 
reduction in particle concentration and phage titer. Similarly, sonication causes 
substantial changes, with both phages exhibiting higher z-averages (above 1500 nm) 
and increased intercept values (greater than 2), indicating notable structural 
alterations. Sonication results in fragmentation, an increase in particle 
concentration, and a reduction in titer. 
When assessing size distributions, the volume-weighted distribution method is 
preferable for polydisperse samples, such as those subjected to heat or sonication, 
because it provides a more accurate representation by minimizing the influence of 
larger particles. In contrast, for homogeneous and monodisperse samples, the 
intensity-weighted distribution method is more suitable, as it offers clearer and 
more precise measurements. 
Despite its strengths, DLS has limitations, especially in distinguishing between 
different phage types in mixtures. For example, in a 1:1 mixture of T4 and PRD1 
phages, the DLS signal was dominated by the larger T4 particles, which obscured 
the presence of the smaller PRD1 particles. Therefore, while DLS is effective for 
measuring phage size in monodisperse samples and detecting physical changes, it 
should be used alongside other methods, such as plaque assays, to fully evaluate 
the impact of stress factors on phage structure and functionality. 
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APPENDICES 

Appendix 1: Solutions and reagents 

Luria-Bertani (LB) medium   

  

 

 

Luria-Bertani (LB) agar  

 

Bacto tryptone 1 %                                                               

Yeast extract 0.5 %                                                                   
NaCl 14.5 % 

 
 

Luria-Bertani (LB) medium                                                     

Agar 1.0% 

 

Appendix 2: Experimental Timeline 

Table A1.      The timeline of experiments 

Experiment Date Days post-Phage purification 

                   T4  

T4 purification 24.01.2024 - 

First DLS measurement 29.01.2024 5 days 

First heat treatment 07.02.2024 14 days 

First sonication treatment 08.02.2024 15 days 

Second heat treatment 09.02.2024 16 days 

PRD1 

PRD1 lysate titeration 
27.02.2024 - 

PRD1 purification 29.02.2024 - 

First DLS measurement 01.03.2024 1 day 

PRD1 heat treatment 04.03.2024 4 days 

PRD sonication 05.03.2024 5 days 

 

Appendix 3: DLS measurement of T4 Upper Pellet 
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Figure 3. 

  
 

A) The autocorrelation function (ACF) curves were measured for T4 u-pellet 
with an initial titer of 3.8×109 PFU/mL and dilution factors of 10³, 10⁴, and 10⁵. 
B) The intensity-weighted and volume-weighted distribution of 1000-fold 
diluted sample. 
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