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Abstract

Background: Phage–antibiotic combinations (PACs) are increasingly proposed for difficult
biofilm infections, but planktonic synergy does not reliably predict activity in mature
multidrug-resistant (MDR) biofilms. Objective: To identify the biological, pharmacolog-
ical, evolutionary, methodological, and translational determinants that govern whether
phage–antibiotic synergy (PAS) persists in mature MDR biofilms. Methods: This criti-
cal narrative review used a structured evidence map updated through 21 August 2026.
Fifty-four primary studies met the final operational core criteria after endpoint-eligibility
and publication-status verification and were evaluated for biofilm maturity, phage and
antibiotic exposure, treatment sequence, resistance evolution, assay choice, and transla-
tional level. Main Results: Twenty of 54 studies (37.0%) included at least one qualifying
biofilm/PAC condition aged 48 h or longer, and 14 directly compared treatment order.
Interaction direction depended on phage identity, bacterial strain, matrix, absolute phage
exposure, antibiotic concentration, timing, and endpoint; the schedule maximizing imme-
diate killing did not necessarily best suppress resistance. Nine core studies reached animal
models and four human cases met the defined translational criteria, but uncontrolled cases
support feasibility rather than comparative efficacy. Negative, antagonistic, and indetermi-
nate outcomes were retained, and CFU, biomass, metabolic, and lysis-based assays could
classify the same regimen differently. Conclusions: PAS should be treated as a context-
dependent phenotype requiring direct mature-biofilm validation, factorial dose-sequence
testing, longitudinal resistance assessment, and site-matched translational confirmation.

Keywords: bacteriophage; phage–antibiotic synergy; multidrug resistance; mature biofilm;
treatment sequence; resistance evolution; MBEC; translational standardization

1. Introduction: From Phage–Antibiotic Synergy (PAS) to the Biofilm
Translation Problem

Phage–antibiotic combinations (PACs) are attractive because they can impose mecha-
nistically distinct pressures on bacteria while potentially reducing the dose needed from
either component. In established biofilms, however, antibiotic resistance is superimposed
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on phenotypic tolerance, spatially heterogeneous physiology and restricted access to bacte-
rial receptors, so a combination that is synergistic in broth may be indifferent or antagonistic
in a mature community [1,2]. The systematic review of in vitro phage-biofilm experiments
by Amorim Perestrelo de Meneses et al. found that most experiments still relied on 24 h
microplate biofilms and indirect endpoints, confirming that the mature-biofilm translation
problem is not a marginal methodological concern but a structural feature of the litera-
ture [3]. The major biofilm-specific determinants considered in this review are summarized
in Figure 1.

Figure 1. Biofilm-specific determinants of PAC/PAS outcome. Matrix, receptor access, physiology,
spatial gradients, antibiotic action, phage replication and resistance selection interact to produce the
observed phenotype. PAC, phage–antibiotic combination; PAS, phage–antibiotic synergy.

The term synergy is often used as though it were an intrinsic property of a phage–
antibiotic pair. The evidence instead supports at least four distinguishable dimensions:
planktonic synergy, biofilm synergy, evolutionary synergy and translational synergy. Plank-
tonic synergy is an interaction measured in suspended bacteria. Biofilm synergy requires
additional killing in a preformed community with a viable endpoint. Evolutionary syn-
ergy means that the combination suppresses resistance or selects a therapeutically useful
trade-off. Translational synergy means that benefit persists under realistic surfaces, fluids,
communities, pharmacokinetics, host immunity, and clinical co-interventions [4–7]. A regi-
men can satisfy one dimension and fail another, so each stage requires explicit revalidation.
These four dimensions are summarized in Figure 2.

For terminology used throughout this review, PAC denotes any regimen in which
a whole lytic phage and an antibacterial antibiotic are evaluated together, irrespective of
interaction class. PAS is reserved for a favorable interaction that meets the original study’s
stated synergy criterion; because the included literature uses heterogeneous definitions,
no universal numerical cutoff is imposed retrospectively. Additivity denotes an effect
consistent with the study’s stated no-interaction reference model; an effect below a synergy
threshold is not automatically additive. Antagonism denotes an effect below that reference
expectation or the relevant comparator under the study’s stated criterion. Translational
synergy is reserved for benefit that persists under clinically realistic material, fluid, PK/PD,
immune, and co-intervention conditions.
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Figure 2. Four dimensions of synergy. A positive interaction must be re-established as the
system progresses from planktonic screening to mature biofilm killing, resistance control and
translational performance.

This review asks which biological, pharmacological, evolutionary and methodological
factors determine whether a PAC/PAS signal survives the transition from simplified screen-
ing to a clinically relevant multidrug-resistant (MDR) biofilm. The synthesis is organized
around five linked problems: discordance between planktonic and biofilm assays; biofilm
maturity and community complexity; phage dose, antibiotic class and administration se-
quence; resistance evolution and fitness trade-offs; and the lack of standardized testing and
translational validation. It does not attempt to rank a universal best phage or antibiotic.
Instead, it develops a decision framework for selecting, testing and reporting combinations
in the specific biofilm context in which they are intended to be used.

2. Methods
2.1. Review Design, Search Window and Information Sources

This article is a critical narrative review with a structured, question-led evidence
map; it is not a systematic review. The evidentiary window covered publications from
1 January 2015 through 21 August 2026. The original search protocol began at 1 January
2017; after targeted backward and forward citation review identified a potentially relevant
2016 clinical-isolate biofilm study [8], the lower boundary was retrospectively extended to
2015. This amendment expanded the search window; final endpoint reconciliation later
classified [8] as supporting rather than core but was not a PRISMA-style exhaustive rerun of
all 2015–2016 records. Search concepts combined bacteriophages, antibiotics, combination
effects, biofilms and antimicrobial resistance, including XDR and PDR phenotypes. The
PubMed/MEDLINE search concepts are summarized as follows (display notation, not a
verbatim executable search): (bacteriophage or phage or “Phage Therapy”) AND (antibiotic
or antimicrobial) AND (synerg or combin or sequential or simultaneous) AND biofilm*
AND (resistant or resistance or multidrug or MDR or XDR or PDR). Targeted searches
addressed treatment timing and sequence, mature and polymicrobial biofilms, MBIC,
MBEC, time-kill methods, resistant survivors, evolutionary trade-offs, animal models,
drug-delivery systems and human phage–antibiotic use.

PubMed/MEDLINE served as the principal bibliographic database. To reduce single-
database dependence, supplementary discovery during revision used targeted scholarly
web searches, journal and publisher platforms, DOI metadata, and backward and forward
citation searching. These supplementary searches were used to identify and verify sup-
porting evidence. Newly identified studies were evaluated against the same operational
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eligibility criteria and non-core sources were recorded in Supplementary Table S3. The
review was not designed or reported as a PRISMA-style systematic review. Accordingly,
record-level retrieval, duplicate removal, title/abstract screening, full-text exclusion counts
and a PRISMA flow diagram were not produced. The displayed PubMed/MEDLINE
expression is a conceptual description rather than a reconstructed executable search log;
the original dated query log was not retained. The manuscript therefore reports the final
body of directly relevant evidence included in the structured synthesis without claiming
exhaustive capture of every potentially eligible record.

Every bibliographic record used in the final synthesis was checked against PubMed,
the journal publisher, DOI metadata or an equivalent authoritative record. Original study
results were extracted only when the report provided enough detail to identify the biofilm
model, intervention and outcome. Three peer-reviewed systematic reviews were used
for contextual triangulation and redundancy checking, but their summarized studies
were not added to the primary denominator [3,9,10]. Mechanistic, method-comparison,
pharmacodynamic, delivery, ex vivo, human, regulatory and implementation sources that
did not meet the core definition were retained as supporting evidence in Supplementary
Table S3 and excluded from all core n/N calculations. Final eligibility reconciliation moved
Nouraldin et al. [8] outside the core because its reported MBEC and PAC biofilm outcome
were defined by fixation and crystal violet staining without a viability-related endpoint; the
same biomass-only rule applies to Young et al. [11] and Bhutada et al. [12]. Cano et al. [13]
was retained only as a Level 9 translational case because the complete regimen was tested
against a patient-specific preformed biofilm and linked to the clinical case; its safranin assay
is treated as structural biomass evidence, not viable eradication. A final publisher-status
check also identified De Soir et al. [14] as retracted; it was removed from all quantitative
and narrative efficacy synthesis and is retained only in the exclusion ledger. Two additional
primary-source checks changed the final denominator. Moulton-Brown and Friman [15]
was reclassified as supporting evolutionary evidence because phage and gentamicin were
present from initial bacterial inoculation while bead biofilms developed under selection,
so the PAC was not applied to a preformed biofilm. Akturk et al. [16] was reclassified
as supporting three-dimensional/sequence evidence because the lung epithelial model
was treated after only 2 h of bacterial colonization, which does not meet the operational
established/preformed-biofilm boundary used for the experimental core. These decisions
yield a 54-study core evidence map.

2.2. Eligibility and Maturity Boundary

Eligible primary studies used one or more whole lytic bacteriophages together with an
antibacterial antibiotic against an established or preformed bacterial biofilm. For in vitro, ex
vivo and animal biofilm effect studies, core inclusion required a viability-related bacterial
outcome (for example, CFU/time-kill, direct viable burden, viable regrowth/eradication,
or a directly linked viability measure); biomass-only staining could support structural ef-
fects but was insufficient by itself. Human reports could enter Level 9 when the complete
phage–antibiotic regimen was directly tested against a patient-specific preformed biofilm and
linked to the reported clinical case. In this human translational exception, a biomass-only
assay was retained as structural evidence and was not interpreted as viable-cell eradication.
Infection models without direct characterization of an established biofilm, including simulated
endocardial vegetation or endocarditis models used primarily for PK/PD or translational
context, were kept as supporting rather than core evidence. Clinically relevant MDR, XDR
or otherwise difficult-to-treat pathogens were prioritized, including Pseudomonas aeruginosa,
Staphylococcus aureus, coagulase-negative staphylococci such as Staphylococcus epidermidis,
Acinetobacter baumannii, Klebsiella spp., Enterococcus spp. and Escherichia coli.
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Phage-only and antibiotic-only papers were excluded from the combination-effect
synthesis. Planktonic-only PAS studies were excluded from the primary denominator,
although paired planktonic data within an included biofilm study were retained to an-
alyze discordance. Studies in which the combination was used only to prevent biofilm
formation, while no preformed biofilm received the combination, were excluded from
the mature-biofilm denominator and could be retained as supporting evidence. Method-
validation studies whose primary aim was assay comparison, and clinical reports in which
phage and antibiotics were co-administered for a biofilm-associated infection without
regimen-specific combination-level biofilm evidence, were likewise kept outside the de-
nominator when informative [7,11,17–23]. Phage-derived enzymes without whole phage,
non-bacterial biofilms and temperate-phage applications without a justified therapeutic
context were also excluded. Bacterial-fungal biofilms were eligible only when the an-
tibacterial phage–antibiotic component was evaluated against the bacterial member and
community context was central to interpretation [24–26]. Retracted publications were
excluded from all evidence synthesis; reference [14] is retained only to document this
publication-status exclusion.

2.3. Evidence Selection, Extraction and Coding

The final evidence map comprised 54 primary studies that met the reconciled opera-
tional eligibility criteria. Selection was based on direct relevance to the review question
and sufficient information to characterize the biofilm model, intervention and outcome.
The study-level matrix extracted publication year, pathogen and resistance phenotype,
infection context, model and surface, pretreatment biofilm age, and community com-
position. It also recorded phage identity and strategy, antibiotic identities and classes,
treatment order, direct sequence comparison, repeated dosing, and assay/interaction defi-
nition. Viable and structural endpoints, explicit resistance/evolution assessment, survivor
genomics, advanced-model use, animal validation, human evidence, and one highest trans-
lational level were coded. Supplementary Table S1A provides the core study characteristics;
Supplementary Table S1B,C provide treatment-design details and complete highest-level
assignments, and Supplementary Table S4A,B provide the reproducible study-level coding
ledgers used for the final recount.

Each study was assigned to the highest level reached on a nine-level translational
ladder. Levels 1–3 represented planktonic screening, young static biofilm, and mature mono-
species biofilm. Levels 4–6 represented clinically relevant surface/flow or dynamic models,
polymicrobial biofilms, and three-dimensional tissue, mucus, or implant models. Levels 7–9
represented ex vivo biological material, animal infection, and human clinical evidence.
Level 1 was necessarily zero in the primary corpus because planktonic-only studies were
excluded. A study could contribute to multiple overlapping pathogen, antibiotic, sequence
and assay categories, but only one highest translational level.

A descriptive reporting-completeness appraisal was used instead of a validated risk-
of-bias score because the corpus mixed static assays, PK/PD reactors, delivery platforms,
ex vivo systems, animal experiments and uncontrolled human cases. Pretreatment age
was coded as ≥48 h when at least one qualifying PAC biofilm condition explicitly reached
that age, <48 h when the qualifying conditions were clearly younger, and not assignable
when a comparable pretreatment age could not be established. On this rule, 20/54 (37.0%)
studies included a qualifying ≥48 h condition, 32/54 (59.3%) were clearly <48 h, and
2/54 (3.7%) were not assignable. A direct viable-count or burden endpoint was present in
45/54 (83.3%). Explicit resistance/evolution assessment was coded in 18/54 (33.3%), while
combination-relevant survivor genomics was explicitly reported in 1/54 (1.9%) [5]. The
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final flags and reference IDs are provided in Supplementary Table S4A,B, so each aggregate
can be reconstructed from study-level coding.

2.4. Synthesis Strategy

Counts and percentages are reported as n/N (%) with an explicit denominator. Over-
lapping categories, such as antibiotic class or assay type, can therefore sum to more than
100%. Quantitative effects were retained at study level when the underlying definitions
were clear, but no pooled effect was calculated. Biofilm age, starting density, phage con-
centration, antibiotic exposure, treatment duration, sequence, outcome scale and synergy
definition differed too substantially to support a defensible common effect measure. The
synthesis consequently emphasizes direction, determinants, reproducibility across model
levels and reasons for discordance rather than a pooled average.

Causal language was restricted to systems that directly manipulated the relevant
determinant. Associations observed across studies are described as patterns, and mechanis-
tic interpretations are labeled as such when they integrate several experiments. Human
reports satisfying the defined regimen-specific Level 9 biofilm rule are treated as Level
9 evidence for feasibility and ecological behavior, not as comparative efficacy estimates;
biofilm-associated clinical PAC reports without direct complete-regimen biofilm testing
are retained as supporting translational evidence. This separation prevents uncontrolled
clinical improvement from being counted as proof of pharmacological synergy.

AI-assisted revision and audit: During revision, ChatGPT (OpenAI, San Francisco,
CA, USA; GPT-5.6 Sol, accessed 13 September 2026) was used to assist with language
editing, cross-document consistency checking, structured coding/tabulation, and targeted
bibliographic/source verification. AI output was not treated as primary evidence; study
eligibility, extracted data, quantitative coding, interpretation, and final wording were
checked against the cited source material and remain the responsibility of the authors.

3. Current Evidence Landscape of Phage–Antibiotic Therapy in
MDR Biofilms

The evidence base accelerated after 2021: 41/54 (75.9%) core studies were published
from 2022 through 2026, including eight studies available in 2026 by the final search date
(Supplementary Table S1A). The literature remained pathogen-concentrated. P. aeruginosa
appeared in 19/54 (35.2%) studies, S. aureus in 17/54 (31.5%), A. baumannii in 9/54 (16.7%),
Klebsiella spp. in 6/54 (11.1%), Enterococcus spp. in 5/54 (9.3%), E. coli in 3/54 (5.6%) and S.
epidermidis in 2/54 (3.7%). These are overlapping pathogen counts because eight studies
contained dual- or poly-species communities.

Single phages were the sole strategy in 37/54 (68.5%) studies, cocktails in 11/54
(20.4%), and both single-phage and cocktail conditions in 6/54 (11.1%). After completion
of the study-level drug identities, beta-lactams were represented in 30/54 (55.6%) studies,
fluoroquinolones in 22/54 (40.7%), glycopeptides or lipoglycopeptides in 12/54 (22.2%),
aminoglycosides in 15/54 (27.8%) and lipopeptides in 10/54 (18.5%). The distribution reflects
organism-specific clinical practice: antipseudomonal beta-lactams and fluoroquinolones domi-
nated Gram-negative systems, whereas daptomycin, ceftaroline, vancomycin and dalbavancin
were prominent in staphylococcal and enterococcal models [1,27–30]. The exact agents and
class flags used for the recount are provided in Supplementary Tables S1A and S4B.

Model maturity and complexity were uneven. Twenty of 54 studies (37.0%) included
at least one qualifying biofilm/PAC condition aged 48 h or longer, 32/54 (59.3%) used
clearly younger conditions, and 2/54 (3.7%) lacked a comparable assignable pretreatment
age (Supplementary Table S4A). Mono-species models comprised 46/54 (85.2%), while
dual- or poly-species models comprised 8/54 (14.8%). Advanced core models included
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Dacron vascular graft, titanium orthopedic surfaces, flow cells, implant materials, endo-
tracheal tubes, artificial sputum, synovial fluid, urine, plasma-blood, artificial dermis, pig
skin, animal infection and human chronic infection [26,31–35]. A three-dimensional lung
epithelial colonization model [16] remains informative supporting evidence but is outside
the experimental core because PAC treatment began after only 2 h of bacterial colonization.

Direct viable-count or burden endpoints were available in 45/54 (83.3%), biomass in
28/54 (51.9%), metabolic or regrowth endpoints in 17/54 (31.5%), microscopy or biolumi-
nescence imaging in 17/54 (31.5%), and MBIC/MBEC-type endpoints in 11/54 (20.4%).
Only a minority used an explicit mathematical or log-reduction interaction rule directly
comparable across treatment arms, while many others used the word synergy for any sta-
tistically greater combination effect. This definitional spread supports structured mapping
but not meta-analysis.

The dominant finding was conditional rather than universal benefit [36–41]. Multi-log
killing occurred in selected systems, yet weaker effects or failure were linked to resistant
host range, mature age, dynamic growth, matrix phenotype, low phage dose, high antibiotic
exposure, mixed communities or unfavorable order [4,5,25,29,32,42,43]. The UJB10 study
further showed that antibiotic class interactions can change with time, while supporting
multi-strain pharmacodynamic data showed strong ciprofloxacin antagonism but more
favorable or strain-variable interactions for other drugs [44,45]. The corpus therefore maps
determinants and failure modes rather than universally effective pairs; Table 1 summarizes
the resulting validation logic.

Table 1. Evidence-based determinants of phage–antibiotic combination performance in mature
biofilms and the corresponding validation requirement.

Determinant Critical Evidence Pattern Required Validation

Biological state
and maturity

Planktonic interaction does not reliably predict killing in
established or mature biofilms; age, matrix, physiology
and flow can change the direction or magnitude of the

interaction [1,2].

Retest the same isolate in paired
planktonic, young-biofilm and

clinically matched
mature-biofilm models.

Phage exposure
The same nominal MOI can represent different accessible

exposures, and several systems showed a phage-dose
window rather than a universal optimum [5,46,47].

Report absolute administered
PFU/mL, the MOI calculation and

recovered PFU over time; map
log-spaced doses.

Antibiotic
exposure

Drug class provides a mechanistic hypothesis, not a fixed
interaction: concentration, time, strain and phage identity
can produce synergy, additivity or antagonism [44,45].

Report mg/L and exposure relative
to MIC/MBIC/MBEC; use a

concentration-by-time matrix.

Sequence and
repetition

Fourteen core studies directly compared order, but no
schedule dominated across systems; the schedule
maximizing immediate killing can differ from that

suppressing resistance [48,49].

Compare phage-first, simultaneous
and antibiotic-first schedules and

include an explicitly
repeated-dose arm.

Community and
matrix

Polymicrobial composition, surface and biological fluid
altered treatment ranking and could leave non-targeted

community members uncontrolled [25,26].

Enumerate each species separately
and reproduce the intended material,

fluid, oxygenation and flow
conditions.

Resistance
trajectory

Resistance suppression and antibiotic resensitization
were regimen-specific; immediate killing did not

establish durable evolutionary control [5,32].

Measure phage-, antibiotic- and
dual-resistant survivors

longitudinally and sequence
representative independent lineages.
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Table 1. Cont.

Determinant Critical Evidence Pattern Required Validation

Assay endpoint CFU, biomass, metabolic, microscopy and lysis-based
methods can classify the same regimen differently [18].

Use viable burden as the primary
bactericidal endpoint, with

structural/spatial and regrowth or
resistance follow-up.

Translation

Nine animal studies and four core human reports
meeting the defined Level 9 translational criteria show

feasibility but not comparative efficacy; PK/PD,
immunity, delivery and clinical co-interventions remain

major confounders.

Confirm site-matched exposure and
delivery, measure immunity and
resistance, and separate regimen

effects from surgery/source control.

4. Why Planktonic Synergy Does Not Necessarily Predict
Biofilm Synergy

The most direct evidence of planktonic-to-biofilm discordance comes from paired
experiments. In methicillin-resistant S. aureus (MRSA), several PACs that were active in
planktonic time-kill failed to retain the same magnitude or bactericidal classification in 24 h
bead biofilms, and only the phage-daptomycin-ceftaroline regimen was consistently bacte-
ricidal across both states [1]. In seven-day staphylococcal biofilms on titanium, planktonic
antagonism had some value for rejecting poor combinations, but planktonic synergy did
not reliably identify the combinations that would be synergistic in the mature biofilm [2].
UJB10 provided a complementary time-resolved example in P. aeruginosa: amikacin and
meropenem could slow phage-mediated biofilm clearance at early time points even though
the antagonism was no longer evident at 24 h, while cefepime produced a durable favorable
interaction [44]. Across cystic fibrosis isolates and culture systems, interactions between a
phage cocktail and ceftazidime or tobramycin likewise ranged from synergy/additivity
to inhibition depending on strain and model [50]. Supporting quantitative pharmacody-
namic work across nine P. aeruginosa strains further found strong ciprofloxacin antagonism,
broadly increased antibiotic sensitivity with aztreonam, colistin or meropenem, and diver-
gent strain-specific effects with amikacin and ceftazidime [45]. These studies show that the
biofilm is not simply a higher-density version of the planktonic assay and that interaction
direction may depend simultaneously on state, strain, concentration and time.

Matrix structure changes both delivery and infection. Phages must reach a susceptible
receptor, adsorb, inject, replicate and disseminate through a matrix whose chemical compo-
sition can trap, delay or redirect particles. Sb-1 and vB_KpUKJ_2 were associated with loss
of extracellular matrix components, and that disruption coincided with enhanced combi-
nation killing in their respective systems [5,51]. Conversely, mucoid alginate production
protected P. aeruginosa flow-cell biofilms from repeated phage exposure, while a separate
phage-first ciprofloxacin regimen in PAO1 produced an approximately 6-log reduction in
viable cells [32]. The expanded corpus adds direct phenotype-level evidence: in PAO1 and
PA14 biofilms, PAC activity varied with exopolysaccharide phenotype; ciprofloxacin often
enhanced phage activity, but individual-phage performance, triple-cocktail efficacy and
regrowth differed between PAO1 and PA14 [43]. Matrix degradation can therefore be a
determinant of benefit, but it cannot be assumed from plaque halos or genome annotation
without biofilm-level confirmation.

Receptor accessibility and host range remain equally important. Endotracheal-tube
biofilms formed by phage-susceptible P. aeruginosa isolates showed approximately 5-log
reductions with combined therapy and approximately 6-log reductions with sequential
treatment after 48–72 h, whereas resistant strains showed no consistent antibiofilm activ-
ity [52]. PEV20-ciprofloxacin performance varied across cystic fibrosis and wound isolates;
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performance tracked with the phage-resistance profile of the target isolate [53]. Receptor-
complementary cocktail design broadened coverage across 153 clinical P. aeruginosa isolates,
and complementary-phage cocktails also suppressed resistance and retained activity in
mixed and in vivo systems. However, the corresponding biofilm assay exposed bacteria
to phage during biofilm formation rather than treating an established biofilm. It therefore
supports host-range design rather than mature-biofilm efficacy [17]. A broad-host-range
phiA85 study similarly supports host-range and phage–antibiotic pairing development, but
its combination biofilm outcome emphasized formation inhibition rather than treatment of
a preformed mature biofilm [54]. Because phage activity can differ between planktonic and
biofilm states, host-range qualification should be repeated under biofilm conditions [43].

Physiological heterogeneity creates a second discordance. Antibiotics generally de-
pend on the activity of their molecular target, whereas productive phage infection requires
sufficient host metabolism for genome replication and virion assembly. High antibiotic
exposures can reduce bacterial density or suppress phage replication, whereas selected
cell-wall-targeting antibiotics increased phage adsorption or proliferation in the pB3074
system [55,56]. Persister-rich subpopulations can also behave differently: Sb-1 showed
direct killing at high titre and lytic activity after lower-titre phage-treated persisters were
transferred to fresh medium [51]. The interaction is consequently governed by timing and
local physiology, not only by two independent killing rates.

Spatial gradients and hydrodynamics further separate biofilm from broth. Repeated
phage exposure in a flow cell could select resistant biomass and increase total biovolume,
an outcome that would be missed by a short planktonic optical-density curve [32]. Dynamic
polyether ether ketone (PEEK) biofilms were more resilient than static biofilms grown on
the same implant material, and a human-simulated dynamic PK/PD reactor showed that
regimens selected from static biofilm time-kill did not all retain bactericidal activity over 96
h [4,57]. Flow can remove free phage, replenish antibiotic, redistribute nutrients and select
surface phenotypes, so a static microplate may overestimate persistence of both agents or
underestimate repeated delivery, depending on the clinical site.

A practical implication is that planktonic screens are best used as exclusion and design
tools rather than as efficacy surrogates. They can identify nonpermissive phage-host pairs,
gross antagonism, candidate concentration windows and antibiotic-induced changes in
phage productivity. The candidate must then be retested in an explicitly aged biofilm using
the intended surface or biological matrix, a direct viable endpoint, phage titres during
treatment and resistance monitoring. The transition should be treated as a new experiment,
not a confirmatory repetition.

5. Biofilm Maturity and Community Complexity as Determinants of PAS
Biofilm age was one of the most inconsistently standardized variables. Using the

prespecified final coding rule, 20/54 studies (37.0%) included at least one qualifying
biofilm/PAC condition aged ≥48 h, whereas 32/54 (59.3%) were clearly <48 h and 2/54
(3.7%) could not be assigned a comparable pretreatment age (Supplementary Table S4A).
The ≥48 h group includes studies with explicit 48–72 h conditions and the small number
of substantially older biofilms or established day-7 implant infection models; mixed-age
studies were coded positive only when a qualifying ≥48 h PAC condition was explicitly
reported. This imbalance matters because mature communities generally have greater
biomass, steeper nutrient and oxygen gradients, more differentiated matrix, and a larger
fraction of slowly growing or dormant cells. The clearest within-study comparison found
that one-week three-dimensional single-, dual- and poly-species biofilms were approx-
imately one log10 more recalcitrant than matched 72 h communities after a single 24 h
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phage-ciprofloxacin exposure [58]. A seven-day titanium model showed that planktonic
testing predicted antagonism but not synergy in the mature-biofilm model [2].

Maturity does not make combination treatment futile, but it changes what must be
optimized. In a humanized MRSA reactor, 40 h conditioned biofilms received treatment for
168 h; selected phage-daptomycin-ceftaroline regimens sustained roughly four-log killing
under maintained exposure [28]. In a 72 h multidrug-resistant E. coli biofilm, phage-first
treatment followed by amoxicillin-clavulanate after 7 h produced the strongest reduction
across CFU, biomass and microscopy readouts [59]. In contrast, short single exposures
in older three-dimensional communities left substantial residual burden even when the
interaction was classified as synergistic [58]. Eradication, suppression and a statistically
significant extra reduction are not equivalent endpoints; mature-biofilm studies should
state which is being claimed.

Surface and flow are components of maturity rather than optional decoration. Dy-
namic PEEK biofilms were more resilient than static biofilms grown on the same implant
material, while endotracheal-tube and titanium models provided device-specific tests on
clinically relevant materials [2,52,57]. A 72 h Dacron graft assay linked device-biofilm
testing to compassionate human treatment [31]. In 48 h S. epidermidis biofilms, higher
phage inputs reduced bulk biofilm signal, but co-administration with therapeutic-level
vancomycin did not resolve a phage-dose advantage and was limited by high assay vari-
ability [11]. A chronic S. epidermidis mouse PJI model used biofilm-coated titanium implants
but unexpectedly low infection persistence prevented a confident treatment-efficacy con-
clusion [35]. These results argue for a clinically matched surface, delivery format and shear
condition whenever the intended indication is device-associated infection, airway mucus,
urinary flow or a perfused wound.

Community complexity was even less common: dual- or poly-species core models ac-
counted for only 8/54 (14.8%). In P. aeruginosa-S. aureus communities, phage-first treatment
remained effective, but dual-species biofilms required a higher gentamicin concentration
to approach mono-species killing [60]. In bacterial-fungal communities, ciprofloxacin-
phage performance was growth-model dependent; phage–antibacterial combinations ac-
tive against P. aeruginosa alone produced no measurable overall-biomass reduction in 24 h
dual-species biofilms containing Candida albicans [24,25]. Artificial-sputum core evidence
showed unequal species responses [34]. Supporting three-dimensional lung epithelial
evidence likewise showed strong sequence- and species-dependent effects after 2 h of
bacterial colonization [16], but this model was not counted in the preformed-biofilm core.

Polymicrobial studies show that community composition can change treatment re-
sponse and that total-community readouts may mask species persistence or replace-
ment [25,58,61]. The 2026 three-dimensional hetero-cocktail study measured both total
reduction and species composition, showing that treatment altered the proportions of
species remaining in the biofilm [58]. Supporting clinical evidence makes the same problem
visible at the bedside: in a polymicrobial bone-allograft biofilm infection, anti-S. aureus
phage therapy with antibiotics produced initial improvement but recurrence followed
when the other bacterial members were not covered by the phage regimen [20]. Biomass
alone is particularly hazardous in polymicrobial systems because it cannot identify which
organism remains.

Biological fluids add another layer. In a human-urine model, individual A. baumannii
phages showed lower or unchanged antibiofilm activity versus tryptic soy broth, and
phage–antibiotic interactions were antibiotic dependent; a later S. aureus-Candida study
found that treatment rankings differed among urine, heat-inactivated plasma-blood and
Galleria infection; the triple regimen was ineffective in the human-urine model [26,62].
Synovial-fluid aggregates, by contrast, retained a strong phage-first vancomycin effect
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against MRSA [33]. The intended fluid should therefore be part of regimen selection, not
reserved for late confirmation.

A minimum maturity comparison should include a young screening biofilm and
an older model selected for the clinical site, with identical isolate, inoculum, surface,
dose, sequence and endpoint. For polymicrobial indications, each species should be
enumerated separately and the untreated community trajectory reported. This paired
design makes age and ecology explicit determinants rather than hidden sources of between-
study heterogeneity.

6. Treatment Design: Dose, Antibiotic Class, and Sequence
of Administration

Phage dose is reported both as absolute concentration and as multiplicity of infection,
but the two are not interchangeable in an established biofilm. MOI assumes a known, uni-
formly accessible bacterial denominator at the moment of dosing, whereas mature biofilms
contain spatially segregated cells, inaccessible cells and a rapidly changing susceptible
fraction. Absolute PFU/mL therefore provides the reproducible administered exposure,
while MOI is best retained as a secondary descriptor calculated from a clearly defined
pretreatment viable count. The dose-dependence observed with vB_KpUKJ_2-ceftazidime,
YC#06-antibiotic mixtures, pB23-meropenem and early clinical-isolate P. aeruginosa phage–
antibiotic testing shows that apparently similar MOIs can sit on different sides of an
amplification or clearance threshold [5,8,46,47]. Supporting S. epidermidis experiments
likewise found substantially greater persistence at low phage inputs in a 48 h biofilm,
reinforcing the need to report absolute PFU/mL rather than MOI alone [11].

Higher phage input is not uniformly superior; dose–response behavior is phage- and
model-dependent. In the YC#06 system, a moderate phage dose produced the maximum
PAS effect [46]. In the K. quasipneumoniae model, 108 PFU/mL combined with 0.25× MIC
ceftazidime produced rapid and sustained biofilm killing and was the most effective mature-
biofilm condition tested [5]. In the carbapenem-resistant A. baumannii system, synergy
remained stable over an intermediate MOI range, indicating a usable exposure window
rather than a single exact ratio [47]. Future studies should therefore map at least three
log-spaced phage concentrations and measure PFU recovery within the biofilm over time.

Antibiotic concentration has a similarly non-linear role. Sub-MIC or low-multiple MIC
exposures often produced substantial additional benefit, but the effect was concentration-
and drug-dependent rather than uniformly monotonic. Low antibiotic concentrations
enhanced adjunct phage activity in staphylococcal biofilms, and sub-MIC ciprofloxacin,
imipenem, vancomycin, ceftazidime or amoxicillin-clavulanate supported strong combina-
tions in several species [5,32,59,63–65]. In resistant E. coli biofilms, staggered phage-first
exposure reduced minimum biofilm bactericidal concentration (MBBC) values by up to
512-fold and markedly lowered MBECs for selected agents [66]. Conversely, high antibiotic
exposure could suppress phage production or create order-dependent antagonism [42,55].
Concentration should therefore be expressed relative to the measured MIC and, when
available, MBIC or MBEC, while also reporting the absolute mg/L exposure.

Antibiotic mechanism helps explain, but does not guarantee, the interaction. Beta-
lactams were the most common class in the corpus and, in several Klebsiella and Acinetobacter
systems, were associated with enhanced combined killing and, in some cases, increased
phage proliferation or restored antibiotic susceptibility [5,47]. E. faecium biofilms broadened
the cell-wall-active evidence through daptomycin-ampicillin and related beta-lactam-phage
regimens that produced bactericidal activity while stabilizing phage or antibiotic sus-
ceptibility [27,67]. UJB10 sharpened the class argument by showing favorable cefepime
activity, early time-dependent antagonism with selected aminoglycoside or carbapenem
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conditions, and reduced MBEC50 values for several antibiotics [44]. Supporting nine-strain
pharmacodynamic data showed that the direction of interaction could remain strongly
drug- and strain-dependent even within one phage system [45]. Negative evidence is
equally informative: in S. epidermidis biofilms, AICAT plus vancomycin was additive rather
than synergistic, with no antagonism but no significant improvement over phage alone
in the 24 h biofilm condition [29]. Mechanistic class hypotheses should therefore guide a
dose-time matrix, not replace one.

Treatment order was directly compared in 14 core studies, while phage-first expo-
sure was explicitly tested in 17/54 (31.5%) and antibiotic-first exposure in 8/54 (14.8%);
categories overlap because some studies tested multiple schedules (Supplementary
Tables S1B and S4B). Phage-first schedules were favorable in several systems: a 72 h
E. coli model was strongest when phage preceded amoxicillin-clavulanate by 7 h, and
staggered phage-first exposure markedly lowered biofilm-active antibiotic concentrations
in resistant E. coli [59,66]. In MDR A. baumannii biofilms, phage-first and simultaneous
treatment produced the largest immediate viable-count reductions, whereas antibiotic-first
was weaker [48]. A 24-isolate A. baumannii study directly compared sequential and simulta-
neous phage-colistin administration: sequential treatment was more effective in the 24 h
comparison, whereas by 48 h both combination schedules generally outperformed the cor-
responding single agents [49]. These findings show that treatment order is an experimental
variable rather than a fixed property of a phage–antibiotic pair.

Phage-first is not a universal rule, and the schedule that maximizes short-term killing
need not optimize resistance control. In the A. baumannii sequence study, phage-first and
simultaneous schedules were strongest for immediate biofilm killing, but only simulta-
neous treatment retained phage susceptibility through 48 h [48]. Simultaneous treatment
was effective in many MRSA, Pseudomonas, Acinetobacter and Klebsiella systems [1,4,5,47].
Supporting daptomycin-nonsusceptible MRSA work outside the core denominator further
showed that simultaneous or antibiotic-first schedules could outperform phage-first in se-
lected ex vivo endocardial models and that the ranking changed with isolate and antibiotic
concentration [68]. The correct conclusion is therefore not that phage should always come
first, but that order is a manipulable pharmacological variable with separable bactericidal
and evolutionary outcomes.

Table S1B identifies 10/54 core studies (18.5%) with repeated administration of at
least one treatment component, including a repeated phage-only arm [32]; this is not
a count of repeated full-PAC experiments. Longitudinal measurement alone was not
counted. Three phage-gentamicin doses separated by eight hours outperformed a single
dose in an artificial-dermis dual-species wound model [69]. Seven-day humanized reactors
maintained repeated pharmacological pressure and exposed regrowth and resistance [28].
In chronic P. aeruginosa hip PJI, Pa53 was repeatedly administered locally with systemic
meropenem after patient-specific biofilm testing [70]. Up to three daily PAC exposures
were used in the seven-day titanium model, whereas the S. epidermidis PJI mouse model
combined three phage administrations with twice-daily vancomycin and documented
neutralizing antibodies [2,35]. Repeated phage alone can also select resistant biomass, as
the flow-cell experiment demonstrated [32]. Repetition should therefore be tested with the
full combination and longitudinal PFU/CFU sampling.

A practical factorial design crosses at least three absolute phage concentrations, three
antibiotic exposures, three schedules (phage-first, antibiotic-first and simultaneous), and
one repeated-dose arm in the intended mature biofilm. The primary comparison should be
viable killing relative to the most active monotherapy at matched exposure, with phage
titre and resistant survivors measured at several time points. Immediate bacterial reduction
and resistance suppression should be treated as distinct co-primary design questions
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because the same schedule can optimize one and worsen the other [48]. This design is more
informative than optimizing one component while holding an arbitrary schedule constant.
The biological windows created by these dosing orders are summarized in Figure 3.

Figure 3. Treatment-sequence model. Phage-first, antibiotic-first and simultaneous schedules create
different biological windows; the preferred schedule must be identified in the intended model and
concentration range.

7. Resistance Evolution and Evolutionary Trade-Offs During
Combination Therapy

An explicit treatment-related resistance or evolutionary-susceptibility assessment was
reported in 18/54 (33.3%) core studies under the final strict coding rule (Supplementary
Table S4B). This rule required direct post-exposure resistance/susceptibility, resistant-
outgrowth, or evolutionary trade-off evidence; baseline MDR status alone was not counted.
The depth ranged from survivor spot testing to longitudinal susceptibility analysis, and
only one core study explicitly coupled combination-relevant survivors to genomic analy-
sis [5]. Most of the corpus therefore still cannot distinguish transient killing from durable
control. Resistance should be measured separately for phage, antibiotic and the combina-
tion because the relevant failure modes are not interchangeable.

Several studies showed suppression of phage-resistant outgrowth by a compatible
antibiotic. In MRSA bead biofilms, phage resistance appeared under phage monotherapy
but was avoided in active phage–antibiotic regimens [1]. In MDR E. faecium, daptomycin-
beta-lactam-phage combinations stabilized phage and/or daptomycin susceptibility across
selected strains [27,67]. Dynamic P. aeruginosa experiments identified phages that limited
regrowth and resistance under human-simulated antibiotic exposure [4]. In mature K.
quasipneumoniae biofilms, the optimized ceftazidime-phage combination produced no
detectable resistant colonies even though phage monotherapy readily selected them [5].
Conversely, PA14 biofilms exposed to some multi-phage conditions showed regrowth,
suggesting possible, strain-specific phage resistance [43]. These are evolutionary outcomes
that cannot be inferred from the immediate viable-count difference alone.

Suppression is not inevitable. Supporting evolutionary evidence from a 15-day spa-
tial experiment found that generalized resistance evolved rapidly and progressively con-
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strained combination efficacy [15]; because phage and gentamicin were present from
initial bacterial inoculation while bead biofilms developed, this study is not counted in the
preformed-biofilm core. Repeated phage monotherapy in a core flow-cell biofilm study
yielded resistant and reduced-sensitivity survivors while increasing biovolume, showing
that a treatment can reduce susceptible cells while worsening the structural burden [32].
The A. baumannii sequence experiment adds a particularly important counterexample:
phage-first and simultaneous treatment produced the largest biofilm reductions, but phage-
first did not suppress phage resistance, whereas simultaneous treatment retained phage
susceptibility through 48 h [48]. Combination studies that terminate at 6 or 24 h may
therefore miss the clinically important phase in which resistant survivors expand.

The most informative studies connected resistance to a mechanistic trade-off. The founda-
tional OMKO1 study showed that selection for phage resistance through the OprM component
of MexAB/MexXY efflux systems restored susceptibility to several antibiotic classes in MDR
P. aeruginosa [71]. The later aortic-graft case linked that mechanism to 72 h Dacron biofilm test-
ing and adjunctive clinical treatment, although the uncontrolled case cannot establish causal
efficacy [31]. Whole-genome sequencing of phage-resistant K. quasipneumoniae survivors identi-
fied changes including fhuA, purA and rpoC, and several mutants formed less biofilm than the
parental strain [5]. In a human vascular-graft infection, in vitro testing showed phage-driven
sensitization to levofloxacin and piperacillin/tazobactam and identified MexAB-OprM as a
receptor for one therapeutic phage; post-treatment isolate profiling was unavailable to confirm
in vivo resistance reversion [6]. A carbapenem-resistant A. baumannii study likewise found
that pB23-resistant isolates regained meropenem susceptibility [47], while HS106-gentamicin
retained activity against phage-resistant and dual-resistant K. pneumoniae mutants [72]. Sup-
porting A. baumannii studies extend this trade-off spectrum: HZY2308-resistant AB48-R shifted
from resistance to susceptibility for amikacin and tobramycin and toward intermediate sus-
ceptibility for cefepime and gentamicin, although ciprofloxacin susceptibility worsened and
the receptor mechanism remained unresolved [73]. Phage Indie similarly restored ceftazidime
susceptibility and prolonged killing in MDR A. baumannii, whereas its combination with
piperacillin-tazobactam was antagonistic, emphasizing that resensitization is drug-specific
rather than a generic consequence of phage exposure [74]. A 2026 hypermutator XDR P.
aeruginosa hardware infection further shows why longitudinal genomics matters clinically:
mutS-associated hypermutation accompanied rapidly evolving antibiotic resistance before
adjunctive intravenous phage plus cefiderocol was used [22].

Trade-offs can also be ecological or immunological rather than genetic. In a longitudi-
nal cystic fibrosis case, phages and antibiotics acted in different temporal niches; anti-phage
immunoglobulin M emergence tracked attenuation of the dominant phage after approxi-
mately one week, and resistant variants showed limited expansion relative to susceptible
populations [7]. A longitudinal E. faecium bacteremia report outside the core biofilm de-
nominator similarly associated rising neutralizing activity with renewed bacterial burden
despite earlier clinical improvement during adjunctive phage use [21]. In the S. epidermidis
mouse PJI study, neutralizing antibodies also emerged during repeated dosing even though
no treatment-emergent phage or vancomycin resistance was detected [35]. These observa-
tions cannot be summarized by a checkerboard score and show why host immunity must
be integrated into resistance and PK/PD interpretation.

Future experiments should plate survivors on phage, antibiotic and combined selective
conditions; quantify resistance frequencies at multiple times; retest stability after drug-free
passage; measure growth, biofilm formation and virulence-related phenotypes; and se-
quence representative lineages. A combination should not be called resistance-suppressing
merely because no colony was observed at one endpoint. The detection limit, plated
population, number of independent cultures and duration of follow-up must be reported.
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8. How Should PAS Against Biofilms Be Measured? Methodological
Discordance and Standardization

Because PAS detection methods are established, this review does not reiterate general
assay principles. The critical issue is endpoint discordance. Among the 54 core studies,
direct viable-count or burden endpoints were used in 45/54 (83.3%) and biomass in 28/54
(51.9%). Metabolic or regrowth measures were used in 17/54 (31.5%), microscopy or
bioluminescence in 17/54 (31.5%), and MBIC/MBEC-type endpoints in 11/54 (20.4%).
These non-equivalent endpoints can assign different interaction categories to the same
regimen and therefore limit cross-study comparability.

Accordingly, PAC is used throughout the synthesis for the treatment combination itself,
whereas PAS is used only when the source study classifies the interaction as synergistic
using an explicit criterion.

The most informative evidence comes from direct method comparisons. In the 2026
CApEsid study, CFU classified all four tested strains as additive, whereas extracellular
DNA (eDNA) and extracellular adenosine triphosphate (ATP) classified all four as syner-
gistic [18]. FICI can be useful for screening concentration regions, but its planktonic MIC
basis and the changing concentration of a replicating phage make it insufficient as the
sole definition of mature-biofilm synergy. Mature-biofilm studies should therefore define
synergy prospectively using a viable endpoint at matched time and exposure and report
the exact threshold used [1,4,5,18,28,75,76].

Secondary endpoints should explain, rather than replace, viable killing. Biomass can
capture matrix removal or detachment, microscopy can localize structural change, and
metabolic or regrowth assays can reveal residual activity; none alone establishes bactericidal
eradication. Discordant endpoints should be reported explicitly rather than resolved by
selecting the most favorable result. A practical evidence package is therefore viable burden
as the primary endpoint, one orthogonal structural or spatial measure, and longitudinal
regrowth or resistance follow-up [11,18,25,30,58,59,77].

The standardization problem is therefore not the absence of PAS assays but incon-
sistent application and reporting. The broader phage-biofilm literature is dominated by
young static models [3], and the present PAC/PAS corpus likewise remains heterogeneous
in age, interaction definition, and endpoint selection. Standardization should prioritize
prespecified synergy criteria, direct mature-biofilm validation, transparent reporting of ad-
ministered and recovered phage exposure, and cross-endpoint concordance. The minimum
reporting elements are listed below.

Proposed Minimum Reporting Standard

• Identify the bacterial strain, source, resistance phenotype and relevant genotype;
report whether the phage is strictly lytic and genomically screened for lysogeny, toxin
and resistance genes.

• State biofilm age, pretreatment viable burden, community composition, surface/material,
medium or biological fluid, temperature, oxygenation and static/flow conditions.

• Report the administered phage concentration in PFU/mL and the calculation used for
MOI; measure PFU during treatment when mechanistic amplification is claimed.

• Report antibiotic concentration in mg/L and relative to MIC, MBIC or MBEC measured
for the same strain and method.

• Specify phage-first, antibiotic-first or simultaneous dosing, the interval between com-
ponents, treatment duration, wash steps and whether doses were repeated.

• Include untreated, phage-only, antibiotic-only, vehicle and, where relevant, inactive-
phage or nonhost controls at matched sampling times.
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• Use a direct viable endpoint, preferably time-resolved CFU with validated biofilm
recovery and phage neutralization; give the limit of detection.

• Add at least one orthogonal endpoint for matrix, architecture, metabolic regrowth or
host tissue effect, and explain how discordant results were interpreted.

• Define synergy prospectively relative to the most active monotherapy and specify the
time point, baseline and threshold; do not use the word synergy for any statistically
significant difference.

• Quantify phage-, antibiotic- and dual-resistant survivors over time; report plating
denominator, detection limit and phenotype stability after drug-free passage.

• Sequence representative survivors when resistance suppression, receptor trade-offs or
antibiotic resensitization are central claims.

• Report biological replicates, technical replicates, randomization or blinding where fea-
sible, statistical model, raw study-level values and all tested dose-sequence conditions,
including antagonistic results.

9. From In Vitro Biofilms to Clinical Translation
The translational ladder remains broad but shallow. Fifteen studies reached only

young static biofilm Level 2, 11 reached mature mono-species Level 3, six reached sur-
face/flow Level 4, and four reached polymicrobial Level 5. Three studies reached three-
dimensional tissue/mucus/implant Level 6, two reached ex vivo Level 7, nine reached
animal Level 8, and four reached human Level 9 (Figure 4). Assigning the highest attained
level prevents an animal study from inflating lower rungs, but it does not imply equal
quality within a level. Supplementary Table S1C now provides the individual highest-level
assignment for all 54 core studies, and Supplementary Table S4B reproduces the same level
code alongside the treatment and evolutionary flags.

Dynamic and humanized models provided the clearest bridge from screening to
exposure realism. Four-day P. aeruginosa PK/PD and seven-day MRSA reactor studies
simulated changing antibiotic concentrations and repeatedly measured bacterial and phage
populations [4,28]. Supporting evidence outside the core denominator strengthened this
bridge through fibrin-clot and simulated endocardial models, humanized ex vivo PAC
systems, and quantitative multi-strain pharmacodynamic mapping [45,76,78–80]. These
supporting studies were not added to the primary denominator because they did not
directly test a qualifying preformed biofilm under the operational boundary.

Ex vivo and animal studies confirmed that biological context can preserve, weaken or
reverse an in vitro interaction. pB3074 and pB23 combinations improved killing in pig skin,
while YC#06, vB8388, phiLCL12 and pB23 regimens produced benefit in zebrafish or Galleria
infection models [46,47,56,65,81]. The expanded corpus adds two useful counterpoints. In
E. coli, phiWL-3 plus fosfomycin improved Galleria survival for the reference strain but not
for the ciprofloxacin/ceftriaxone-resistant clinical isolate despite strong in vitro antibiofilm
effects [66]. HS106-gentamicin improved zebrafish survival in MDR K. pneumoniae, whereas
the S. epidermidis mouse PJI study could not support a confident efficacy conclusion because
unexpectedly low infection persistence compressed the model’s dynamic range [35,72].
Animal survival is valuable, but it should not replace direct sampling of bacterial burden,
phage titre, antibiotic exposure and resistance at the infected site.

PAS also has a plausible role in animal production, particularly where MDR pathogens
form biofilms on farm surfaces or cause infections that drive antimicrobial use. Recent
poultry studies provide proof-of-concept. Bhutada et al. reported surface-dependent
phage–antibiotic effects on crystal violet biomass in MDR avian pathogenic Escherichia
coli biofilms on polypropylene, stainless steel, and polyvinyl chloride, although some
ciprofloxacin combinations were antagonistic [12]. Luo et al. demonstrated in vitro synergy
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with doxycycline or florfenicol; the chick experiment tested PTolC-69 plus doxycycline
and showed reduced lung and spleen burdens [82]. Translation to production settings will
require broad field-isolate coverage, practical delivery in relevant farm matrices, stability
and dosing studies, resistance and microbiome surveillance, and controlled field trials
that measure both animal-health outcomes and reductions in antibiotic use. PAS should
therefore be developed as a targeted adjunct to, rather than a replacement for, hygiene,
vaccination, biosecurity, and antimicrobial stewardship.

Figure 4. PAC/PAS translational evidence ladder (N = 54). Each core study was assigned to the
highest level reached. Level 1 is zero because planktonic-only studies were excluded from the primary
synthesis. The ladder represents increasing biological realism, not a validated hierarchy of study
quality. PAC, phage–antibiotic combination; PAS, phage–antibiotic synergy.

Core human evidence consisted of four deeply characterized cases rather than con-
trolled trials. A personalized regimen for limb-threatening K. pneumoniae prosthetic-knee
infection combined isolate-specific combination biofilm testing with clinical phage use and
limb-sparing management [13]. In chronic P. aeruginosa aortic-graft infection, 72 h Dacron
biofilm testing excluded antagonism before local OMKO1-ceftazidime application [31]. In
chronic hip PJI, patient-specific 24 h biofilm testing showed synergistic Pa53-meropenem
eradication at sub-eradicating exposures before repeated local phage administration with
meropenem; absence of relapse at two years remains confounded by surgery and antibi-
otic therapy [70]. A refractory P. aeruginosa mediastinitis and vascular-graft infection was
treated with a bespoke regimen selected partly for an efflux-pump trade-off, with clinical
and radiologic improvement and no recurrent bacteremia at one year [6]. None of these
uncontrolled observations provides a comparative efficacy estimate.

Additional clinical reports were incorporated as supporting translational evidence
without changing the core denominator because they did not provide qualifying direct
complete-regimen biofilm testing. The longitudinal cystic fibrosis study by Luong et al.
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contributed unusually detailed population genomics, phage kinetics and antibody data,
but it evaluated ecological cooperation during treatment rather than a complete PAC
regimen against a preformed patient-specific biofilm [7]. Other supporting reports in-
clude repeated local phage administration with systemic antibiotics for MDR P. aeruginosa
PJI/osteomyelitis [19], a polymicrobial bone-allograft biofilm case in which incomplete
phage coverage preceded recurrence [20], intravenous phage plus cefiderocol for a hyper-
mutator XDR P. aeruginosa hardware infection [22], and multisite local, intravenous and
nebulized phage delivery with ceftolozane/tazobactam for relapsing MDR P. aeruginosa
frontal osteitis [23]. A systematic review of hip and knee PJI identified 18 clinical studies
involving 53 patients; phage therapy was consistently adjunctive to antibiotics, while the
evidence remained heterogeneous and methodologically weak [10]. These reports broaden
feasibility, delivery and safety information but should not be interpreted as comparative
PAC efficacy estimates.

The largest translational uncertainty is joint phage–antibiotic PK/PD in a biofilm
compartment. Antibiotic exposure can often be simulated from known pharmacokinetics,
whereas phage concentration depends on administration route, distribution, adsorption,
replication, washout and immune neutralization. A high starting titre in a well does
not prove that the same local exposure is achievable in lung mucus, bone, synovial fluid
or a vascular graft. Conversely, local phage amplification may partly compensate for
low delivered dose only if susceptible, metabolically permissive bacteria remain. The
longitudinal cystic fibrosis and Enterococcus reports and the S. epidermidis PJI model show
that neutralizing antibodies can emerge during therapy, while biological-fluid studies show
that local matrices can change phage activity [7,21,26,35,62]. Both PFU and host response
must therefore be measured during translation.

A translational package should include activity across a representative isolate panel,
an explicitly mature biofilm on the intended material or fluid, and factorial dose-sequence
optimization. It should also include repeated exposure with resistance follow-up, human-
simulated antibiotic pharmacokinetics (PK) with realistic phage delivery, at least one
site-matched animal or ex vivo confirmation, and a clinical monitoring plan for CFU,
PFU, susceptibility, neutralizing antibodies, and recurrence. Human treatment should be
linked prospectively to the laboratory regimen rather than supported by a retrospective
demonstration that some combination was active.

Regulatory, Manufacturing, and Implementation Considerations

Regulatory readiness has clearer but still evolving anchors. Recent regulatory reviews
emphasize defined phage and bacterial banks, identity and potency, purity and microbial
safety, impurity and endotoxin control, validated manufacturing processes, and stability
specifications for phage therapy medicinal products [83,84]. The regulatory review by
Fuerst-Wilmes et al. describes the European Pharmacopoeia general chapter on phage
therapy medicinal products as a framework for harmonized quality expectations, but adapt-
able or personalized products still raise the practical question of how phage composition
can be changed rapidly while remaining within a validated quality and authorization
framework [83].

Manufacturing and implementation constraints are equally important. Reproducible
propagation, purification of bacterial contaminants and endotoxin, lot-to-lot activity, val-
idated potency assays, product stability, GMP-compatible production capacity, and the
turnaround time required for strain-matched products can all limit deployment [83,84].
Clinical implementation additionally requires timely phage-host matching, standardized
phage-susceptibility and PAS testing, qualified phage banks, biofilm-relevant assays,
PK/PD support, trained laboratory personnel, and reporting workflows fast enough to
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influence antibiotic decisions [85]. A scalable PAC/PAS pathway therefore has to connect
manufacturing quality systems with diagnostic selection, antibiotic stewardship, pharma-
cology, and prospective microbiological and clinical monitoring; biological synergy alone is
insufficient for routine adoption.

10. Limitations of the Review
This review is narrative- and question-led rather than exhaustive or PRISMA-

systematic. PubMed/MEDLINE was the principal database, and the retrospective extension
of the search window to include 2015–2016 records was targeted rather than a complete
rerun. Supplementary discovery during revision broadened source identification, but a
formal multi-database systematic search was not performed and the original executable
query log was not retained; relevant studies may therefore have been missed. The final
54-study denominator and its percentages describe the mapped corpus, not the prevalence
of methods or effects in all published PAC/PAS research. Eligibility and publication-status
checks were reconciled consistently before the final recount: biomass-only experimental
studies are supporting rather than core, the patient-specific Level 9 structural-biofilm
exception is explicitly labeled, studies in which combination exposure begins before a qual-
ifying established/preformed biofilm are supporting rather than core, and one retracted
publication [14] is excluded from all synthesis estimates. Because the corpus remains het-
erogeneous in models, endpoints and interaction definitions, the quantitative summaries
are descriptive rather than meta-analytic effect estimates.

Interpretation is also constrained by heterogeneous biofilm ages, surfaces, inocula,
phage doses, antibiotic exposures, sequence definitions, endpoints and synergy criteria;
incomplete reporting prevented uniform coding for every variable and precluded meta-
analysis. The mixed corpus did not support a single validated risk-of-bias instrument,
advanced models remained sparse, and the four core human cases were uncontrolled and
confounded by surgery, source control, concurrent antibiotics, host immunity and natural
disease course. These limitations support cautious structured mapping rather than pooled
efficacy claims.

11. Research Priorities
The evidence supports PAC/PAS as a rational strategy for mature MDR biofilms,

but not as a universal class effect. Strong killing occurred in multiple organisms and
advanced models, yet benefit repeatedly depended on strain-level phage susceptibility,
matrix and receptor access, bacterial physiology, antibiotic mechanism and concentra-
tion, treatment sequence, dose repetition and model ecology [4,32,42–44,58]. Quantitative
multi-strain pharmacodynamics further argues against treating antibiotic class as a uni-
versal predictor because interaction direction can vary substantially among strains [45].
Receptor-complementary cocktail design can broaden host range, but prevention-model
and planktonic findings must still be revalidated in preformed mature biofilms [17,54].
Method-comparison data add a second requirement: robustness should be demonstrated
across orthogonal endpoints rather than defined by the most favorable assay [18]. The field
should therefore move from asking whether phages and antibiotics can be synergistic to
asking which measurable conditions make a particular regimen robust.

Three cross-cutting priorities should be treated as non-negotiable for the next phase
of the field: standardized mature-biofilm models with prespecified age, burden, matrix
or surface, exposure, and endpoints; longitudinal resistance monitoring across repeated
exposure and regrowth; and multicenter translational validation using shared protocols
and representative isolate panels. These priorities are needed to distinguish robust regimen
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effects from laboratory-specific signals and to support reproducible progression toward
clinical or production use.

The most urgent experiments are paired, factorial and translational rather than simply
larger. Each candidate should be tested against the same isolate in planktonic culture,
a young biofilm and an older clinically matched biofilm; only then can discordance be
quantified instead of inferred. Dose-sequence matrices should preserve absolute PFU/mL
and mg/L data, while repeated dosing and longitudinal CFU/PFU sampling should expose
regrowth. Mature mono-species work should be followed by the relevant surface, fluid
and community, not by an unrelated animal model chosen only for convenience.

Resistance must become a co-primary outcome. The strongest mechanistic evidence
came from experiments that combined viable killing with survivor phenotyping, genomics
or clinically useful resensitization [5,6,27,67,71]. Supporting A. baumannii work shows both
clinically useful resensitization and drug-specific trade-offs after phage selection [73,74],
while a hypermutator clinical case illustrates how rapidly antibiotic resistance can evolve
in a retained-hardware infection before adjunctive phage use [22]. Sequence experiments
further show that the schedule producing the largest immediate reduction may not produce
the best evolutionary outcome [48]. By contrast, a short endpoint with no survivor testing
cannot establish durability, and enterobacterial repetitive intergenic consensus polymerase
chain reaction fingerprint change should not be treated as equivalent to survivor whole-
genome sequencing [59]. At minimum, future studies should quantify phage, antibiotic and
dual resistance, and test whether selected variants pay costs in growth, biofilm formation,
virulence or susceptibility to other drugs.

The following program would resolve the major unanswered questions:

• Build multicenter isolate panels that include the intended MDR lineage, phage-
resistant subpopulations, receptor diversity and clinically relevant matrix phenotypes
such as mucoidy or capsule variation; use receptor-complementary cocktails as a
testable design strategy rather than assuming that more phages are intrinsically better.

• Use paired 24 h, 72 h and 7-day biofilms on the intended material or in the intended
biological fluid to quantify the age penalty for each regimen.

• Run full concentration-by-sequence experiments with phage-first, antibiotic-first, si-
multaneous and repeated-dose arms; measure both administered and recovered PFU.

• Adopt CFU time-kill as the primary endpoint and require an orthogonal struc-
tural/spatial endpoint plus regrowth and resistance follow-up; when feasible, use
a prespecified multiparametric workflow so that endpoint discordance is reported
rather than averaged away.

• Sequence independent survivors from phage, antibiotic and combination arms and
link mutations to adsorption, antibiotic susceptibility, biofilm fitness and virulence.

• Advance only regimens that retain benefit in human-simulated antibiotic PK/PD and
realistic phage delivery, then confirm them in a site-matched ex vivo or animal model.

• For compassionate or trial use, predefine laboratory-clinical concordance measures,
serial isolate testing, phage titres, antibiotic concentrations, neutralizing-antibody
measurements, adverse events and recurrence.

A concise translational workflow is: match, model, optimize, stress-test and monitor.
Match means confirming productive infection and genomic safety in the patient or target
isolate. Model means recreating the mature biofilm age, material, fluid and community.
Optimize means jointly selecting phage concentration, antibiotic exposure, sequence and
repetition. Stress-test means challenging the regimen with resistant survivors, realistic
PK/PD and an advanced model. Monitor means measuring bacterial burden, phage
exposure, resistance, immunity and recurrence during clinical use.
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12. Conclusions
The central finding of this review is that PAS in MDR biofilms is a context-dependent

phenotype rather than a fixed property of a phage–antibiotic pair. Across the mapped
evidence, outcomes depended on biofilm maturity and matrix, strain-level phage suscepti-
bility, absolute phage and antibiotic exposure, treatment order, repeated dosing, endpoint
selection, and resistance evolution. Planktonic synergy was therefore insufficient to predict
mature-biofilm activity, and the schedule producing the greatest immediate killing did
not necessarily best suppress resistance. Evidence beyond static in vitro systems remained
limited: nine core studies reached animal models and four core human reports meeting the
defined Level 9 translational criteria supported feasibility, but not comparative efficacy.

Future research should prioritize paired planktonic-to-mature-biofilm validation, fac-
torial dose-sequence experiments, longitudinal CFU/PFU and resistance tracking, survivor
genomics, and orthogonal assay confirmation. Candidate regimens should advance only
when activity persists in clinically or production-relevant surfaces, fluids, and communities
and under realistic PK/PD, delivery, and host-immunity constraints. The most useful
translational framework is therefore to match the phage to the target isolate, model the
intended biofilm, optimize dose and sequence, stress-test resistance and exposure, and
monitor microbiological and clinical outcomes. This staged approach is more defensible
than assuming a universal phage-first, simultaneous, or cocktail rule.
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