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Abstract

In light of the growing issue of antibiotic resistance, this study explored phage
encapsulation within lactose particles for potential use in treating oral and ear
bacterial infections. Firstly, phage-loaded suspensions that ensured phage
stability at RT for 24 h were developed. After electrospraying, phage-loaded
particles were successfully generated with an encapsulation efficiency (EE) of
31% at a phage stock concentration of 50% v/v. The phage titer decreased only
slightly from 5 x 10" PFU/mg to 1.5 x 10” PFU/mg after processing, maintaining
the same order of magnitude. The particles exhibited spherical morphology and
successful phage encapsulation, with a burst release of phages within 10
minutes of immersion in an aqueous medium (99.0 £ 6.9%). The phage-loaded
particles demonstrated enhanced antibacterial efficacy compared to pure
phage solutions, completely inhibiting P. aeruginosa growth for over 24 h at a
particle concentration of 20 mg/ml, likely due to a high localized phage
concentration. Stability studies indicated that phages remained viable at
various temperatures, with greater stability at lower temperatures (4°C, and -
20°C), though phage activity gradually decreased over time in particle form,

particularly at room temperature.



1. Introduction

Oral and outer ear bacterial infections are significant concerns, in part due to
their association with respiratory diseases [1,2]. There is a strong correlation
between bacterial respiratory infections and the ear infection otitis media, with
otitis media patients having a significantly higher likelihood of bacterial lung
infections [3,4]. Similarly, oral bacterial infections have been linked to an
increased risk of multiple respiratory diseases [5]. For example, a study among
the elderly Japanese population found that adjusted mortality due to pneumonia

was 3.9 times higher in individuals with periodontal disease [6].

Antibiotics are commonly used for the treatment of oral and outer ear bacterial
infections [7,8]. However, the emergence of multi-drug-resistant bacteria
complicates antibiotic treatments [9]. In this context, phage therapy has
emerged as a promising alternative for treating bacterial infections in the mouth
and outer ear [10,11]. Phages, which are viruses lacking metabolic activity,
exhibit antibacterial effects by deploying lytic enzymes to dismantle specific
bacteria following their attachment to the bacterial surface, penetration, and

subsequent replication within the bacterial host [12].

In contrast to antibiotics, phages offer a natural, low-toxicity alternative that is
self-amplifying, highly specific, and adaptable. They are thus capable of
circumventing bacterial resistance [13]. Their ability to target infected bacteria
specifically, along with their established clinical safety and self-replicating
capacity, positions phages as promising, safe, and resilient antimicrobial
agents for the future. Numerous studies have validated the efficacy and safety
of phage therapy. For instance, two environmental phages PA5oct and KT28
[14], eNH-4 and pMR299-2 [15] have demonstrated in vitro antibacterial activity
against drug-resistant P. aeruginosa. Additionally, animal studies have

showcased the effectiveness of phage therapy [16,17]. Crucially, human trials



have reported promising therapeutic outcomes in the treatment of drug-
resistant respiratory infections, with success rates of up to 60% observed
across various studies [18-20]. The utilization of phage cocktails, comprising
multiple phage species, allows the treatment of multiple bacterial strains

simultaneously [21-23].

Most phage preparations are formulated as liquids [24] with salts, gelatin, and
buffered media used to enhance phage stability [25]. However, solid
formulations are often preferred for transport, patient convenience, and ease of
administration. To this end, methods such as lyophilization, spray drying,
electrospinning, and electrospraying have been employed to convert phage
suspensions into dry formulations [26]. Among these, electrospraying stands

out for its ease, cost-effectiveness, and scalability [27].

Electrospraying functions by dispersing a liquid into droplets using electrical
forces [28] (Figure 1). In this process, a solution is dispensed at a controlled
rate from a narrow-bore needle (the spinneret). When a droplet is expelled from
the end of the spinneret, upon the application of an electric field it assumes a
cone shape and eventually the electrostatic force surpasses the surface tension
and a jet ejects, leading to the break-up of the droplet into smaller charged
droplets. These then undergo solvent evaporation to yield solid products

comprising nano-microscale particles [29].
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Figure 1 Schematic diagram of the electrospraying set up (drawn in BioRender).

Electrospraying offers the capability to produce particles with uniform size
distributions and consistent morphologies through precise control of process
parameters [30]. A fundamental requirement is establishing a stable cone-jet
mode, achievable by fine-tuning parameters such as voltage, solution
conductivity, and flow rate [31]. Additionally, particle morphology and size can
be further regulated by adjusting parameters like polymer concentration,
molecular weight, voltage, solvent vapor pressure, flow rate, and collection
distance [32]. The environmental conditions, including relative humidity and
temperature, also influence the electrospraying process and the properties of

the resultant particles [33].

There have been a few studies on electrosprayed phage-loaded particles [34-
37]. Compared to conventional nebulization, electrospraying generates cleaner,

more stable, and more viable MS2 phage-loaded particles [35] with a narrow



size distribution [36]. Additionally, electrosprayed particles were found to give
lower Felix O1 phage activity loss in simulated gastric fluid compared to those
produced via freeze drying [37]. Moreover, ES particles have also shown great

promise in combating bacterial infections in the mouth and ear [38-41].

The objective of this study is to develop phage-loaded lactose particles to
combat oral/outer ear bacterial infections. Polyvinyl alcohol (PVA) was
incorporated to enhance the viscosity of the lactose solution, ensuring stable
electrospray formation. Given that P. aeruginosa is a primary pathogen in these
infections, an anti- P. aeruginosa phage was selected. A suitable formulation
matrix to ensure phage stability was first developed. Next, phage-loaded
particles were generated by electrospraying and the phage loading maximised.
The phage-loaded formulations were fully characterised in terms of their
morphology, physicochemical properties, phage loading efficiency, phage

release kinetics, antibacterial activity, and stability.

2. Materials and methods

2.1 Materials

Materials were obtained as follows: poly (vinyl alcohol) (PVA, MW 30,000 Da,
Merck); lactose monohydrate (LM, Ci2H22011-H20, MW 360.30 g/mol, Fisher
Scientific); phosphate buffered saline (PBS) tablets (Sigma-Aldrich); glycerol
(Fisher Scientific); Tryptic Soy Agar (TSA, Sigma-Aldrich); Tryptic Soy Broth
(TSB, Sigma-Aldrich); Mueller Hinton Agar (MHA, Sigma-Aldrich); Tris-HCI
(EMD Millipore Corp.); NaCl (Fisher Scientific); MgSOa4-7H20 (Thermo Fisher
Scientific); gelatin (Sigma-Aldrich); Pseudomonas aeruginosa (NCTC 12903,
TCS Biosciences); Pseudomonas aeruginosa phage Neko (102 PFU/ml),
isolated from a puddle water in La Spezia, Italy; SM buffer (50 mM Tris-HCI, 0.1
M NaCl, 8 mM MgS0a4.7H20, 0.01% w/v gelatin, pH 7.5); Triton-X100 (Thermo

Scientific); deionized water (Purite, Triple Red Limited); phosphotungstic acid
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(PTA, Sigma-Aldrich); potassium hydroxide (KOH, Fisher Scientific); TEM grids
(3.05 mm copper grid formvar/carbon support film 300 mesh, TAAB

Laboratories Equipment Limited).

2.2 Bacterial culture

Initially, a bacteria pellet (P. aeruginosa NCTC 12903) was dispersed and
vortexed in 1 ml of TSB (first generation), which was then transferred to and
grown in 40 ml TSB in an incubator (37 °C) for 24 h. Following incubation, the
resultant culture was vortexed, and 1 ml of the culture was transferred to 40 ml
of fresh TSB for subculture (second generation). After subculture for two
generations (always vortexing before subculture), 5 ml of the overnight culture
from the last generation was added to 250 ml of fresh TSB broth and incubated
at 37 °C. A 1 ml sample of the culture suspension was withdrawn, vortexed,
and its optical density (OD) measured at a wavelength of 600 nm using a
spectrophotometer (CO8000 cell density meter, WPA Biowave). Once the OD
reading fell between 0.4 and 0.7, indicating the bacteria were in the exponential

growth phase, the culture was processed for freezing.

In this processing, 0.1 ml of culture suspension was transferred into sterile
tubes with 0.9 ml of PBS and labeled as 10. This solution was then serially
diluted tenfold to obtain dilutions from 102 to 10"". Subsequently, 50 ul from
each dilution was inoculated onto TSA plates and spread with a fresh L-shaped
hockey spreader. After 24 hours of incubation, plates containing a countable
number of colonies (ranging from 2 to 300 colonies) were selected, and the
colonies were counted to establish colony-forming units per milliliter (CFU/ml)
for each dilution, in triplicate. The final dilution factor chosen to count was 10-°
(10-1-10* had too many colonies). After counting the colonies in the 10-° plates,

the final inoculum calculated was 108 CFU/ml.



The remaining liquid culture, with OD between 0.4-0.7, was centrifuged at 9500
rom at 4°C for 10 mins, resulting in a pellet. Then the supernatant was
discarded, and the tubes were refilled with PBS, in which the pellet was re-
suspended and centrifuged. The PBS re-suspension and centrifugation
processes were repeated 3 times. Finally, the pellet was resuspended in 20%
glycerol, transferred into 2 ml cryovials and frozen at -80 °C. For each step,
vortexing was necessary and TSA plates were prepared for streaking to ensure

purity control (without signs of contamination).

2.3 Phage harvesting and plaque assay

The methods for phage harvesting and plaque assay were adapted from a
previous study [36]. Initially, 100 pl of P. aeruginosa was inoculated into 5 ml of
TSB media and incubated overnight at 37 °C. From this culture, a 1 ml sample
was taken, and its optical density (OD) was measured at 600 nm using a
spectrophotometer (CO8000 cell density meter, WPA Biowave). Once the OD
reading was between 0.5 and 0.6 (indicating the exponential phase), a 100 pl
aliquot of the overnight culture was then mixed with 100 pl of phage stock
solution. This mixture was incubated at 37°C for 30 min, mixed with 4 ml of
partially cooled 2% w/v MHA, then poured onto a cooled MHA plate and
incubated at 37 °C overnight. Phage growth manifested as a clear, transparent
plate compared to the cloudy control plate (containing 100 ul of P. aeruginosa).
To recover the phages, 4 ml of SM buffer was added to the plates and incubated
at 4 °C for 1 h. The SM buffer containing phages and 2% w/v MHA was then
centrifuged at 6500 rpm for 30 min at 4°C. The supernatant was filtered through
a 0.22 uym sterile filter and stored at 4°C. The lytic activity of the phages was
assessed using a plague assay.

For the plaque assay, serial dilutions of the harvested phages were prepared.
Aliquots of 100 ul from each dilution were mixed with an equal volume of P.

aeruginosa host culture (OD: 0.5-0.6). Each mixture was incubated at 37 °C for



30 min, mixed with 4 ml of partially cooled 2% w/v MHA, poured onto an MHA
plate, and incubated overnight at 37 °C. A negative control, consisting of P.
aeruginosa host without phages, was prepared in the same manner. Following
overnight incubation, plates containing a countable number of plaques (2-300)
were selected, and the plaques were counted to establish plaque forming units
per milliliter (PFU/mI) for each dilution, in triplicate. Phage titer was determined

to be 101° PFU/m.

2.4 Phage stability in the formulation solution

Before electrospraying, the stability of the phages in formulation solutions was
evaluated at room temperature (RT) over 24 hours. Phage viability was
assessed using a plague assay. The negative control was P. aeruginosa host
without phages, while phage stock alone comprised a positive control. The final
solvent system chosen was SM buffer with 0.1% Triton-X-100 (v/v). Two
specific formulations were tested: one with 20% v/v phage stock in SM buffer
containing 0.1% Triton-X-100 (So), and 20% v/v phage stock with 40% w/v LM
and PVA in a 9:1 ratio (w/w) in SM buffer with 0.1% Triton-X-100 (Fo). The
phage titer was measured at predetermined intervals (10 min, 1 h, 24 h) using

the plague assay method. All tests were conducted in triplicate.

2.5 Preparation of electrospraying solutions

After confirming the stability of the phages in the formulation solution, the
electrospraying solutions were prepared. Initially, LM and PVA were dissolved
in the solvent blend at 130 °C and then allowed to cool to room temperature.
The cultured phage stock solution was then added and thoroughly vortexed to
ensure complete mixing before electrospraying. Once the formulation was
confirmed to be suitable for electrospraying, the focus shifted to achieving the
highest possible phage loading. The final formulation consisted of 40% wi/v

solute (LM: PVA= 9:1 w/w) in SM buffer with 0.1% Triton-X-100 (v/v), with a
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final phage concentration of 50% v/v (50% v/v phage suspension in the final

liquid formulation) (F1).

2.6 Production of phage-loaded ES particles

The solutions were electrosprayed using a 1 ml syringe (BD Plastipak)
equipped with a 20G needle (0.337 mm inner diameter, Nordson EFD). The
distance between the needle tip and the collector was set to 20 cm. The flow
rate was maintained at 0.01 ml/h. A voltage of 20 kV was applied for both the
blank and phage-loaded formulations. The electrospraying process was
conducted in a temperature range of 20-25°C, with relative humidity maintained

between 25% and 40%.

2.7 Transmission electron microscopy (TEM)

TEM was utilized to examine the morphology of the phages and phage-loaded
particles. The phage sample was prepared by staining with a filtered 2% w/v
phosphotungstic acid (PTA) solution (pH=7, neutralized using a 2 M KOH
solution) on a carbon film-coated copper grid. For the phage-loaded particles,
the specimens were prepared by directly depositing the electrosprayed

particles onto a carbon film-coated copper grid for 10 seconds, without staining.

2.8 Scanning electron microscopy (SEM)

SEM (Phenom Pro microscope, Thermo Fisher Scientific) was employed to
study the morphology of the particles. SEM images of the particles were
collected after being sputter coated with graphite. Then, for each formulation,
200 particles from different images were selected and analyzed with the ImageJ
1.52a software. The size results are presented as mean * standard deviation.

Size distributions were plotted using Origin 2022b (OriginLab Corporation).
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2.9 X-ray diffraction (XRD)

A Rigaku Miniflex 600 diffractometer supplied with Cu Ka radiation (A = 1.5418
A) was used for XRD measurements, performed at 40 kV and 15 mA with 20

ranging from 3° to 40° (at 5°/min).

2.10 Fourier-transform infrared spectroscopy (FTIR)

A PerkinElmer Spectrum 100 FTIR spectrometer was used to collect spectra
(four scans) in attenuated total reflectance mode, within the range of 4000-650

cm™ at a resolution of 1 cm™.

2.11 Phage lytic activity after electrospraying

Phage-loaded particles were suspended in 0.5 ml of SM buffer and incubated
overnight at 37 °C with continuous shaking. The resulting solution was then
subjected to serial dilutions. The phage lytic activity was evaluated using a
plaque assay to determine the PFU/ml. A negative control consisted of P.
aeruginosa host without phages. Finally, the plague forming units per milligram
(PFU/mg) was calculated. The phage encapsulation efficiency (EE, %) was
determined according to the equation:
EE (%) = (calculated PFU/mg) [/ (theoretical PFU/mg) x 100%
(1)
The results are reported as mean * standard deviation (SD). All experiments

were conducted in triplicate.

2.12 Phage release

Phage-loaded particles were suspended in 5 ml of SM buffer and incubated at
37 °C with shaking at 50 rpm. At predetermined intervals over a 24-hour period,
10 ul of the release medium was sampled and replaced with an equal volume

of preheated fresh SM buffer. Serial dilutions of the samples were prepared to
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assess phage lytic activity using a plague assay, determining the PFU/ml. A
negative control included P. aeruginosa host without phages. The results are
presented as a cumulative release (%) versus time (min) curve. All experiments

were conducted in triplicate.

2.13 Antibacterial tests

The antibacterial activities of phage and phage loaded particles against P.

aeruginosa were conducted in vitro using isothermal microcalorimetry.

2.13.1 Antibacterial activity of phages

Serial dilutions of the phage stock solution were prepared using SM buffer. In
a 3 ml calorimetric glass ampoule, 2 ml of pre-warmed TSB (37°C), varying
concentrations of the phage stock solution (0.03 ml), and sterile water (0.94 ml)
were combined. Following this, 0.03 ml of bacterial culture was added, bringing
the total volume to 3 ml. The ampoule was sealed, vortexed, and placed in a
Thermal Activity Monitor (TAM; TA Instruments Ltd.), where it equilibrated for
30 minutes at 37 °C. Data collection was performed using the Digitam 4.1
software, with an amplifier setting of 3000 yW. Control groups included pure
bacteria, and phages (102 PFU/ml) without bacteria. Each concentration was
tested at least three times, and the resulting curves were consistent, so one
representative dataset is reported. The isothermal microcalorimetry results are
presented as heat flow (UW) vs. time (h). The bacterial inoculation size was 10°
CFU/ml. After the TAM run, the ampoule was unsealed, and the sample solution

was diluted to determine CFU/ml and PFU/mI.

2.13.2 Antibacterial activity of phage-loaded particles

The in vitro antibacterial activity of phage loaded particles against P. aeruginosa
was also evaluated by TAM. Various concentrations of the blank formulation

and phage-loaded particles were prepared. In each ampoule, 2 ml of pre-
12



warmed TSB (37 °C), 0.03 ml of bacterial inoculum, the sample, and water were
combined to make a total volume of 3 ml. The ampoules were then loaded into
the TAM. Control groups included pure bacteria and the blank formulation. Four
concentrations of the phage-loaded formulation were tested, at least in triplicate.
The resulting heat flow curves were consistent, so one representative dataset
is shown. The bacterial inoculation size was 108 CFU/ml. After the TAM run, the
ampoule was unsealed, and the sample solution was diluted for testing CFU/ml

and PFU/ml.

2.14 Stability tests

A freshly cultured phage stock solution was vortexed and divided into three
aliquots to assess phage stability at RT, 4°C, and -20 °C over a 2-month period.
Additionally, freshly prepared phage-loaded particles from the same batch of
phage stock solution were stored under the same conditions. For the phage
stock solution, the lytic activity of the phages at different time points was
evaluated using the plaque assay test. At various time points, the phage-loaded
particles were suspended in 0.5 ml of SM buffer and incubated overnight at
37 °C with gentle shaking. Following this incubation, serial dilutions of the
resulting solution were prepared to evaluate phage lytic activity using a plague
assay, which allowed for the determination of PFU/ml. The experiments were

performed in triplicate, and PFU/mg was subsequently calculated.

3. Results and discussion

3.1 Phage characterization

Figure 2 shows TEM images of the Neko phages. Neko is a Podovirus,
belonging to the Caudoviricetes family which was characterized in a previous

work [42].
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58.39 nm

Figure 2 Morphology of plagues on double-layer agar plate (left) and TEM
images of P. aeruginosa NCTC 12903 targeting phages (middle and right).

3.2 Optimizing solvent systems

It was found that the phage titers remained consistent up to 24 h when the stock
was held at RT (Supporting Information, Figure S1). The phages were next
mixed with SM buffer or with SM buffer augmented with Triton X-100, LM, and
PVA. Phage stability was found to be maintained in these conditions (Figure
S2), and thus a solvent system of 20% v/v phage suspension, 40% w/v, LM:
PVA=9:1 w/w, SM buffer and 0.1% (v/v) Triton-X-100) (Fo) was selected for

onward experiments.

3.3 Generation of electrosprayed particles

Both the blank formulation (without phages) and Fo yield particles with uniform
spherical morphology (Figure 3a,b). After electrospraying however, the phage
titer reduced from 1.6 x 10’ PFU/mg to 6.2 x 10° PFU/mg. The final
encapsulation efficiency was also low, at 3.8 + 0.7 %. This was felt to be too
low, and therefore the phage stock concentration was increased to 50% v/v in
further experiments. This gave formulation F1, which comprised 50 % v/v phage
stock, 40% w/v LM: PVA=9:1 w/w, SM buffer, and 0.1% v/v Triton-X-100. F1
also produced particles with spherical morphology (Figure 3c), though a few
larger particles were also observed. A possible reason for this might be the

uneven mixing of the phage suspension and formulation solution or spray
14



instability during the electrospraying process [34]. With F1 the phage viability
remained more consistent, ranging from 5x10” PFU/mg to 1.5 x10’ PFU/mg.

The EE of F1 was 31 £ 8 %, again a notable improvement on the Fo system.

The patrticle sizes were found to be 1.8 £ 0.9 ym (blank), 2.9 £ 1.1 pm (Fo), and
1.4 + 0.7 ym (F1). A low loading of phages thus has little impact on the overall
particle size, while with the higher-loading F1 formulation the particle size is
somewhat increased. This finding is aligned with the literature [43]. Considering
the size distribution (Figure 3d), F1 exhibited the narrowest size distribution.
This implies that at this high concentration, the phages may function as
stabilizers or regulators. They could potentially reduce particle aggregation or
clumping, helping to keep more small particles dispersed and resulting in a

more uniform particle size distribution.
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Figure 3 SEM images of (a) the blank formulation (40% w/v, LM: PVA=9:1 w/w,
SM buffer+ 0.1% (v/v) Triton-X-100), (b) Fo, (c) F1 with (d) the size distribution

curves.

3.4 F1 characterization

Figure 4 displays TEM images of the electrosprayed particles. The blank
particles (Figure 4a) and phage loaded Fo particles (Figure 4b) reveal no
internal structures (possibly due to the low phage encapsulation efficiency),
whereas encapsulated phages are clearly visible within the phage-loaded F1
particles (Figure 4c-d)). This is in agreement with previously reported studies

[43,44]. The TEM images highlight a non-uniform distribution of phages within
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the particles. Figure 4c and Figure 4d illustrate that some particles contain a
high density of phages, while others have fewer. This may be attributed to
factors such as variations in the evaporation rate of the solution, particle
shrinkage and solidification, and interactions between the phages and other

solutes [45].
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Figure 4 TEM images of (a) blank formulation, (b) Fo and (c-d) Fi.

XRD patterns (Figure S3) of the blank and Fi formulations show both to be
amorphous systems, with no crystalline LM present. FTIR spectra are displayed
in Figure S4. The IR data show no distinct differences between the blank and
F1 spectra, presumably because the functional groups present in the phages

overlap with those in the excipients, and the latter dominate the spectrum.
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3.5 Phage release

The phage release experiment tracked the phage release profile of F1 over a
24 h period (see Figure S5). F1 gives a burst release of phages within the first
minute, and almost complete release (99.0 + 6.9%) within 10 minutes (Figure
5). A set of photos demonstrating plaque assay results for the released phages
reveals that the number of released phages remains constant over 24 h (see
Figure S6). This burst release might be attributed to the rapid dissolution of

lactose and PVA in the aqueous buffer.
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Figure 5 An enlarged view of the first 10 min of the release profile of F1 (mean

+ SD, n=3)

3.6 Antibacterial activity of phages

The antibacterial effect of the phages against P. aeruginosa was investigated
by isothermal microcalorimetry (Figure 6a). Isothermal microcalorimetry was
employed to measure heat flow and thereby obtain insight into bacterial and
phage interactions, providing metabolic insights that go beyond what can be
seen in plaque assays [46]. While plaque assays quantify bacterial killing,

isothermal microcalorimetry enables real-time monitoring of dynamic metabolic
18



responses, offering a more detailed view of activity [47]. Compared to traditional
static methods like broth dilution, it is time-resolved, highly sensitive,
guantitative, and non-invasive, capable of detecting subtle changes in bacterial
activity [48]. Additionally, it can assess both inhibitory and bactericidal effects,

[49].

The complex growth curve reflects organism growth in an oxygen-limited
medium (the sealed ampoule restricts oxygen to what is dissolved in the
medium and present in the headspace). Initially, the exponential phase
represents aerobic metabolism (first peak), followed by a transition to anaerobic
metabolism at around 5 hours, initiating a second exponential growth phase
(second peak) [50]. Successive peaks and troughs suggest the sequential
utilization of major nutrients in the medium. However, as nutrients are depleted
or environmental conditions worsen due to metabolite accumulation, the heat-

producing reactions cease, causing the power signal to return to baseline [50].

The pure phage sample (red line) shows no heat output. Compared to the
control groups—pure bacteria without phages (GC) and pure phages without
bacteria— P. aeruginosa incubated with varying concentrations of phages
exhibits concentration-dependent delayed bacterial growth and reduced peak
height (indicative of fewer bacteria). This is consistent with the antibacterial
activity of the phages. This finding is further supported by CFU/ml and PFU/mI
measurements taken after TAM, as presented in Figure 6b. The data confirm
that a concentration of 108 PFU/ml has the strongest antibacterial effect,

yielding the lowest CFU/mI (2.1 x 107+ 0.5 x 107).

After incubation with the bacterial host, initial phage concentrations (Ci) from
102 to 107 PFU/mI lead to notably greater final phage titers (Cr), which are
increased by at least an order of magnitude. When Ci = 108 PFU/mI

concentration, Cishows a two-fold increase (Figure 6b). This phenomenon can
19



be attributed to the replication of phages within the bacterial host [51]. After
infecting the bacteria, the phages utilize the bacterial replication machinery to
produce new phage particles, leading to a rapid increase in phage numbers
[51]. However, although there is a noticeable reduction in bacterial count, even
at the highest concentration tested (108 PFU/mI) complete bacterial inhibition

cannot be achieved.

20



a ——GC

300 - —— Phage
102 PFU/mI
——10° PFU/ml
250 | 10* PFU/mI
‘ ——10° PFU/mI
108 PFU/mI
— 200 107 PFU/ml
i —— 108 PFU/mI
o 150 F
100 |
50
0 1 ]
0 12 24
Time (h)
—=— Final CFU/ml
—=— Final PFU/mI
b 6x10°
9x107 |-
- 5x108
8x107 | i
_ T
-
g 7x107 | dax108 B
2 3
O ex107 |- . €
g - 3x10 i
i 5x107 |
| |
4x10" - 121
3x107 / -~ 1x10®
2x107 | .
H n ] - -0
1,(107 1 1 1 1 1 1 1 1 1
GC k/)a Toe 7ps Tge Tps. Tos Tpr  Tps
(8 "po "A-O 2, Ry, R, '%O %,
y gy “my Ty iy Ty iy

Figure 6 (a) Heat flow (uW) vs time curves of P. aeruginosa incubated with
different concentrations of phages for 24h (GC: negative control, phage:
positive control, phage concentration was 108 PFU/mIl). The inoculation
of bacteria was 10° CFU/m; (b) P. aeruginosa final CFU/ml and final phage
PFU/ml trend curves after incubation with different phage concentrations for 24

h.
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These results suggest that while the phages can infect and reduce the bacterial
population in a liquid environment, they are unable to completely inhibit
bacterial growth, even at high concentrations. This highlights the importance of
using phage cocktails, which combine multiple phages to improve antibacterial

efficacy [52].

3.7 Antibacterial activity of phage-loaded particles

Figure 7a and Figure 7b illustrate the heat flow curves of different
concentrations of blank particles against P. aeruginosa. The P. aeruginosa
used in this study (NCTC 12903) responds to the blank formulation,
characterized by a higher peak height indicating an increased bacterial count.
This observation is further supported by the final bacterial count (CFU/ml) after
exposure to different concentrations of the blank formulation (the initial bacteria
concentration is 108 CFU/ml) (Figure 7c). The blank particles appear to provide
nutrients (lactose) to the bacterial host, as the bacterial count increases to 108

CFU/ml compared to the GC (10" CFU/ml).
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Figure 7 (a) Heat flow (uW) vs time curves of P. aeruginosa incubated with
different concentrations of the blank formulation. (b) Enlarged view over the first
12 h. Inoculum of bacteria was 10°® CFU/ml. (c) Final CFU/mI of bacteria

exposed to the blank formulation for 24 h.
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For F1 (Figure 8a), at a concentration of 0.8 mg/ml, the antibacterial effect of
the incorporated phages ultimately controls the bacterial count at the same level
as the GC group (107 CFU/mI) despite the pro-growth effects of the matrix
materials. When the particle concentration was increased to 5 mg/ml, the
bacterial count further decreases compared to the 0.8 mg/ml and GC groups,
due to the higher phage content (enhanced antibacterial activity), but still
remains at 10’ CFU/ml (Figure 8b). At 11 mg/ml, the antibacterial effect
becomes more pronounced, delaying bacterial growth by up to 18 h (Figure
8a). At a concentration of 20 mg/ml, no bacterial growth is seen for at least 30
h, indicating that the minimum heat inhibition concentration (MHIC) of F1

particles is 20 mg/ml.

As demonstrated by Figure 8b, compared with control groups (GC and blank),
increased Fi1 particle concentrations lead to decreased final bacteria
concentrations and increased final phage numbers. Even though the 108
PFU/ml phage suspension (4 x 102 PFU/ml) had a slightly higher intial titer than
the 20 mg/ml suspension of F1 particles (3 x 10® PFU/ml), both reached a final
titer of 4.7 x 10® PFU/ml (Figure 6b, Figure 8b). This demonstrates that the
encapsulation process did not significantly affect phage activity [26,37].
Moreover, the F1 particles were more effective in inhibiting bacterial growth.
This might be a result of local high-concentration effects, where the particles
create a high local concentration of phages, increasing the contact and infection
rates between phages and bacteria [53]. Also, the materials in the particles
(such as Triton X-100) may alter the properties of the local environment, making
it easier for phages to infect bacteria. These materials may change the structure
or permeability of bacterial cell membranes [54], thereby increasing the

infection efficiency of phages.
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Figure 8 (a) Heat flow (uW) vs time curves of P. aeruginosa incubated with the
blank formulation (20 mg/ml, 40% w/v solute, LM: PVA=9:1 w/w in SM buffer
with 0.1% v/v Triton-X-100) and different concentrations of F1 (GC: growth
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curve). Inoculum of bacteria was 106 CFU/mI. (b) CFU/ml of P. aeruginosa, and

phage PFU/mI values obtained with different concentrations of Fi.

3.8 Phage stability

The stability of a batch of phage stock solution stored at RT, 4, and -20 °C was
assessed by measuring PFU/mI at different time points (Figure S7). -20 °C is
found to be the optimal temperature for preserving phages, as it best maintains
their activity and count. 4 °C also serves as an effective preservation method
but does not result in the same stability as -20 °C. The phages are found to
have relatively poor stability under these conditions. This is consistent with
previous findings [55]. Though PFU/ml was kept at 10%° across all temperatures
over 8 weeks, some variability was observed in the data. The fluctuations in
phage counts seen across all temperatures (especially at week 4) could be
attributed to changes in the aggregation or dispersion of phages in the
suspension  (the literature  reports that phage virions have
aggregation/disaggregation transitions [56]). This is consistent with variability
reported in the literature for phage stability under different storage conditions

[57].

Figure 9 depicts the stability of the same batch of F1 at RT, 4°C, and -20°C.
The PFU/mg of the phage-loaded particles gradually decreases across all
temperature conditions, with a more noticeable decline at RT and 4 °C. In
contrast, the reduction in phage count is relatively smaller under the -20 °C
storage condition, indicating that low temperatures help maintain phage activity.
This aligns with findings in the literature [44,58], and with the data obtained on
pure phage stocks above. However, it is clear that the particles seem to be less
stable than the phage stock solution. Studies have shown a clear hierarchy in
the effectiveness of different excipients for maintaining the long-term stability of
phage fibers, with SM buffer combined with sugars providing the highest level

of protection, followed by SM buffer alone, sugars alone, and finally salts [59,60].
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Given that SM buffer is the primary component of the phage stock solution and
lactose (a sugar) is the main protective agent in the solid particles, our findings
agree with the literature, with somewhat greater stability seen with SM buffer
than with the particles. In addition, humidity was not controlled during storage
at the three tested temperatures. Especially at 4°C and -20°C, transient
condensation likely occurred during sampling, potentially dissolving the water-
soluble particles. This could have further disrupted the stability of the

encapsulated phages.
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Figure 9 Stability curves of F1 at RT, 4 °C, and -20 °C over 8 weeks.

In this study, phage-loaded ES lactose particles were developed. To date, these
have not been explored for phage formulations. Existing studies have mainly
focused on spray-dried lactose-based formulations combined with various
excipients to improve phage stability. For example, lactose and leucine have

been used in spray-dried phage powders targeting antibiotic-resistant P.
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aeruginosa (PEV phages) [61], and similar formulations have been developed
for different morphotypes of PEV phages as well as PEV20-ciprofloxacin spray-
dried powders [62,63]. Additionally, excipients such as trehalose, mannitol, and
sucrose have been investigated for their ability to enhance phage stability

[62,64-72].

Beyond excipients, storage temperature and relative humidity (RH) are also
critical factors influencing the long-term viability of phage powders. Studies
have shown that when packaged under dry conditions, spray-dried
lactose/leucine phage powders remained biologically and physically stable after
being stored at 20°C/60% RH for 12 months [61]. Similarly, spray-dried
leucine/trehalose formulations enabled Podoviridae and Myoviridae phages to
be successfully stored under vacuum-sealed conditions at 4°C and 20°C for
one year [65]. However, P. aeruginosa phage PEV2 powders underwent
recrystallization under high humidity conditions (>22% RH), leading to complete
phage inactivation after 12 months at 60% RH [66]. Moreover, PEV20-
ciprofloxacin powders maintained stability when stored under dry conditions
(4°C, 20% RH), whereas storage at 25°C led to a significant decline in phage
viability [63]. Exposure to high humidity (65% RH) has been reported to reduce
phage recovery due to the recrystallization of amorphous excipients. This effect
was observed in Acinetobacter baumannii phage vB_AbaM-IME-AB406
formulations [64]. Likewise, spray-dried P. aeruginosa phage LUZ19 and S.
aureus phage Romulus powders exhibited significant recrystallization when
exposed to humidity, leading to phage degradation. Moreover, higher storage
temperatures (225°C) further exacerbated phage instability [69]. Additionally,
Eudragit® FS microparticles containing LUZ19 showed substantial activity loss

after one month when stored at 25°C, 30°C, or 40°C [71].

In this study, lactose was the main excipient used in the formulation (with PVA

added only to enhance solution viscosity and electrosprayability). However,
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previous research suggests that spray-dried formulations containing only
lactose may provide inadequate protection for phages [67]. This can be
attributed to the hygroscopic nature of amorphous lactose, which is
thermodynamically unstable and highly susceptible to recrystallization when
exposed to moisture. Notably, at a relative humidity of 37%, amorphous lactose
has a glass transition temperature (Tg) close to room temperature [73]. Unless
both the production and storage conditions are maintained below 37% RH,
phage-loaded lactose powders are prone to rapid recrystallization, potentially

compromising phage viability.

In this study, only storage temperature was controlled, whereas humidity during
both production and storage remained unregulated. This likely contributed to
the relatively poor phage stability observed in our electrosprayed formulations.
Future studies will focus on improving phage stability by optimizing formulation
strategies. Various approaches, including the use of protective excipients,
surface coatings, and controlled humidity storage, have been proposed to
enhance the long-term viability of phage powders. Our future work will explore
these stabilization techniques to improve the practical applicability and shelf life

of phage-loaded formulations.

4. Conclusions

This study reports the successful creation of electrosprayable suspensions that
ensure phage stability at RT for 24 hours. After electrospraying, phage-loaded
particles were successfully generated. By raising the phage stock concentration
in the electrospraying feedstock to 50% v/v, the encapsulation efficiency of
phages reached 31%, with the phage titer only decreasing from 5 x 10” PFU/mg
to 1.5 x 10" PFU/mg, maintaining the same order of magnitude. SEM analysis
confirmed the spherical morphology of the particles, while TEM analysis

identified phages encapsulated within the particles. The phage-loaded patrticles
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exhibited a burst release within one minute, achieving 99.0 + 6.9% of phage
release within 10 minutes. Although a pure phage stock reduced bacterial
numbers, it failed to completely inhibit bacterial growth. Phage-loaded particles
demonstrated stronger effects, and at a concentration of 20 mg/ml the particles
could completely inhibit bacterial growth over 30 h. A phage suspension
remained stable at RT, 4, and -20 °C for eight weeks, with greater stability at
lower temperatures. However, for the phage-loaded particles, the PFU/mg
gradually decreased across all temperature conditions, with a more noticeable
decline at RT and 4°C, indicating that low temperatures are preferred for
storage. The observed decline in phage viability is possibly due to the
hygroscopic nature of amorphous lactose, which can recrystallize upon
exposure to moisture, potentially compromising phage integrity. To address this
issue, future work will focus on optimizing excipients, formulations, and storage
conditions to enhance phage stability and support the therapeutic potential of
electrosprayed phage powders. Nevertheless, our findings offer valuable
insights for further developing and optimizing phage-loaded particles as

effective antibacterial agents.
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