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Abstract

Wound infections associated with multidrug-resistant (MDR) bacteria are one of the important
threats to public health. Bacteriophage (phage) therapy is a promising alternative or supplementary
therapeutic approach to conventional antibiotics for combating MDR bacterial infections. In recent
years, significant effort has been put into the development of phage formulations and delivery
methods for topical applications, along with preclinical and clinical uses of phages for the
treatment of acute and chronic wound infections. This paper reviews the application of phages for
wound infections, with focuses on the current status of phage formulations (including liquid, semi-
solid and liposome-encapsulated formulations, phage-immobilized wound dressings), safety and
efficacy assessment in clinical settings and major challenges to overcome.
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1. Introduction

Skin is the human body’s largest sensory organ. It also acts as a physical barrier and protects
from potential assault by toxic substances or pathogenic organisms. The skin integrity can be
compromised by mechanical injuries such as cuts or burns, which exposes the subcutaneous
tissue to the surrounding environment. The exposed tissue provides a warm, moist and
nutritious environment for pathogenic microorganisms to thrive in [1]. Hence, the wound
site becomes vulnerable to microbial colonization and proliferation and any wound is at
some risk of becoming infected. Wound infection increases the trauma experienced by
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patients and causes financial burdens in the healthcare system [1]. For example, post-
operative surgical patients often suffer from surgical site infections [2]. This surgical
infection is associated with high morbidity and mortality, with 25% of patients developing
severe sepsis that requires transfer to intensive care unit [3]. Unfortunately, the severity of
the burden has aggravated due to increased prevalence of infections associated with
multidrug resistant (MDR) bacteria [4]. World Health Organization reported that more than
2 million illnesses result from MDR bacteria with direct and indirect costs exceeding USD
55 billion annually [4].

The worsening crisis of MDR bacterial infections has heightened the interest in
bacteriophage (phage) therapy. Phage therapy utilizes virulent (lytic) phages, which
obligately kill their bacterial host whilst self-replicating during the lytic cycle of infection.
Although there has been one report using genome engineering of lysogenic phages [5], until
recently only lytic phages have been prioritised for therapy and explored for the treatment of
wound infections. Advances in techniques used to engineer phages for therapy are reviewed
elsewhere [6]. Phage therapy has regained attention due to its ability to kill bacteria
regardless of their antibiotic-resistance profile [7]. The first report of phage therapy for
surgical and wound infection was during the Finnish Campaign in 1939-1940. The soldiers
were treated with a mix of Staphylococcusand Streptococcus phages prepared at the Eliava
Institute of Bacteriophages, Microbiology and Virology in Thilisi, Georgia. Phage therapy
saved the lives of 83% of infected soldiers, compared with 58% using other treatment
options [8]. Similarly, another report showed 81% survival in phage-treated soldiers and
46% survival in those on other medications [9]. Furthermore, mobile sanitary brigades were
in operation to provide prophylactic treatment of wounds, which reduced the number of gas
gangrene by 30% in three independent brigades [9]. Despite such an excellent treatment
outcome, the use of phages was soon discontinued in the Western counties with the
discovery of a broad-spectrum antibiotic, penicillin [10]. Fortunately, phages therapy was
continuously practiced and improved in the Eastern European countries, particularly in
Russia, Poland and Georgia. Over the past decade, phage therapy has regained traction in
response to emergence of MDR bacteria. Now, there are a growing number of studies
indicating that phage therapy could be a promising prospect for treating acute and chronic
wound infections caused by MDR bacteria.

In this review, we discuss recent progress in phage therapy for wound infections. We will
first cover formulation and delivery of liquid and semi-solid phage formulations,
incorporation of phages in existing products and liposome-encapsulated phage formulations
and immobilized phage preparation on wound dressings. Preclinical and clinical efficacy and
safety will be discussed next, and possible concerns and challenges faced will be covered in
the last section.

2. Liquid formulation and delivery

Currently, liquid formulations are the vehicle of choice for delivering phages to the wound
infection site. Theoretically, the preparation of liquid phage formulations is simpler with
relatively minimal formulation development required for phage stability. However, there are
very few reports describing the long-term stability (> 1 or 2 years) of phage mixes,
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particularly after purification processes. Phages are commonly formulated in sterile buffered
solutions, such as phosphate-buffered saline (PBS) or Tris-buffered salt-magnesium buffer
(SMB). Although the liquid phage formulations are generally considered to be stable under
refrigeration, the optimal storage condition seems to be highly phage dependent. Eliava
Biopreparations (Thilisi, Georgia) produces several unpurified liquid phage mix preparations
(Pyo Bacteriophage, Intesti Bacteriophage, Staphylococcal Bacteriophage and SES
Bacteriophage) with recommended storage at 2-8 °C in a dry place, protected from direct
light for 18-24 months [11]. These products contain phages formulated in bacteriological
growth medium and sodium saline with chinazolin as a conservator, which seems to
sufficiently stabilize the phages over the shelf-life.

Addition of divalent ions, including Mg?* and Ca2* (10 mM each) further aids in promoting
phage stability during storage [12]. These cations interact with negatively charged moieties
on the surface of phages, which helps with phage stabilization in aqueous buffered systems
[13]. Even the chemical composition of water can impact phage stability in the liquid
formulations. Although pure water with minimal contaminants is often perceived as the gold
standard for microbiological laboratory work, a high level of purity does not necessarily
correlate with phage stability in liquid formulations. In fact, the chemical composition of
water may influence phage stability in liquid formulations. Governal and Gerba (1997)
reported greater inactivation of phage MS2 in reverse osmosis water as compared with tap
water [14]. Water free of contaminants is thought to have become a more aggressive solvent
that has a higher chance of degrading phage genetic materials. Furthermore, ultrapure water
can compromise phage bioactivity as a result of direct oxidation, causing capsid degradation,
tail fragmentation, and release of phage DNA or RNA [14]. It was also observed that phages
are less stable in tap water than distilled water, owing to halogenating agents in tap water
inactivating the phages [15]. Conversely, ultrapure water may be required for human
applications, including the preparation of products for intravenous delivery, thus adding a
layer of complication to the development of liquid formulations.

In the recent PhagoBurn study [16], the instability of the purified phage cocktail PP1131
was noticed during the trial, which may have impacted the therapeutic outcome. The phage
cocktail (comprised of 12 different phages) was formulated in PBS at a titer of 10° plaque-
forming units (PFU) per mL. Each individual phage was stable at >10° PFU/mL for over 24
months. However, once mixed, the total titer of the phage cocktail rapidly dropped to 10%-
10% PFU/mL over 6 months. The instability may have been due to aggregation by
electrostatic interactions, adsorption on the surface of the storage container, oxidation or
chemical degradation [17]. Since phages may adversely interact with other phages, phage
stability should be monitored as the final product (cocktail of phages) inside the primary
container. Furthermore, it is crucial to implement Quality by Design principles to produce
robust formulation of liquid preparations, which in turn will save time and resources in the
long run.

For wound infection treatment, phage lysate have been prepared at a high titer and then
diluted in isotonic saline prior to topical application [16]. Reports on the use of liquid phage
preparations have described topical application by dripping the solution into the infected
wound cavity [18] and/or by applying a gauze soaked with the preparation [18].
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Unfortunately, these commonly used methods of delivery complicate precise control of the
phage dose applied to the infection site. Liquid formulations dripped on the skin can easily
run off from the infection site, thereby restricting the mobility of patients temporarily. This
issue is often overcome by applying a gauze soaked with phage preparation. However, the
release of phages from the gauze that reflects the actual dose given has never been reported
in the literature. Phages may get stuck in the gauze, hindering the release of phages and
subsequent bacteriolysis. Spray devices can potentially be utilized to aerosolize the liquid
phage preparation directly on the wound infection site (Figure 1A). Phage spray has been
mostly reported for food applications to protect fruit, meat and cattle hides [19, 20], but it
can be applied for the treatment of wound infections. Furthermore, phages can be formulated
in gels or creams to overcome the limitations of the liquid formulations.

3. Semi-solid formulation and delivery

Semi-solid formulations such as gels, creams and ointments are intended for topical
application to skin or mucus membranes. These formulations not only provide skin
protection and hydration, but also act as a delivery vehicle for phages. Semi-solid
formulations are easy to apply, minimally irritating on the skin and often easily washable
with water. As some phages tend to inactivate in alcohol [21], water-based semi-solid
formulations (eg. Hydrogels) are more suitable over organic solvent-based formulations (eg.
Organo gels) for delivering phages. Hydrogels are highly absorbent and are capable of
retaining a large amount of water. Water-soluble polymers such as hydroxyethyl cellulose
(HEC), hydroxypropyl methylcellulose (HPMC), carbomer and agarose have been used to
prepare phage hydrogels [22—-24]. These polymers are non-allergenic and biodegradable, and
help protect the skin against excessive loss of body fluids while absorbing wound excreta
[25]. Hydrogel formulation not only improves the balance of hydration of the wound site
[26], but also enables hydrogen bond formation between water and phage proteins for phage
stabilization. However, not all types of hydrogels confer phage stability in the semi-solid
formulation.

Phages well tolerate and remain stable in hydrogels formulated with non-ionic polymers,
whereas anionic polymers quickly cause inactivation. Non-ionic polymers promote phage
stabilization by minimizing any charge induced phage inactivation. At physiological pH, the
phage capsid exhibits an overall net negative charge and the tail has a net positive charge
[27]. Anionic polymers can unfavourably interact with positively charged tails via
electrostatic interaction and block the receptors in the tail fibers that are responsible for
bacteria recognition and binding. When the phage tail becomes inaccessible for bacterial
host attachment, it is no longer infective. Carbol et at. (2018) prepared phage hydrogels
using a non-ionic and anionic polymers to formulate 5% HEC and 0.75% Carbomer gels,
respectively, containing phages active against Propionibacterium acnes (Table 1) [23].
Phages suspended in HEC gel remained biologically stable for the tested period of four
weeks, whereas those in Carbomer gel quickly inactivated with 99.95% titer loss by the
fourth week. The observed phage inactivation is, perhaps, reversible if the electrostatic
interaction is substantially reduced. Another non-ionic polymer, HPMC, has been used to
formulate hydrogel containing K/ebsiella phage lysate (Table 1) [22]. The final phage
hydrogel had a titer of 108 PFU/mL and the phages remained stable over a seven-day storage
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at 37°C. These two studies highlighted the importance of selecting non-ionic polymers, but
the duration of the stability test is too short to draw conclusions on the storage stability of
phages in semi-solid formulations. Nonetheless, the use of non-ionic polymers is preferred
over charged polymers to promote phage stabilization by minimizing any charge-induced
phage inactivation.

In addition to biological stability of phages, the formulation vehicle must remain stable over
the shelf-life. Aqueous solutions, emulsions and suspensions provide favourable
environment for microbial growth, such as yeast, molds and bacteria [28]. A possible
method of producing sterile semi-sold phage formulations (Figure 2) is to firstly sterilize the
semi-solid formulations by autoclaving, and then aseptically add purified sterile phage
preparation using geometric dilution [22]. As autoclave sterilization exposes the formulation
to high temperature and pressure, the viscosity and other physical properties should be
assessed to ensure it has not been altered. Preservative systems can also assist to maintain an
aseptic condition throughout the shelf-life, although the inclusion of agents with
antibacterial activity need to be considered carefully when running clinical studies [29]. A
range of preservative systems, including 0.1% methylparaben and 0.02% propylparaben, 1%
phenoxyethanol, and 0.2% propylparaben can potentially be used. These preservatives had
no effect on the stability of phages formulated in 3% HPMC over the tested period of four
weeks [23]. It is expected that these preservative systems will help maintain the sterility of
semi-solid formulations containing phages to meet the United States Pharmacopeia [30] and
British Pharmacopeia [31] standards. However, whether the phage stability will be
compromised during long-term storage is unknown.

For an effective phage therapy, infective phages need to be released from the semi-solid
carrier systems (Figure 1B). Drug (phage) release profile assessment is an important part of
the formulation study that can impact the reliability of the phage effectiveness. The Franz
diffusion cell method commonly used for measuring drug release [32] is potentially suitable
for evaluating the /n vitro release profiles of phages in topical semi-solid formulations
(Figure 3) A receptor solution such as PBS or saline is placed into the receptor compartment
which is maintained at 32°C [33]. A suitable membrane with low protein binding properties
(such as polyethersulfone membranes) are placed over the diffusion cell opening. The phage
semi-solid formulation is loaded on top of the membrane and the cells are continuously
stirred using a magnetic stir bar. The receptor solution is sampled at specified timepoints and
the sampled volume is replaced with an equal volume of fresh buffer. The titer of infective
phages released from the formulation is assayed using a standard overlay plaque assay. This
system can be modified to study the phage release profile in the presence of bacteria. As
phage concentration increases in the presence of its host pathogen, bacteria can be applied
between the membrane and phage formulation to better represent topical bacterial infection
in vitro.

At present, majority of the reported studies have not assessed /1 vitro phage release profiles
using Franz diffusion cell or other methods recommended by the Pharmacopeia. There is no
guarantee that phages mixed with various polymer vehicles will migrate through the mixture
into the infection site. A preclinical study demonstrated that topical application of phage
hydrogel can exert therapeutic efficacy [22], implying that the phages are migrating through
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the gel into the infection site. Since phage release may be matrix and/or phage dependent, it
is important to assess the release /77 vitro. Some studies have qualitatively assessed the
release of infective phages from semi-solid formulations by applying the formulation on top
of a bacterial overlay plate, followed by incubation at 37°C overnight [34, 35]. Phages are
thought to be released from the formulation if a zone of clearance is observed on a bacterial
plate. Although this method provides an indication of phage release and subsequent
bacteriolysis, the data is qualitative rather than quantitative with only a single time point
assessed.

In an effort to better control the release profile of phages, polymeric release systems have
been developed. A thermally responsive polymer poly(N-isopropylacrylamide) has been
utilized to induce heat-triggered release of Staphylococcus phage K (Table 1) [36]. The
polymer was co-polymerized with allylamine to form nanospheres that collapse at 37°C. The
nanospheres were grafted to non-woven polypropylene fabric and then soaked with phage K
(5 x 108 PFU). Any unbound phages were removed by rinsing with water and left to air-dry.
Incubation at 37°C released the phages, which subsequently cleared S. aureus on Petri dish.
Although the zone of bacteria clearance implies phage release, the total amount of infective
phages released and the stability of these phages in dry polypropylene swath remained
unknown. It is indispensable in clinical work to understand the dose released and the total
concentration of phage that patients will be exposed to throughout a study.

Bean et al. (2014) utilized enzyme-driven polymer degradation for targeted release of phages
from agarose gels (Table 1) [24]. Phage K was formulated in a gel containing 0.2, 0.4 and
0.7% of agarose at a final concentration of 108 PFU/mL. Within 30 min, less than 2% of
phages were released from these agarose gels, while after 6 h, 20%, 1% and 0.6% of phages
were released from the 0.2%, 0.4% and 0.7% agarose gel. Phage K was thought to be
partially entangled in the presence of higher polymer concentration, causing inefficient
phage release. In spite of this, 0.7% agarose gel was selected for further formulation work
due to ease of handling, highlighting the challenges of balancing the practicalities of use and
the stability and availability of the phages in the various carriers. Although the general belief
is that phage titer would increase in the presence of its host in the wound infection site, the
chances of a successful therapeutic outcome will be greatly reduced if the availability of the
active ingredient is compromised from the start and should be avoided. The trigger-release
system consisted of a bilayer hydrogel architecture, where phage K reservoir (0.7 % agarose
gel) was covered by a top layer of hyaluronic acid. Phages were released (108 PFU/mL;
equivalent of approximately 1% release) from the bilayer hydrogel system only in the
presence of hyaluronidase, an enzyme released by S. aureus. Such release rate is very low
and may not produce the adequate phage dose required for phage therapy, according to the
therapeutic phage concentration of 108-10° PFU/mL recommended for biocontrol of
bacteria [37]. Based on the low release rate, the phage titre in the reservoir would need to be
at least 100-fold higher for this trigger-release system to achieve minimal effective phage
density.

Interestingly, the Eliava phage cocktail products available for topical application contains
phages at a titer of ~107 PFU/mL [38], which is 10-100 times lower than the recommended
PFU/mL by Abedon et al [37]. Further clinical work is still required to determine the
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minimum effective dose of any phage product in a particular clinical indication and the
contribution of the human immune response in the eradication of bacteria.

4. Utilizing commercial products

Several topical burn wound care products are commercially available with some containing
antibiotics. Phage preparations may be used in combination with these products to maximize
the therapeutic outcome with minimal formulation development. However, commercial
products have complex formulation compositions and additives which may compromise the
phage biostability. Thus, it is crucial to test the viability of individual phages in these
formulations. Merabishvili et al. (2017) studied the biostability of five phages active against
Pseudomonas aeruginosa (PNM and 14-1), Acinetobacter baumannii (Acibel004 and
Acibel007) and Staphylococcus aureus (ISP) in commercial burn wound products (Table 1).
The wound care products were mixed with the phage suspension formulated in 0.9% NaCl
(10° PFU/mL) at a ratio of 1:1. All five phages remained stable in Iruxol, Intrasite gel,
Fucidin and sulfamylon over 24 h. Products with low pH (iso-betadine gel, solistin milk and
P.0O.H.) quickly inactivated the phages. The phage most resistant to pH-induced titer loss
was myovirus 14-4, which belongs to the genus Pbunavirus characterized by acid-resistant
capsids [39]. All five phages remained relatively stable with only 1.3-1.9 log titer loss in
hydrogel Flaminal Hydro which contains 3.5% alginate, whereas 1.7-9.0 log titer loss was
seen in hydrogel Flaminal Forte (containing 5.5% alginate). Negatively charged alginate
may adversely impact phage infectivity, similar to that observed in the presence of
negatively charged carbomer gel (see section 3).

Commercial creams have also been utilized as a semi-solid carrier system of phages for
topical application [34, 35, 40, 41]. These creams are emollients or moisturisers for treating
dry skin conditions but have been used for delivery of phages. O’Flaherty et al. (2005)
incorporated phage K into an oil-based cream containing bismuth subnitrate (Cross
Vetpharm Group Ltd, Ireland) at a final phage concretion of 108 PFU/g. The phage cream
inhibited the growth of S. aureus in liquid broth culture and on petri dish. Although the
antibacterial activity of the phage cream was demonstrated, the phage release profile is
unknown. Brown et al. (2016) formulated Propionibacterium acnes phages into a non-ionic
cream, cetomacrogol cream aqueous (Biotech Pharmaceuticals, Australia) (Table 1) [34].
Phage stability was achieved when the formulation was stored at 4°C in a light protected
bottle (~1 log titer loss). Storage at high temperature (45°C) or exposure to full light at room
temperature (20-25°C) caused phage inactivation within 14 and 21 days, respectively.

In a separate study, P acnes phage PAC1 was formulated in various semi-solid formulations,
including creams, ointments and pastes [35] according to published formularies [42]. Phage
PAC1 formulated in cetomacrogol cream aqueous, aqueous cream and cetrimide cream
aqueous all remained biologically active for 90 days when stored at 4°C protected from
light. Storage at 45°C in the dark resulted in loss of antibacterial activity within 14 days.
Exposure to constant light resulted in complete inactivation of phage by day 21 of storage at
25°C. Of the three formulations, a non-ionic base cetomacrogol provided the best phage
stability with ~1 log titer reduction over 90 days as compared with 2 log and 3 log losses in
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cetrimide (cationic base) and aqueous creams (anionic base), respectively. Thus, creams with
non-ionic base should be selected when formulating phages for topical application.

Additives such as sodium lauryl sulphate can rapidly inactivate phages due to its virucidal
properties [43]. Phage PAC1 formulated in zinc pastes did not exhibit lytic activities, likely
due to the ionic binding of phages to bivalent zinc cations, prohibiting phage release.
Alternatively, the phages may have been inactivated in the presence of zinc oxide [44],
resulting in the absence of phage lytic activity. Furthermore, the thickness of ointments may
contribute to hindered release of phages in the formulation [35]. The release rate of phages
depends on the diffusion rate through the matrix of semi-solid formulations. Compared with
antibiotics, phages have a much lower diffusion rate due to their significantly larger (> 10°
times) molecular weight. The diffusion coefficient of T4 phages was 2.2 x 10711 m?/s
through 0.2% agarose gel and the diffusion velocity was decreased with the thickness of the
gel [45]. Once a phage semi-solid formulation is applied to the infection site, the phages that
are in direct contact with the targeted site will be available for bacteriolysis. Subsequent
phage replication is expected to increase the phage titer and promote active phage therapy at
the infection site.

Though the use of commercial gels, creams and other wound care products for phage
preparation may simplify the formulation development process, it is crucial to test the
viability of individual and mixed phages in these formulations. In particular, wound care
products have complex formulation compositions. While these additives may confer
stabilizing effects to the active components, phage biostability may be compromised long-
term. Products with potential phage-inactivating properties, such as a low pH, antiseptic
activity and anionic polymer should be avoided. Light-induced phage inactivation during
storage can be minimized by packaging or storing the phage formulations in opaque or light-
protected containers. Furthermore, storage at 4°C is recommended to preserve the
bioactivity of phages in the formulations.

5. Liposome-encapsulated phages

Liposome encapsulation can help improve the phage viability, stability and retention time at
wound infection site [46, 47]. Liposomes are composed of natural lipids and mimics
biological membranes, enabling epidermal layer penetration. The non-immunogenic,
biodegradable and biocompatible properties of liposomes [48] make it a suitable lipid-based
delivery system for phages. Furthermore, liposomes can protect phages from pH-induced
inactivation, an important attribute particularly in an acidic environment such as wound
infection sites. Cationic liposomal formulations have been used to encapsulate phages [47,
48]. Cationic liposomes are also used to enhance the interaction with negatively charged
bacteria. Bacteria flocculation is observed in the presence of positively charged liposomes
and larger liposomes have higher affinity for the bacteria [49]. Furthermore, cationic
liposomes exhibit mucoadhesive properties which enables prolonged drug retention at the
application site, thereby providing a controlled release and improved therapeutic outcome
[50].
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Colom et al. (2015) prepared a cationic liposomal formulation containing Sal/monella
phages. Rotary evaporation was used to produce a thin lipid film comprising
phosphatidylcholine:cholesteryl polyethylene glycol 600:cholesterol:cholesteryl 3p- -
(dimethylaminoethyl)carbamate hydrochloride (1:0.1:0.2:0.7) [48]. The lipid film was
hydrated using phage lysate in PBS and then extruded through 400 nm pore-sized
membranes. The phage-encapsulated liposomes were 309-356 nm in size, positively
charged and had an encapsulation efficiency of 47-49%. These physical properties and
encapsulation yield remained unchanged during a three-month storage at 4°C.

Chhibber et al. (2019) also used the thin-film hydration method with
phosphatidylcholine:cholesterol:tween 80:stearylamine (7:3:1:0.5) to formulate cationic
liposomal formulations containing a cocktail of phages [47]. The lipid film was hydrated
using a phage cocktail suspension (phages MR-5 and MR-10, 1:1) in PBS, followed by
sonication for 30 min. The resulting liposomal formulation exhibited uniform shape and
lamellarity with liposome size of 212 nm (polydispersity index below 0.3). Phages were
encapsulated at a high efficiency of 87% and had a final titer of 2 x 1019 PFU/mL. The
liposomal formulation remained physically stable at 4°C over 9-week storage without
reduction in number of encapsulated phages.

Chadha et al. (2017) used the same excipients but at a different ratio of
phosphatidylcholine:cholesterol:tween 80:stearylamine (8:2:1:0.5) to prepare a cationic
liposomal formulation containing a five phages in the cocktail [46]. Thin-film hydration
method produced 230 nm phage-encapsulated liposomes with an encapsulation efficiency of
79% (107 PFU/mL). Positively charged surfactant stearylamine may have helped with phage
encapsulation by increasing the overall entrapped volume. Phages were released at a
constant and steady pace over 96 h, but with 3% of the encapsulated phages released in total.
However, it is uncertain whether all five phages in the cocktail were equally released from
the liposomes.

Although all these studies have used cationic liposomes to promote interaction with the
target pathogen, the charge may unfavourably interact with phages and compromise phage
biostability during storage. Longer storage stability testing would be necessary to study
liposome formulations containing phages.

More recently, microfluidic devices have been used to produce phage-encapsulated
liposomes [51, 52]. Microfuidic approaches enable precise control over the size of liposomes
— narrow particle size distribution compared to the conventional thin-film hydration method.
The size distribution is one of the critical factors that influence drug release profile, loading
capacity and liposome stability as well as pharmacokinetics and pharmacodynamics. Leung
et al, (2018) used soy phosphatidylcholine:cholesterol (4:1) to encapsulate podovirus and
myovirus Pseudomonas phages in liposomes. The lipid mixture was dissolved in ethanol
(17.5 mg/mL) and then injected through a cross mixer. The phage suspensions were injected
from the side channels intersecting the central channel. Phage encapsulation efficiency of
50-59% was achieved at a total flow rate of 160 uL/min and organic/aqueous flow rate ratio
of 2:3. Interestingly, the size of phage-encapsulated liposomes was dependent on the size of
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the phages. Those encapsulating long-tailed myovirus was bigger (261-448 nm) than short-
tailed podovirus-containing liposomes (135-218 nm).

Cinquerrui et al. (2018) also used a micro-capillary micro-mixing setup to produce phage K-
encapsulated liposomes [52]. A thin-film containing different ratios of DSPC and cholesterol
was produced, followed by solubilization in isopropanol (10 mg/mL). The organic and
aqueous (phage K in buffer) solutions were delivered using a microfluidics setup with a total
flow rate of ~17 pL/min and organic/aqueous flow rate ratio of 1:2. Higher cholesterol
content increased the size of liposomes. Encapsulated phages were predominately found in
large liposomes (>500 nm), likely due to the relatively large head and long tail features of
phage K. Some phages were found interacting with the outer surface of the liposomal
membrane, possibly due to electrostatic interaction between the negatively charged
phospholipid heads and positively charged tail fibers. The encapsulation yield of tailed
phages reported in the literature would have likely included externally bound phages, hence,
an overestimation. Microfluics approach allows continuous and automated production of
highly uniform liposomes, but the feasibility of a large scale-up production is yet to be
established.

6. Immobilized phages on wound dressings

Phage immobilization strategies have been explored for wound dressings and surface
disinfection applications [53]. Immobilization of phages on inert polymeric surfaces allow
direct application of infective phages on various surfaces, including wounds. In principle,
when the phage capsid attaches to polymeric surfaces, the tail end is exposed to the
environment for bacteria recognition and subsequent infection. Thus, the orientation of
immobilized phages will impact the antimicrobial efficacy [53]. In particular, tailed phages
rely on bacteria-binding receptors on their tail fibers and these fibers must be freely available
for bacteria interaction. Phages can be immobilized via physisorption (physical absorption),
electrostatic interaction or covalent binding. Although physisorption is a very simple
approach, phages can easily detach from the substrate in response to changes in pH or
temperature. This makes it troublesome for use at the wound infection site where the pH
shifts with wound-healing [54]. Another approach is to immobilize the phages via
electrostatic interaction between the phage and the substrate. Phages are negatively charged
[27]: the capsid is thought to be responsible for the overall negative charge and the tail fibers
possess an overall net positive charge [55]. This charge difference between the capsid and
the tail was utilized by Anany et a/. (2011) for oriented immobilization of Escherichia coli
phages on a positively charged cellulose membrane. A cocktail of £. coli phages were
immobilized on a cellulose film coated with cationic polymer polyvinylamine [27]. More
phages were captured on the modified positively charged cellulose film (95%) as compared
with the unmodified membrane (71%). Phage-treated unmodified membrane formed
considerably less plagues. Charge modification greatly improved the number of infective
phages by immobilizing the phages through their capsid head so that the tail fibers are freely
available to target and kill the bacteria. The storage stability of phages immobilized on
dressings have not been tested so far. Yet, the stabilization of phages immobilized on a dry
substrate is likely to impose challenges.
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Semi-solid formulations, including hydrogels, creams and ointments are suitable vehicles for
topical phage delivery provided that phage-inactivating excipients are avoided. Hydrophilic
creams and ointments are preferred over hydrophobic bases due to improved phage stability
during storage as well as ease of miscibility in aqueous solvent, which is a prerequisite for
assessment of bioactivity using plaque assay. Thick semi-solid formulations with high solid
contents such as pastes may not be suitable as it hinders the release and subsequent
bacteriolysis. Although immobilized phages on wound dressings is an attractive concept, the
shelf-life of such dry formulations need to be tested and optimized to become a viable
product. Alternatively, the dressings can be prepared in pre-soaked wet wipe materials.

7. Safety & Efficacy

Studies on the safety and efficacy of phage treatments delivered topically, both in animals
and humans, started shortly after their discovery. Various reviews have been written
summarizing the early potential of phage preparations for the treatment of skin infections,
surgical and purulent wounds as well as acquired postsurgical infections caused by £. coli, P
aeruginosa, S. aureus and other well-established and prevalent pathogens to this date [56—
58]. More recently, Morozova et al. (2018) reported on serial case reports published in the
Russian literature [59]. These reviews comprehensively highlight the widespread use of
phage therapy prior and even after the discovery of antibiotics, including during World War
I1, with reports of clinical success ranging from 50% to 69% depending on the target
pathogen. Phage treatments were administered both as single phage preparations
(monophages) or cocktails containing multiple phage species (polyphages). The use of
polyphages applied >5 to <8 days was reported as providing faster clinical outcomes even in
comparison with antibiotic treatments [59]. The early use of phage treatments was not just
limited to the former Soviet Union countries. Abedon et a/. (2011) reviewed the early use of
topical phage therapy to treat skin infections in France, mainly thanks to Felix d’Herelle
presence and work. For the treatment of furunculosis, pads moistened with the phage
preparations were applied over the affected areas followed by compresses moistened with
phages that were used as the dressings. The treatments were reapplied every 2 days with a
total of 8-10 applications reported as required to observe clinical benefits. Clinical benefit
was also observed for the treatment of surgical infections with polyphage solutions [60].
Treatment of furunculosis was also reported in the United States as early as in 1929 [61].
Despite all these early promising results in the West, the use of phage therapy after the
discovery of antibiotics continues to be rather limited to Russia and the Republic of Georgia
[62], where phages are approved for clinical use and sold over the counter, and to Poland
where unapproved phage treatments can still be administered following the Declaration of
Helsinki guidelines [63, 64]. In Belgium, a new regulatory framework — The Magistral
Phage-has been proposed to facilitate the used of tailor-made phage products for treatment
of complicated bacterial infections [65], while in other countries administration of phage
treatments is only allowed for patients who run out of options under compassionate use
ethical codes [66].

Despite this, a number of preclinical and clinical cases, and clinical trials using phage
products delivered topically have been more recently reported. Preclinical studies reported
therapeutic utility of topically applied phages in treating acute [67] and chronic [68]
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infections. Kumari et a/. (2011) demonstrated the efficacy of Klebsiella phage Kpn5
formulated in hydrogel in acute mouse burn wound infection model [67]. Mendes et al.
(2013) showed that treatment with polyvalent phage cocktail (S. aureus, P aeruginosa and A.
baumannii) can reduce the bacterial numbers and improved wound healing in diabetes
mellitus model in rats [68]. Rhoads et e/. (2009] reported on the first modern phase I trial in
the United States looking to evaluate the safety of phages on difficult to treat wounds [69].
Thirty-nine patients participating in the trial had their chronic venous leg ulcers treated for
12 weeks with either a phage product or placebo. No adverse events or safety concerns were
reported. Another clinical trial was conducted to determine at the safety, tolerability and
preliminary efficacy of an anti-S. aureus phage product (AB-SAQ01). It involved healthy
volunteers in the United States under an Investigational New Drug application
(NCT02757755). The phage product (1 mL at either 108 or 10° PFU/mL) or a placebo was
applied daily for 3 consecutive days to the subject’s volar forearm via gauze pads saturated
and covered with an occlusive dressing [70]. The potential of a monophage preparation
(Sb-1) to resolve diabetic toe ulcers infected with S. aureus under the compassionate use
guidelines was also reported by Fish and colleagues (2016) [18]. Phage therapy without the
inclusion of antibiotic treatment resulted in wound healing and prevented amputation in all
treated patients. The topical clinical protocol used in this case series has been reported as the
basis for future randomized trials that appeared to be in planning phase by commercial
companies like Pherecydes Pharma in France (https://www.pherecydes-pharma.com/phosa-
collaborative-project.html). Technophage, a private company based in Portugal, has also
received FDA clearance to begin human clinical trials of its phage product. The product has
already been evaluated in vivo in rodent and porcine models showing its potential to resolve
chronic infections in conjunction with wound debridement [68]. The accumulated data prior
and post the antibiotic era suggest phages can successfully help resolve infections when
delivered topically.

The most recent study was the PhagoBurn phase 1/2 trial reported in 2019 [16], using a
cocktail of 12 natural lytic phages against 2 aeruginosa (1 x 108 PFU/mL applied via an
alginate dressing) compared with standard of care (1% sulfadiazine silver emulsion cream)
for seven days of treatment of burn wound infection in 25 patients. Insufficient efficacy was
demonstrated in the phage treatment which was attributed to a number of causes such as
differences in the maximal bacterial burden between the two treatment groups, a much lower
than expected phage dose (1 x 102 PFU/mL per daily dose) received by the patients which
was due to titre drop after manufacturing. Nonetheless, the study highlighted some important
lessons for future design of studies. These include monitoring the shelf-life of the phage
cocktail, close collaboration with regulatory agencies, improvement of analytical methods
required for good manufacturing practices, the benefits of reducing the number of phages in
a product and working towards enhancing phage stability in a product, ensuring the clinical
protocol can realistically recruit the number of participants required during the planned
period of time and considerations in patient selection (e.g., complication of poly-infection,
phage-susceptibility testing prior to commencement of phage treatment).

Trans/ Res. Author manuscript; available in PMC 2021 June 01.


https://clinicaltrials.gov/ct2/show/NCT02757755
https://www.pherecydes-pharma.com/phosa-collaborative-project.html
https://www.pherecydes-pharma.com/phosa-collaborative-project.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kyung Chang et al. Page 13

8. Challenges

The perceived general biological and business development challenges for the introduction
of phage therapy as mainstream treatment have been highlighted and discussed by others
previously [33, 71-73]. It is the authors’ opinion that many of the perceived biological
challenges can now be addressed by developing strategic isolation, characterization and
phage selection research plans. There seems to be an agreement on the basic biological
characteristics that ought to be considered and what quality deficiencies are not permissible
in therapeutic phage products [70, 74]. The molecular tools and in vitro models available for
phage characterization are recently much more sophisticated and the costs of performing
such analysis have also reduced significantly overtime, alleviating one of the primary issues
in early research stages.

The production of purified phages that meet Good Manufacturing Practices (GMP)
standards was initially seen as a major obstacle in the field not only because of the cost, but
because of the uninformed belief that phages could not be manufactured under controlled,
reproducible conditions without introducing substantial changes in their genome and
biological activity. AmpliPhi Biosciences was the first company to receive cGMP
certification to manufacture phage products for human use in Europe and its GMP products
used in clinical studies and compassionate use cases. Pherecydes Pharma, in collaboration
with Clean Cells, also produced GMP products for its clinical trial, although as mentioned
before, there were product stability issues that impacted the study [16]. Other companies like
BiomX and Technophage have now announced the construction of their own GMP facilities,
in addition to specialized phage contract manufacturing organizations like Jafral. The
increase in the number of GMP facilities dedicated to manufacture phage products suggests
an increased level of confidence on the processes and regulatory paperwork required to
manufacture high quality products and thus, the initial production challenge in being actively
addressed.

Regulatory agencies should provide oversight and make companies accountable for the
quality of the products generated to avoid poor clinical outcomes as occurred with the
PhagoBurn study. Perhaps of higher interest and concern is the absence of appropriate
clinical development plans specific to the intended clinical indication for the phage product
in development. The next wave of modern clinical trials will require the development of
robust clinical protocols with well-established clinical and microbiological endpoints as well
as the development of the specific analytical tools to measure those accurately. A lesson the
field has learned after the publication of the study results evaluating the efficacy of two
coliphage preparations in a randomized trial in children from Bangladesh [75]. The selection
of a clinical indication where the effect of phage therapy delivered topically can be measured
against standard of care treatment is not a minor proposition and one that requires careful
deliberation. For example, despite the promising reports on the use of phages for the
treatment of diabetic foot ulcers and the desperate clinical need, clinical trial protocols
designed to test the efficacy of phages must give consideration to the innate variation in
clinical diabetic foot ulcers outcomes due to the complexity of the pathogenesis and the
local variability in size and grading of the wounds despite the existence of national and
international guidelines for the standard care of wounds [76]. The development of robust
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clinical protocols that maximize the potential of phages /n vivo while still keeping within the
practical logistics of disease management is not trivial. Improvement on the various delivery
methods for topical applications that accurately deliver the expected dose requires further
research as reviewed here. Exact dose control is likely to be challenging for topical phage
therapy. However, it is imperative to find out the expected dose delivered (phage release
from formulations) to ensure sufficient number of infective phages would be released and
then delivered to the infection site and observe a therapeutic effect. However, progress
should not be halted waiting for a “perfect protocol”. The integration of highly
multidisciplinary teams with phage biology, microbiology, formulation, clinical development
and regulatory expertise is fundamental to develop logical, balanced clinical protocols that
permit the implementation of step grading plans for the sustainable development of phage-
based products.
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Figure 1.
Topical application of phage spray formulation (A) and semi-solid phage formulation (B) to

wound infection site.
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Figure 2.
Schematic diagram showing steps involved in preparation of semi-solid formulations

containing phages.
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Figure 3.

Franz diffusion apparatus which can be adopted to assess the release rate of phages from

semi-solid formulations.
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Table 1.

List of phage gels, creams and ointments formulated for topical application.

Page 22

Phage (host bacteria) Formulation Results Reference
Name not specified (P 5% HEC gel Phages were stable in HEC gel for four weeks 99.95% [23]
acnes) 0.75% Carbomer gel titer loss in Carbomer gel Preservatives had no effect on

Preservatives: 0.1% methylparaben and  phage viability
0.02% propylparaben, 1%
phenoxyethanol, and 0.2%
propylparaben
PAC1 (P, acnes) Cetomacrogol cream, aqueous cream, <1log, 2 log and 3 log titer loss in Cetomacrogol, [35]
cetrimide cream, ointments and pastes cetrimide and aqueous creams, respectively, after a 90
day-storage at 4°C in dark No phage lytic activity
observed in zinc pastes
Cetomacrogol cream aqueous <1 log titer loss after storage at 4°C in dark Phage [34]
inactivation when stored at 45°C for 14 days Phage
inactivation within 21 days of storage at 20-25°C with
full light exposure
Phage Kpn5 (K. 3% HPMC Stable for seven days at 37°C [22]
PNeumoniae)
Phage K (. aureus) Poly(N-isopropylacrylamide) co- Stable for four weeks Phages released after incubation at ~ [36]
polymerized with allylamine grafted to 37°C forming a zone of bacteria clearance
fabrics
0.7% agarose gel containing phages No stability study conducted 1% of phages released [24]
with a layer of hyaluronic acid after 6 h
Oil-based cream Phage cream inhibited bacterial growth in liquid broth [40]
culture and on a petri dish No stability study conducted
Phages PNM & 14-1 (P, Bactroban, colistin milk, P.O.H., Stable in Iruxol, Intrasite gel, Fucidin and sulfamylon [77]

aeruginosa), Acibel004 &
Acibel007 (A.
baumannii), and ISP (S.
aureus)

Sulfamylon cream, Flaminal Forte,
Flaminal Hydro, Flammazine 1%,
Fucidin, Furacin, Hibidil, Intrasite Gel,
Iruxol and iso-Betadine Gel 10%

Phage inactivation in isobetadine gel, solistin milk and
P.O.H <2 log titer loss in Flaminal Hydro up to 9 log
titer loss in Flaminal Forte
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