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A B S T R A C T

Antimicrobial resistance (AMR) poses a critical global health challenge, contributing to an estimated 1.27 million 
deaths worldwide due to bacterial infections in 2019. Phages offer a possible solution to this, but alone have been 
found to be sub-optimal. There can however be great benefits in combining antibiotics and phages to give 
synergistic treatment. To that end, this study incorporates both ciprofloxacin (cipro) and phages into co-loaded 
microparticles prepared by electrospraying (ES). With optimized concentrations (0.25 wt% cipro and 50 % v/v 
phage stock), the resulting phage encapsulation efficiency (EE) reached 29 ± 3 %. Following electrospraying, a 
modest reduction in phage titer was observed, from 5 × 107 to 1.4 × 107 PFU/mg, suggesting good preservation 
of phage viability during the electrospraying process. The cipro loading reached 0.20 ± 0.01 %, with an EE of 
79.9 ± 2.2 %. In addition to spherical morphology and efficient phage loading, the particles exhibited a rapid 
initial release of their therapeutic cargo, achieving 98.8 ± 4.0 % of phage release and 93.5 ± 7.0 % of cipro 
release within 10 min. The combination of half the minimum heat inhibition concentration (MHIC) of cipro (0.3 
μg/ml) and 108 PFU/ml phages completely inhibited the growth of Pseudomonas aeruginosa (P. aeruginosa) over 
30 h, and a co-loaded particle concentration of 333 μg/ml extended bacterial inhibition for over 40 h. The results 
provide meaningful guidance for the design and optimization of antibiotic- and phage-loaded microparticles as 
potential antibacterial formulations for the treatment of bacterial infections.

1. Introduction

Antibiotic resistance remains a major global healthcare challenge, 
particularly in infections of the oral cavity and outer ear, which are 
frequently associated with respiratory diseases [1,2]. The rise of 
multidrug-resistant pathogens has compromised the efficacy of con
ventional antibiotics, underscoring the urgent demand for alternative 
treatment strategies [3]. Phages, viruses that selectively infect and 
destroy bacterial cells, have gained increasing attention as potential 
antimicrobial agents [3]. However, clinical application of phage therapy 
is challenged by the swift emergence of phage resistance, as bacteria 
deploy various defense mechanisms such as adsorption inhibition, DNA 
degradation, and abortive infection pathways [4].

Under these circumstances, combined phage–antibiotic strategies 
have demonstrated synergistic effects, leading to more effective bacte
rial clearance and a lower chance of resistance emergence [5–8]. For 

example, phage PEV20 used in conjunction with ciprofloxacin (cipro) 
has demonstrated therapeutic promise against drug-resistant 
P. aeruginosa strains implicated in respiratory tract infections [6]. 
Phage therapy combined with sub-minimal inhibitory concentrations 
(sub-MIC) of cipro has also been found to be effective in controlling 
P. aeruginosa biofilms [7,8]. Spray dried powders containing both phage 
PEV20 and cipro have exhibited synergistic bactericidal effects against 
antibiotic-resistant P. aeruginosa isolates from cystic fibrosis patients 
[9]. Additionally, in a mouse model of acute pulmonary infection with 
P. aeruginosa, a spray-dried formulation combining phage PEV20 and 
cipro achieved superior bacterial eradication and alleviated lung 
inflammation compared to either component alone [10]. Most notably, 
cipro has been found to stabilize phages effectively through vitrification 
and/or hydrogen bonding at 4 ◦C, allowing PEV20-cipro powders to 
remain biologically and physico-chemically stable for 12 months when 
stored below 20 % relative humidity (RH) at 4 ◦C, even without a 
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stabilizing excipient [11].
Electrospraying (ES) has emerged as a promising technique for 

fabricating phage-loaded microparticles with well-defined morphology, 
tunable drug release profiles, and improved stability [12–15]. While its 
application in phage encapsulation has been demonstrated, the potential 
of electrospraying for the co-formulation of phages and antibiotics re
mains unexplored. Given the documented synergistic antibacterial ef
fects of phage-antibiotic combinations [16–20] and the advantages of 
electrospraying as a scalable and reproducible particle engineering 
approach [21–24], it was hypothesized that electrosprayed phage- 
antibiotic particles can enhance bactericidal efficacy while preserving 
phage viability and stability.

In earlier research, phage-loaded lactose particles were fabricated 
via ES and their antibacterial efficacy was evaluated [24]. Although the 
phage-loaded particles inhibited bacterial growth above a certain con
centration, they were not able to completely kill the bacteria [24]. 
Therefore, this study aimed to develop ES lactose particles loaded with 
phages and cipro. Building on the formulation previously developed for 
phage loading [24], the initial step involved optimizing the cipro 
loading, followed by assessing phage stability in the cipro formulation 
solution. After obtaining a stable and suitable formulation solution, ef
forts focused on optimizing the phage loading. Subsequently, the for
mulations were thoroughly characterized including morphology, 
physicochemical attributes, loading efficiency and release profiles of 
phage/drug, antimicrobial efficacy, as well as overall stability.

2. Materials and methods

2.1. Materials

Lactose monohydrate (LM, C12H22O11⋅H2O, MW 360.30 g/mol), 
glycerol, sodium chloride (NaCl), potassium hydroxide (KOH), and 
ciprofloxacin were all obtained from Fisher Scientific. Poly(vinyl 
alcohol) (PVA, molecular weight approximately 30,000 Da) was sourced 
from Merck. Tryptic Soy Agar (TSA), Tryptic Soy Broth (TSB), and 
Mueller Hinton Agar (MHA) were acquired from Sigma-Aldrich for 
bacterial cultivation and antimicrobial testing. Tris hydrochloride 
(Tris⋅HCl) was purchased from EMD Millipore for buffer preparation, 
while magnesium sulfate heptahydrate (MgSO4⋅7H2O) and Triton X-100 
were supplied by Thermo Fisher Scientific. Gelatin, used in buffer 
preparation, and phosphotungstic acid (PTA) for electron microscopy 
staining were also obtained from Sigma-Aldrich.

Pseudomonas aeruginosa strain NCTC 12903 was provided by TCS 
Biosciences. A lytic phage (Neko, 1012 PFU/ml), specific to this strain, 
was isolated from a puddle water sample collected in La Spezia, Italy. 
The SM buffer formulation included 50 mM Tris-HCl, 0.1 M NaCl, 8 mM 
MgSO₄⋅7H₂O, and 0.01 % (w/v) gelatin, with the pH adjusted to 7.5. 
Deionized water was prepared using a Purite purification system (Triple 
Red Ltd). Copper grids for TEM analysis (300 mesh, formvar/carbon- 
coated, 3.05 mm) were obtained from TAAB Laboratories Equipment 
Ltd.

2.2. Bacterial culture

P. aeruginosa NCTC 12903 was cultured using procedures described 
in previous work [24]. The pellet was initially resuspended in 1 ml of 
TSB, transferred into 40 ml of fresh medium, and cultured at 37 ◦C for 
24 h (first-generation culture). Following vortexing, 1 ml of the first- 
generation culture was then placed into 40 ml of prewarmed TSB to 
initiate subculturing. This subculturing step was repeated to ensure 
culture consistency, with vortexing prior to each transfer. Subsequently, 
5 ml of the overnight culture was transferred into 250 ml of prewarmed 
TSB, followed by incubation at 37 ◦C. Once the optical density, 
measured at 600 nm using a CO8000 cell density meter (WPA Biowave), 
reached 0.4–0.7, the culture was used for cryopreservation and CFU 
quantification.

For enumeration, a 1:10 dilution was prepared by mixing 0.1 ml of 
culture with 0.9 ml of sterile PBS, followed by serial tenfold dilutions 
(10− 2 to 10− 7). From each dilution, 50 μl aliquots were plated on TSA 
using a sterile L-spreader. After incubation at 37 ◦C for 24 h, colonies on 
plates with 2–300 CFU were counted. Viable counts were determined 
from the 10− 5 dilution and calculated as approximately 108 CFU/ml. 
(triplicate plating).

The remaining bacterial culture (OD600 = 0.4–0.7) was centrifuged 
at 9500 rpm for 10 min at 4 ◦C. The pellet was washed three times with 
sterile PBS, each time involving resuspension, vortexing, and centrifu
gation. Finally, after resuspension in 20 % (v/v) glycerol, samples were 
distributed into 2 ml cryovials and preserved at − 80 ◦C. TSA streak 
plates were prepared during each step to confirm culture purity and 
sterility.

2.3. Phage harvesting and quantification

The Neko phage employed in this study is a member of the Caudo
viricetes class and has been identified as a Podovirus in previous work 
[24]. Phages were obtained through plate amplification, elution with 
SM buffer, centrifugation, and 0.22 μm filtration. Plaque assays were 
conducted to quantify phages, following previously published protocols 
[24]. A 100 μl sample of cryopreserved P. aeruginosa was transferred into 
5 ml of TSB for culture initiation and cultured overnight (37 ◦C). The 
following day, 1 ml of the overnight culture was sampled, and its optical 
density at 600 nm was monitored using a CO8000 cell density meter 
(WPA Biowave). Cultures with an OD600 between 0.5 and 0.6, corre
sponding to exponential growth, were selected for phage infection. 
Phage infection was initiated by mixing 100 μl of bacterial culture with 
an equal volume of phage stock, followed by a 30-min incubation at 
37 ◦C to allow adsorption. The phage–bacteria mixture was then com
bined with partially cooled MHA (4 ml, 2 % w/v) and poured onto pre- 
solidified MHA plates, followed by overnight incubation at 37 ◦C. Suc
cessful phage replication was indicated by clear lysis zones, in contrast 
to the uniformly turbid control plates inoculated with P. aeruginosa 
alone. For phage recovery, 4 ml of SM buffer was added onto each lytic 
plate and incubated at 4 ◦C for 1 h. The phage-containing buffer mixed 
with molten agar was centrifuged at 6500 rpm for 30 min at 4 ◦C. The 
supernatant was then passed through a sterile 0.22 μm filter and stored 
at 4 ◦C for later use.

Phage titers were determined via plaque assay. For subsequent 
analysis, the recovered phage sample was serially diluted ten-fold in SM 
buffer. For each dilution, 100 μl was mixed with 100 μl of exponentially 
growing P. aeruginosa (OD600 = 0.5–0.6), incubated at 37 ◦C for 30 min, 
and then combined with 4 ml of 2 % w/v molten MHA. The mixtures 
were poured onto MHA plates and incubated overnight at 37 ◦C. Control 
plates were prepared by omitting the phage suspension. Following in
cubation, plates containing 2–300 plaques were selected, and plaque- 
forming units (PFU/ml) were calculated based on triplicate counts. 
The final phage titer was quantified at 1010 PFU/ml.

2.4. Evaluation of phage stability in the formulation solution

Based on prior formulation development [24], the blank formulation 
solution comprised 40 % w/v LM and PVA (9:1 ratio, w/w) in SM buffer 
containing Triton-X-100 (0.1 % v/v). Cipro was incorporated at a final 
concentration of 0.25 % w/w (relative to the total mass of solute), as 
higher levels were found to cause instability and visible precipitation. 
Following complete dissolution of LM, PVA, and cipro in the buffer 
system, phage suspension was introduced to the formulation to achieve 
a mixture with final concentrations of 0.25 wt% cipro, 20 % v/v phage 
suspension (phage suspension in SM buffer), 40 % w/v of LM and PVA 
(9:1 w/w), in SM buffer with Triton-X-100 (0.1 % v/v) (F1). This solution 
was left at RT for 24 h. Phage viability was examined at 10 min, 1 h, and 
24 h using plaque assays. The negative control consisted of P. aeruginosa 
without phage exposure. All experiments were performed in triplicate to 
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ensure reproducibility.

2.5. Preparation of electrosprayed solutions

Following confirmation of phage stability within the cipro- 
containing system, solutions for electrospraying were prepared accord
ingly. An initial step involved dissolving PVA, LM, and cipro in the 
selected solvent system at 130 ◦C. Upon cooling to ambient temperature, 
phages were incorporated and mixed thoroughly by vortexing for ho
mogeneous distribution. After confirming the suitability of the resulting 
mixture for electrospraying, formulation optimization efforts focused on 
enhancing phage loading efficiency. The final formulation (denoted as 
F2) comprised final concentrations of 40 % w/v of total solutes, with 
lactose and PVA in a 9:1 weight ratio, dissolved in SM buffer supple
mented with Triton-X-100 (0.1 % v/v). Cipro and phage were incorpo
rated at final concentrations of 0.25 % wt. and 50 % v/v, respectively.

2.6. Preparation of phage and cipro co-loaded ES particles

Electrospraying was performed using a 1 ml BD Plastipak syringe 
equipped with a 20G needle (internal diameter of 0.337 mm, Nordson 
EFD). The tip-to-collector distance was maintained at 20 cm, and the 
solution was delivered at a constant flow rate of 0.01 ml/h using a sy
ringe pump (KDS100, KD Scientific). An applied voltage of 20 kV was 
maintained throughout the process for both blank and phag
e–ciprofloxacin formulations, using a high-voltage power supply (HCP 
35-35000, FuG Elektronik). The electrospraying was conducted under 
ambient conditions, with the temperature kept between 20 and 25 ◦C 
and relative humidity controlled within the 25–40 % range.

2.7. Characterization

2.7.1. Transmission electron microscopy (TEM)
TEM was used to characterize the morphology of the phage–cipro co- 

loaded microparticles. To visualize phages, a 5 μl droplet of phage sus
pension was placed onto a sheet of parafilm, and a carbon-coated copper 
grid was laid on top for 10 min to allow particle adsorption. The grid was 
then blotted with filter paper and stained for 30s using 2 % (w/v) PTA 
(pH 7, adjusted with 2 M KOH). Excess stain was then removed by 
blotting, and the grids were left to dry at ambient conditions. For 
phage–cipro co-loaded particles, the electrosprayed powders were 
deposited directly onto carbon-coated copper grids for 10 s, and staining 
with 2 % PTA subsequently performed. Samples were finally imaged on 
a Philips CM120 BioTWIN instrument.

2.7.2. Scanning electron microscopy (SEM)
Morphological examination via SEM was carried out using a Phenom 

Pro system (Thermo Fisher Scientific). Prior to SEM observation, sam
ples were sputter-coated with graphite to enhance conductivity. Particle 
size measurements were obtained by randomly selecting 200 particles 
per group from different SEM fields and analyzing them using ImageJ 
(version 1.52a, National Institutes of Health). Particle sizes are 
expressed as mean ± SD. Distribution plots were generated using Origin 
2022b (OriginLab Corporation).

2.7.3. X-ray diffraction (XRD)
XRD patterns were recorded using a Rigaku Miniflex 600 (Cu Kα 

radiation, λ = 1.5418 Å). The analysis was conducted at 40 kV and 15 
mA, with 2θ values scanned from 3◦ to 40◦ at 5◦/min.

2.7.4. Fourier-transform infrared spectroscopy (FTIR)
A PerkinElmer Spectrum 100 FTIR spectrometer equipped with 

attenuated total reflectance (ATR) mode was employed for infrared 
spectral acquisition. Spectral data were recorded from 4000 to 650 cm− 1 

at 1 cm− 1 resolution, averaging four scans per sample.

2.7.5. Phage viability after electrospraying
Approximately 3.40 mg of phage–cipro co-loaded microparticles 

were dispersed in 0.5 ml of prewarmed SM buffer and incubated at 37 ◦C 
under continuous shaking overnight [24]. After incubation, the sus
pension was serially diluted, and phage infectivity was quantified via 
plaque assay to calculate the plaque-forming units per milliliter (PFU/ 
ml) and then normalized to plaque-forming units per milligram of par
ticles (PFU/mg) based on particle mass. To validate assay specificity, a 
negative control using P. aeruginosa without phage treatment was 
included. Encapsulation efficiency (EE, %) was calculated based on the 
ratio of recovered to theoretical phage titer using the equation below: 

EE (%) = [measured PFU/mg]/[theoretical PFU/mg] ×100% (1) 

Data are expressed as mean ± standard deviation (SD) from triplicate 
trials.

2.7.6. Cipro loading
Cipro content (sample from Section 2.7.5) was determined via UV 

absorbance measurement at 270 nm using a Spectramax M2e plate 
reader (Molecular Devices). A standard curve prepared in SM buffer 
(0.5–15 μg/ml, R2 = 0.9999) was used for quantification. The cipro 
loading and EE were computed as follows:   

EE (%) = (measured cipro content/theoretical content)× 100 (3) 

2.7.7. Phage release
Approximately 3.50 mg of phage and cipro co-loaded microparticles 

were dispersed in 5 ml of prewarmed SM buffer and incubated at 37 ◦C 
with gentle shaking (50 rpm) [24]. Over a 24 h period, 10 μl aliquots of 
the release medium were withdrawn at predetermined time points (1, 3, 
5, 7, 10, 20, 40, 60, 120, 180, 240, 1440 min) and immediately replaced 
with 10 μl of pre-warmed SM buffer. The collected samples were serially 
diluted, and phage viability was evaluated via plaque assay to establish 
phage concentration (PFU/ml). A negative control contained 
P. aeruginosa without phages. Cumulative phage release (%) was plotted 
as a function of time (min), with all experiments performed in triplicate 
to ensure consistency.

2.7.8. Cipro release
The cipro content in the collected medium (from Section 2.7.7) was 

measured at 270 nm using a Spectramax M2e microplate reader (Mo
lecular Devices). A standard curve (0.5–15 μg/ml, R2 = 0.9999) pre
pared in SM buffer was used for quantification. The cumulative release 
(%) was calculated with respect to the total cipro initially incorporated 
into the particles. All measurements were conducted in triplicate, and 
data are presented as mean ± SD.

2.7.9. Antibacterial tests
Isothermal microcalorimetry was employed to investigate the in 

vitro antimicrobial effect of phages, cipro, combination of phage and 
cipro as well as phage and cipro co-loaded particles against 

Cipro content (%) = (mass of cipro in microparticles/mass of microparticles)× 100 (2) 
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P. aeruginosa.

2.7.9.1. Antibacterial activity of phages. Phage suspensions were serially 
diluted tenfold in SM buffer for further antibacterial testing [24]. Each 
ampoule (3 ml) contained 2 ml of TSB (37 ◦C), 30 μl of phage suspension, 
and 0.94 ml of sterile water. To reach a final volume of 3 ml, 30 μl of 
bacterial suspension (106 CFU/ml) was added. The ampoules were 
sealed, gently vortexed, and transferred into a Thermal Activity Monitor 
(TAM, TA Instruments). A 30-min equilibration period at 37 ◦C preceded 
data acquisition. Heat flow signals were monitored using Digitam soft
ware (version 4.1) with the amplifier sensitivity adjusted to 3000 μW.

Controls consisted of P. aeruginosa alone or phage suspension (108 

PFU/ml) without bacterial cells. Each experimental condition was 
explored in triplicate, and due to high reproducibility, representative 
thermograms are presented. Results are expressed as heat flow curves 
(μW vs h). After each run, the ampoules were opened, and the contents 
were serially diluted to quantify viable P. aeruginosa (CFU/ml) and 
active phage particles (PFU/ml).

2.7.9.2. Efficacy of cipro. The evaluation of the minimum heat inhibi
tion concentration (MHIC) of free cipro against P. aeruginosa NCTC 
12903 was conducted in vitro using TAM. A 1000 μg/ml cipro stock was 
obtained by dissolving the drug in 200 ml of 0.5 % (v/v) acetic acid. 
Serial dilutions using sterile water were performed to obtain 100, 10, 
and 1 μg/ml solutions, which were then passed through 0.22 μm filters 
[25].

Table S1 (Supplementary material) outlines the solutions prepared 
for P. aeruginosa (NCTC 12903). Each glass ampoule (3 ml) was filled 
with 2 ml of pre-warmed TSB (37 ◦C), cipro solution, and sterile water. 
Then, 30 μl of bacterial suspension was added, adjusting the final vol
ume to 3 ml. Ampoules were sealed, gently vortexed, and transferred 
into the TAM for thermal equilibration at 37 ◦C for 30 min. Thermal 
output was captured using the Digitam 4.1 software at an amplifier 
sensitivity of 3000 μW. Calorimetric curves were displayed as heat flow 
(μW) as a function of time (h). A placebo control using P. aeruginosa 
alone was included for comparison. Each test condition was conducted 
three times, and the heat flow curves demonstrated high reproducibility; 
one representative curve is shown. The final bacterial inoculum was 
standardized at 106 CFU/ml.

2.7.9.3. Combinations of phages and cipro. After investigating the anti
bacterial effects of phages and cipro individually, their combined effects 
were further explored. Three phage concentrations—106, 107, and 108 

PFU/ml—were tested in combination with 1/4 MHIC (0.15 μg/ml) or 1/ 
2 MHIC (0.3 μg/ml) of cipro. The combination antibacterial activity was 
assessed in vitro using isothermal microcalorimetry, with each condition 
evaluated in a minimum of three independent replicates. The resulting 
heat flow profiles demonstrated high reproducibility, and a represen
tative curve is presented. The bacterial inoculation size was standard
ized at 106 CFU/ml. Upon completion of each TAM measurement, the 
ampoules were opened and the contents were serially diluted to quantify 
both CFU/ml and PFU/ml.

2.7.9.4. Antibacterial activity of phage and cipro co-loaded particles. The 
antibacterial effect of phage–cipro co-loaded particles against 
P. aeruginosa was also assessed in vitro by TAM. Co-loaded particles were 
first pre-weighed (0.25, 0.5, 0.75, 1, and 2 mg) for evaluation. In each 
trial, 2 ml of TSB (pre-equilibrated at 37 ◦C), 30 μl of bacterial inoculum, 
and a predetermined amount of the test sample were added to the am
poules. Sterile water was used to adjust the final volume to 3 ml. The 
prepared ampoules were subsequently sealed and transferred into the 
TAM instrument for measurement.

The heat output was recorded as heat flow curves (μW vs h). 
Experimental controls included bacterial cultures without treatment and 
those containing the blank particles. Triplicate measurements were 

performed for all five concentrations of the phage and cipro co-loaded 
formulation. Due to the high reproducibility of the thermal profiles, 
one representative curve per condition is shown. The initial bacterial 
concentration was maintained at 106 CFU/ml. Upon completion of each 
TAM experiment, ampoules were opened and the contents were serially 
diluted to quantify viable bacterial cells (CFU/ml) and infectious phages 
(PFU/ml).

2.7.10. Stability studies
A newly prepared phage stock solution was thoroughly vortexed and 

aliquoted into three portions, which were stored at RT, 4 ◦C, and − 20 ◦C 
to evaluate phage stability over a 2-month period [24]. In parallel, 
phage and cipro loaded particles fabricated using the same phage batch 
were stored under identical conditions. For the liquid phage samples, 
lytic activity was assessed at predetermined intervals via plaque assay. 
At each time point, phage and cipro loaded particles were resuspended 
in SM buffer (0.5 ml) and incubated at 37 ◦C with gentle agitation 
overnight. The recovered solutions were serially diluted and analyzed 
using plaque assays to determine phage viability, expressed as PFU/ml. 
Triplicate trials were carried out for each condition, followed by 
calculation of PFU/mg values.

3. Results

3.1. Phage viability in the formulation solution

Supplementary material Fig. S1 illustrates phage stability in the F1 
formulation (20 % v/v phage+0.25 wt% cipro, 40 % w/v of LM/PVA 
(9:1 w/w), SM buffer+0.1 % (v/v) Triton-X-100). The viability of the 
phage suspension in F1 remained consistent at ca. 1010 PFU/ml across 
the 24 h assessment period, indicating that the solvent and raw materials 
lactose do not affect phage stability. Therefore, formulation F1 was taken 
forward for electrospraying.

3.2. Variation of phage loading

Fig. 1a presents a SEM image of F1. F1 yields particles with spherical 
morphology albeit with a range of sizes (1–7 μm). The mean particle size 
of F1 is 1.9 ± 1.7 μm. The phage titer decreased from 3.2 × 107 PFU/mg 
(theoretical PFU/mg) to 1.2 × 106 PFU/mg after electrospraying. The 
final phage encapsulation efficiency of F1 was hence 4 ± 1 %. For F1, the 
cipro loading was determined to be 0.19 ± 0.01 %, with an encapsula
tion efficiency of 74.8 ± 1.1 %. The PFU/mg of F1 was considered too 
low for effective antibacterial activity. Hence, the concentration of 
phage suspension was increased to 50 % v/v in further experiments. The 
resulting formulation (F2) consisted of 0.25 wt% cipro and 50 % v/v 
phage suspension within a 40 % w/v solution of lactose/PVA (9:1 w/w) 
prepared in SM buffer with 0.1 % v/v Triton X-100.

As shown in Fig. 1b, F2 produced particles with uniform spherical 

Fig. 1. SEM images of (a) F1 and (b) F2.
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morphology. The mean particle size of F2 is 1.5 ± 0.5 μm, with a size 
range of 1–3 μm. At 50 % v/v phage concentration, phage viability 
showed greater consistency after the electrospraying process, reducing 
from 5 × 107 PFU/mg (theoretical PFU/mg) to 1.4 × 107 PFU/mg. The 
final EE of the phages reached 29 ± 3 %, seven times greater than at 20 
% v/v phage (F1, 4 ± 1 %). At 50 % v/v phage concentration, the higher 
relative proportion of phages in the mixture may enhance the likelihood 
of their capture during particle formation, thereby improving the 
encapsulation efficiency. Therefore, the final concentration of phage 
was set at 50 % v/v. The cipro loading of F2 was 0.20 ± 0.01 %, and the 
EE was 79.9 ± 2.2 %, These values are similar to those of F1, despite the 
higher phage concentration in F2.

The properties of F1 (20 % v/v phage+0.25 wt% cipro) and F2 (50 % 
v/v phage+0.25 wt% cipro) were next compared and analyzed. As 
shown in Table 1, the particle sizes of the formulations appeared similar, 
indicating that phage loading did not significantly affect particle size, 
likely due to the relatively small size of phages, which aligns with 
findings in the literature [26]. Additionally, the low cipro content did 
not cause notable changes in particle size. However, considering the size 
distribution (Fig. 2), the F2 particles with 50 % v/v phage suspension 
exhibited a narrower size distribution than F1 with 20 % v/v phages. 
These findings indicate that at elevated phage concentrations, phages 
may contribute to stabilization by minimizing particle aggregation and 
promoting a more uniform and concentrated size distribution.

3.3. Characterization

3.3.1. Morphology
The Neko phage employed in this study is a member of the Caudo

viricetes class and has been identified as a Podovirus. Its morphological 
and biological characteristics were thoroughly described in earlier work 
[24]. Fig. 3 displays TEM images of F1 and F2. Phages cannot be 
observed within F1, possibly attributed to the low phage loading. 
Conversely, nanoscale objects consistent with phages are present within 
F2. This result is in agreement with previous studies [26,27]. Addi
tionally, TEM images reveal a heterogeneous distribution of phages 
within the F2 particles. While certain particles exhibit a high local 
concentration of phage entities, others contain comparatively fewer. 
This variability might be caused by factors such as differential solvent 
evaporation rates, variations in particle shrinkage and solidification 
during electrospraying, as well as potential interactions between phages 
and co-dissolved solutes [28].

3.3.2. XRD and FTIR
The XRD patterns for the phage and cipro loaded particles are dis

played in Fig. S2. The blank formulation and F2 both exhibit diffuse 
halos, indicating a lack of crystalline features for both LM and cipro post- 
electrospraying. This suggests that the materials underwent a 
crystalline-to-amorphous transformation during processing, consistent 
with previously reported findings [24,25,29]. FTIR spectra are displayed 
in Fig. S3. The IR spectra of the blank and F2 formulations exhibit similar 
profiles, potentially resulting from the overlap between functional 
groups on the phages and those present in the excipients, with the latter 
having a more pronounced influence on the overall spectrum.

3.3.3. Phage release and cipro release
The release of phages from F2 were monitored over a 24 h period 

(Fig. 4). Fig. 4 depicts the release profile of F2, showing a rapid release of 
both cipro and phages within the first 10 min. The observed burst release 

may result from the fast dissolution of PVA and lactose in the aqueous 
medium. Additionally, it is observed that both cipro (93.5 ± 7.0 %) and 
phage release (98.8 ± 4.0 %) reach nearly 100 % within 10 min. This 
rapid release may be suitable in specific scenarios, such as acute bac
terial infections or local infection prevention in postoperative or trauma 
sites [30], where the swift release of drugs and phages can quickly 
achieve high bactericidal activity. Fig. S4 provides a series of images 
from plaque assays illustrating that the phage count released remains 
stable over the 24 h period.

The released phages clearly retain activity over 24 h (see Fig. S4). It 
should be noted though that rapid drug release may be insufficient for 
prolonged infections, risking reduced antimicrobial effectiveness [31] 
and potential bacterial resistance [32]. Given that the release study 
employed a liquid volume of 5 ml—substantially exceeding the physi
ological volume typically found at infection sites such as the ear canal, 
which ranges from approximately 0.6 to 1.8 ml in adults and is even 
smaller in pediatric patients—this discrepancy should be taken into 
account when interpreting the release kinetics [33])—the cipro/phage 
release in practical applications may be slower.

3.3.4. Cipro efficacy
The antimicrobial activity of Neko phages against P. aeruginosa 

(NCTC 12903) has been discussed in our previous work [24]. Although a 
clear reduction in bacterial load was observed, complete inhibition 
could not be achieved even at the highest phage concentration tested 
(108 PFU/ml) [24]. The MHIC value of cipro against P. aeruginosa NCTC 
12903 was assessed by isothermal microcalorimetry (Fig. 5). The intri
cate growth curve observed reflects microbial proliferation within an 
oxygen-restricted environment, as the enclosed ampoule limits oxygen 
supply to that initially present in the nutrient medium and the head
space [25,34]. The initial rise in heat flow corresponds to aerobic 
metabolism during the early exponential growth phase. Around the 5-h 
mark, a metabolic shift occurs, likely indicating the onset of anaerobic 
respiration, which is marked by a second rise in metabolic activity 
[25,34]. As nutrient reserves become exhausted or metabolic by- 
products accumulate to inhibitory levels, microbial activity di
minishes, ultimately causing the heat output to return to baseline levels 
[25,34].

Table 1 
Key formulation parameters for F1 and F2.

Formulations Mean particle size (μm) Phage titer (106 PFU/mg) Phage EE (%) Cipro loading (%) Cipro EE (%)

F1 (20 % v/v phage þ 0.25 wt% cipro) 1.9 ± 1.7 1.2 ± 0.4 4 ± 1 0.19 ± 0.01 74.8 ± 1.1
F2 (50 % v/v phage þ 0.25 wt% cipro) 1.5 ± 0.5 14 ± 2 29 ± 3 0.20 ± 0.01 79.9 ± 2.2

Fig. 2. Size distribution curves of F1 and F2.
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Comparison with the untreated bacterial growth curves (GC) in
dicates that cipro induces a concentration-dependent delay in the 
growth of P. aeruginosa. Notably, at concentrations of 0.6 μg/ml or 
higher, bacterial proliferation is completely inhibited, as evidenced by 
the absence of a heat signal. These findings suggest a MHIC of 0.6 μg/ml, 

consistent with the previously reported value for P. aeruginosa NCTC 
10662 [25,34]. As the heat flow production is quantitatively propor
tional to the number of viable organisms in the sample [35], the 
reduction in total heat production indicates a lower number of bacteria 
in the sample under the influence of cipro.

Fig. 3. TEM images of (a) F1 and (b, c, d) F2.
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3.3.5. Combination effects of phages and cipro

3.3.5.1. 1/4 MHIC of cipro +phage. The combination effect of 1/4 of 
the cipro MHIC (0.15 μg/ml) and phages against P. aeruginosa was 
determined by TAM (Fig. 6a and Fig. 6b). Both 0.15 μg/ml cipro and 
different concentrations of phages (106, 107, 108 PFU/ml) demonstrate 
antibacterial effects, as indicated by the reduced bacterial counts rela
tive to the GC (Fig. 6c). Notably, 0.15 μg/ml cipro exhibits stronger 
antibacterial activity than all the concentrations of phages alone. 

Moreover, the combination of phages and 0.15 μg/ml cipro results in 
enhanced antibacterial efficacy compared to either treatment alone, as 
shown by the bacterial count comparisons. However, 0.15 μg/ml cipro 
+106 PFU/ml appears to promote faster bacterial growth compared to 
the effects of either component alone. A possible explanation for this 
phenomenon is that although the low phage concentration of 106 PFU/ 
ml may not be sufficient to exert a significant bactericidal effect, the 
phage infection can induce a stress response in the bacteria [36]. In their 
efforts to defend against phage infection, the bacteria may alter their 

Fig. 4. Phage and cipro release from F2 for (a) the first 10 min and (b) the full 24 h period.
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gene expression, metabolism, or membrane structure [37]. This adap
tive response could inadvertently confer resistance to cipro, ultimately 
leading to accelerated bacterial growth.

Additionally, it is observed that when bacteria are incubated with the 
combination of 0.15 μg/ml cipro +108 PFU/ml, the heat flow curve 
displays only one peak (Fig. 6a,b), indicative of anaerobic metabolism. 
In contrast, for 0.15 μg/ml cipro +106 PFU/ml and 0.15 μg/ml cipro 
+107 PFU/ml, the heat flow curves exhibit two peaks, with the first peak 
representing aerobic metabolism and the second peak indicating 
anaerobic metabolism. At the lower phage concentrations, bacteria are 

less likely to feel the immediate lethal pressure of infection, allowing 
them to maintain normal aerobic metabolism and efficiently utilize 
oxygen for energy production. During this phase, the bacteria demon
strate robust growth and metabolic activity, as aerobic metabolism 
provides greater energy efficiency that supports growth and reproduc
tion [38]. Furthermore, when the aerobic environment becomes unfa
vorable or oxygen levels decrease, bacteria can easily switch to 
anaerobic metabolism to adapt to changing conditions [39].

Conversely, at higher phage concentration (0.15 μg/ml cipro +108 

PFU/ml), phages rapidly infect and lyse the bacteria, presenting an 

Fig. 5. (a) Heat flow profiles (μW vs h) of P. aeruginosa NCTC 12903 treated with different concentrations of cipro. (b) Magnified segment showing 0.5 and 0.6 μg/ml 
cipro treatments within 20–40 h (GC: growth curve). Inoculation density was 106 CFU/ml.
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Fig. 6. (a) Heat flow curves (μW vs h) for P. aeruginosa NCTC 12903 exposed to pure phage stock (red line, 108 PFU/ml) and varying phage concentrations with/ 
without 0.15 μg/ml cipro. (b) Comparison of heat flow curves between 0.15 μg/ml cipro and 0.15 μg/ml cipro +106, 107, 108 PFU/ml phages. (c) Trends of 
P. aeruginosa CFU/ml value and phage PFU/ml value after exposure to varying phage concentrations with/without 0.15 μg/ml cipro. (d) Heat flow (μW) vs time 
curves for P. aeruginosa NCTC 12903 incubated with pure phage (red line, 108 PFU/ml, without bacteria) and varying phage concentrations with/without 0.3 μg/ml 
cipro. (e) Comparison of heat flow curves between 0.3 μg/ml cipro and 0.3 μg/ml cipro +106, 107, 108 PFU/ml phages. (f) Trends of P. aeruginosa CFU/ml value and 
phage PFU/ml value after exposure to varying phage concentrations with/without 0.3 μg/ml cipro. Initial bacterial inoculum was 106 CFU/ml. GC: growth curve.
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acute threat of rapid cell death. In this situation, bacteria may prioritize 
anaerobic metabolism as a survival strategy, enabling them to quickly 
generate energy and cope with the stress induced by phage infection 
[40]. This rapid energy acquisition allows bacteria to respond more 
swiftly, thereby improving their chances of survival [40]. This is 
consistent with findings in the previous study [41].

Among all the tested combinations, 0.15 μg/ml cipro +108 PFU/ml 
phages produces the greatest delay in bacterial growth and the lowest 
bacterial count, reducing it to 5.1 ± 0.5 × 105 CFU/ml (Fig. 6c). Addi
tionally, the final phage count in the 0.15 μg/ml + 108 PFU/ml com
bination was lower than that with 108 PFU/ml phages alone, possibly 

due to the more effective bactericidal action of this combination, which 
may have limited phage replication by reducing the available host 
bacteria. This observation supports the notion that phage proliferation is 
dependent on the density of bacterial hosts, in agreement with previ
ously documented findings [42].

3.3.5.2. 1/2 MHIC of cipro + phages. The combination effect of 1/2 
MHIC (0.3 μg/ml) and phages against P. aeruginosa was also explored by 
TAM (Fig. 6d,e). 0.3 μg/ml cipro leads to a more notable delay in bac
terial growth than phages alone at all tested concentrations. Moreover, 
the combination of phages and 0.3 μg/ml cipro results in a more 

Fig. 7. (a) Heat flow curves (μW vs h) of P. aeruginosa NCTC 12903 exposed to blank (5 mg/ml) and different concentrations of F2. (b) P. aeruginosa CFU/ml value 
and phage PFU/ml value obtained with varying concentrations of F2. The bacterial seeding density was 106 CFU/ml. GC: growth curve.
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pronounced effect than 0.3 μg/ml cipro alone, with the combination of 
0.3 μg/ml cipro +107 PFU/ml delaying the growth of bacteria for up to 
18 h, while 0.3 μg/ml cipro +108 PFU/ml achieves complete bacterial 
inhibition over 24 h. Additionally, it is observed that the final phage 
count with 0.3 μg/ml cipro +108 PFU/ml is lower than that with 108 

PFU/ml phages alone (Fig. 6f), consistent with the findings observed 
with 0.15 μg/ml cipro +108 PFU/ml. Moreover, for 0.3 μg/ml cipro 
+106 PFU/ml and 0.3 μg/ml cipro +107 PFU/ml, the heat flow curves 
exhibit two peaks (aerobic metabolism and anaerobic metabolism), 
while the heat flow curve of 0.3 μg/ml cipro +108 PFU/ml displays only 
one peak (anaerobic metabolism). This observation is aligned with the 
findings discussed in Section 3.3.5.1.

3.3.6. Antibacterial effect of cipro + phage loaded particles
P. aeruginosa NCTC 12903 has been shown previously to respond to a 

blank PVA/LM formulation, with a more pronounced peak implying 
enhanced bacterial proliferation [24]. The final CFU/ml after incubation 
with varying blank formulation concentrations (starting at 106 CFU/ml) 
showed a rise to 108 CFU/ml, suggesting that the blank formulations 
provide nutrients (mainly lactose) to the bacteria, compared to 107 

CFU/ml in the control group [24].
For F2 (Fig. 7), compared with the GC, bacterial growth is slightly 

delayed at a particle concentration of 83 μg/ml. As the concentration 
increases to 167 μg/ml, the start of the peak growth is delayed to 12 h. At 
250 μg/ml, growth begins to appear after 20 h. Furthermore, at con
centrations of 333 μg/ml or higher, the particles fully suppressed bac
terial growth for a duration of 40 h. It can be concluded that the particles 
maintain a concentration-dependent antibacterial effect of cipro. As the 
particle concentration increases, the comparison between normalized 
PFU/ml at the start of incubation and the final PFU/ml after treatment 
reveals an increase in phage titer, alongside a decrease in bacterial CFU/ 
ml. This suggests that phages actively replicated and lysed bacteria, 
contributing to the observed antibacterial effect. The rise in phage titer, 
coupled with the reduction in bacterial count, demonstrates the direct 
involvement of phages, in synergy with cipro, in driving the antibacte
rial activity of the formulation.

3.3.7. Cipro and phage-loaded particle stability
Previous work has proved that though phages show stability across 

all the tested temperatures, − 20 ◦C provided the most favorable envi
ronment for preserving phage infectivity and particle count [24]. Fig. 8
illustrates the stability of F2 at RT, 4, and − 20 ◦C (all samples came from 
the same batch), assessed by measuring the PFU/mg at different storage 
times. The PFU/mg of F2 declines progressively over time under all 
storage temperatures, with a more pronounced losses observed at RT 
and 4 ◦C. In contrast, samples stored at − 20 ◦C exhibit smaller re
ductions, suggesting that lower temperatures are more effective in 
preserving phage viability. The data from week 6 at − 20 ◦C shows a 
slight increase in phage activity compared to week 4. However, phage 
activity remained consistently stable at 106 PFU/mg across weeks 1, 2, 
4, 6, and 8. The observed fluctuation in week 6 may be attributed to 
experimental variations, such as minor handling inconsistencies or 
phage aggregation, which could influence plaque count accuracy. 
Nevertheless, the overall stability of phage activity across the study 
period suggests that the formulation remains reasonably stable. These 
observations are in agreement with previously reported findings [27,43] 
and align with the results obtained from pure phage suspensions and 
previously published work [24].

However, akin to the electrosprayed particles containing only phages 
[24], the co-loaded phage and cipro particles exhibited reduced stability 
when compared to the phage stock solution (kept at 1010 PFU/ml across 
all temperatures over 2 months [24]). Prior research has established a 
clear hierarchy of excipient efficacy for preserving phage stability in 
polymer-based systems, ranking SM buffer with sugars as the most 
effective, followed by SM buffer, sugars, and salts as the least protective 
[44,45]. In this context, the superior stability of the phage stock
s—comprising primarily SM buffer—relative to the solid formulations, 
which utilize lactose as the protective sugar, aligns with existing find
ings. Moreover, the absence of humidity control during storage may 
have further impacted particle stability [24]. This is particularly rele
vant for storage at lower temperatures (4 ◦C and − 20 ◦C), where 
transient condensation during handling could have led to partial disso
lution of the hygroscopic particles, potentially compromising the 
integrity of the encapsulated phages.

Fig. 8. Stability trends of F2 at RT, 4, and − 20 ◦C over 8 weeks. The data at − 20 ◦C appear anomalous after 6 weeks, which is attributed to experimental artifacts.
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4. Discussion

P. aeruginosa is a prevalent bacterial pathogen responsible for various 
infections [46]. Combining phages with antibiotics presents a rational 
and effective strategy to target AMR in this pathogen [4], as bacteria can 
develop resistance to both treatments [47,48]. However, evolutionary 
trade-offs make it challenging for bacteria to develop resistance to both 
antibiotics and phages simultaneously [49]. Previous research has 
shown that colistin and tobramycin, when combined with phages, 
exhibit synergistic effects against P. aeruginosa [50,51]. Additionally, 
studies have reported that amikacin paired with phages also displays 
synergy against P. aeruginosa biofilms [52] and planktonic cultures [53]. 
In another study, five FDA-approved antibiotics—cipro, tobramycin, 
colistin, aztreonam, and amikacin—were tested in combination with 
phage PEV20 [5]. Among them, amikacin combined with PEV20 showed 
synergistic effects against two clinical strains, FADD1-PA001 and 
JIP865, while the cipro-PEV20 combination exhibited the most potent 
synergistic effect [5]. Moreover, another study confirmed the synergistic 
antibacterial effect of anti- P. aeruginosa phage PEV31 with cipro [54]. 
The minimum bactericidal concentration for the combination treatment 
was 16 μg/ml and 108 PFU/ml, compared to 128 μg/ml required when 
cipro was used alone. This combination markedly reduced the required 
cipro dosage to achieve the same bactericidal effect [54]. Due to the lack 
of standardized methods for evaluating phage–antibiotic interactions, 
and the incompatibility of the Fractional Inhibitory Concentration (FIC) 
index (which requires 2-fold dilution scheme) [55], we assessed the 
interaction based on heat flow inhibition profiles. The observed reduc
tion in the required cipro concentration in the presence of phages in
dicates an additive effect, consistent with previously reported findings 
[56].

Phage-antibiotic combination formulations have been developed and 
proven effective [8,9]. For example, a PEV20-cipro combination dry 
powder led to a 5.9 log10 reduction (p < 0.005) in the bacterial load of 
P. aeruginosa strains in mouse lungs [9]. Phages are generally considered 
specific to bacteria and harmless to human cells [57]. The safety of 
phage PEV20 powder has been evaluated both in vitro and in vivo [58], 
showing no impact on the viability of human epithelial cells (A549 and 
HEK239) or macrophages (THP-1) after 24 h of exposure to PEV20. In 
vivo evaluations also revealed no lung tissue toxicity after phage 
administration to mice [58].

In this study, we developed a novel electrosprayed particle formu
lation co-encapsulating the P. aeruginosa -specific phage Neko and cipro. 
To the best of our knowledge, this represents the first use of electro
spraying to produce a single dry powder formulation for the combined 
delivery of a phage and an antibiotic. This strategy offers the potential 
for combination antibacterial effects and enhanced dosing convenience 
compared to separate or liquid formulations, particularly in localized 
therapeutic applications. While it has been reported that the electro
spraying process could reduce phage titers by at least one to two orders 
of magnitude [27], the results of this study showed that the phage titer 
remained at the same order of magnitude pre- and post-electrospraying. 
The risk of resistance development with prolonged cipro therapy has 
been highlighted [59], and bacterial resistance to individual phages is 
inevitable [60]. The combination of phage and cipro proved highly 
effective, showing that using only 1/2 MIC of cipro alongside 108 PFU/ 
ml phage was enough to completely inhibit bacterial growth over 24 h. 
This aligns with previous research showing synergistic activity of 
P. aeruginosa-specific phage vB_PaeM_P6 and sub-MIC cipro (0.75 μg/ 
ml) in inhibiting biofilm formation and pre-formed biofilms [7].

For treating mild-to-moderate infections, the approved daily oral 
dose of cipro is 500 mg [61], while the standard intravenous dose is 
typically 400 mg per day [61]. Additionally, for topical formulations, 
such as Ciprodex® (0.3 % cipro and 0.1 % dexamethasone suspension), 
the daily cipro dose for ear infections is at least 0.84 mg (single dose per 
ear consisting of 0.42 mg cipro and 0.14 mg dexamethasone, twice daily; 
dosage doubled for bilateral ear infections) [62]. In contrast, this study 

demonstrated that only 1 mg of the developed formulation, containing 
0.002 mg of cipro, was enough to completely inhibit bacterial growth 
within 24 h—a lower dose than other formulations.

Although they are potent, the phage and cipro co-loaded particles 
exhibited suboptimal stability. This is believed to be because lactose 
served as the primary excipient within the formulation, with PVA 
included solely to improve the viscosity and electrosprayability of the 
solution. However, the literature indicates that lactose-only spray dried 
systems may offer suboptimal protection for phages [63]. This limitation 
primarily arises from the hygroscopicity and thermodynamic instability 
of amorphous lactose, which undergoes recrystallization when exposed 
to moisture. At ~37 % RH, its glass transition temperature (Tg) ap
proaches ambient temperature, increasing the risk of physical trans
formation during storage or handling [64]. Consequently, unless both 
manufacturing and storage conditions are strictly controlled below this 
humidity threshold, rapid recrystallization may occur, potentially 
reducing phage integrity.

In this work, although storage temperature was regulated, humidity 
control was not implemented during either the manufacturing or storage 
phases. This likely played a role in the limited stability of the phages 
encapsulated within our electrosprayed particles. Moving forward, 
formulation strategies will be optimized to enhance the stability of 
phage and cipro loaded powders. Future efforts will investigate the 
incorporation of additional stabilizing excipients, the application of 
surface coating techniques, and the implementation of controlled- 
humidity storage conditions to support improved long-term phage 
viability and broader formulation applicability.

5. Conclusions

This study details the successful creation of cipro and phage loaded 
electrosprayed (ES) particles. The optimized formulation, comprising 
0.25 % wt. cipro and 50 % v/v phage suspension, achieved encapsula
tion efficiencies of 79.9 ± 2.2 % for cipro and 29 ± 3 % for phages, with 
phage viability maintained within the same order of magnitude post- 
processing (from 5 × 107 to 1.4 × 107 PFU/mg). SEM and TEM 
confirmed spherical particle morphology and successful phage encap
sulation. Rapid release profiles were observed, with over 90 % of both 
agents released within 10 min. The formulation exhibited strong anti
bacterial activity, completely inhibiting bacterial growth for 40 h at 333 
μg/ml. However, phage viability declined during storage, particularly at 
room temperature, possibly attributed to the inherent hygroscopicity of 
the amorphous lactose. Future research will concentrate on excipient 
optimization and storage improvements to enhance formulation stabil
ity. Our results nevertheless highlight the significant potential of an ES 
dual-loaded dry powder system for localized treatment of bacterial in
fections in the ear and oral cavity.
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