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Abstract

Background/Objectives: The growing threat posed by antimicrobial resistance to world-
wide public health highlights the urgent need not only for new anti-infective candidates,
but also for innovative formulation strategies capable of mediating effective delivery of
anti-infective compounds. The current study, therefore, aimed to demonstrate the fea-
sibility of formulating lipid-polymer hybrid nanoparticles (LPHNPs) with dual loading
of both core and shell compartments for combination anti-infective delivery. Methods:
LPHNPs containing the antibiotic cefotaxime within a chitosan polymer core and the novel
antimicrobial peptide RN7IN6 within a bacteria-mimicking lipid shell were produced
by microfluidic mixing, and optimized with respect to parameters including total flow
rate, flow rate ratio, and lipid concentration. Minimum inhibitory concentrations of cefo-
taxime and RN7IN6 co-incorporated in LPHNPs were assessed as a preliminary indicator
of antibacterial efficacy. Results: Uniformly nanosized LPHNPs were produced, with
maximized loading of cefotaxime and RN7IN6 within particle cores and shells, respectively.
Empty LPHNPs showed an appreciable antibacterial activity, particularly against the Gram-
negative bacterium Escherichia coli, while RN7IN6 was indicated to enhance cefotaxime
activity against E. coli when both actives were incorporated in LPHNPs. Conclusions: The
current findings clearly demonstrate the feasibility of formulating LPHNPs for core-shell
co-encapsulation and delivery of anti-infectives. The promising antibacterial efficacy of
co-loaded LPHNPs warrants further in-depth investigation to determine the extent of
co-loaded LPHNP applications as combination anti-infective delivery platforms.

Keywords: lipid-polymer hybrid nanoparticle; bacteriomimetic; antimicrobial peptide;
anti-infective; co-delivery; combination delivery; microfluidic manufacture

1. Introduction

Antimicrobial resistance (AMR) is a major and growing threat to public health world-
wide, with significant effects on global morbidity, mortality, and healthcare costs. Unless
impactful measures can be implemented, drug-resistant infections have been projected
to result in 10 million deaths globally by 2050 [1]. Bacterial AMR, of particular concern,
has already been reported to have contributed to 4.95 million deaths worldwide in 2019
alone [2], with bacterial cell envelope structures often acting as significant barriers to
effective anti-infective delivery even in wild-type organisms [3]. As a further problem,
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diminishing flow through the antibiotic pipeline means that the shrinking pool of effec-
tive antibiotics is not being refilled by additional or novel treatment options [4,5]. This
escalating global crisis draws attention to an urgent need not only for new anti-infective
candidates with alternative targets and/or modes of action to traditional antibiotics, but
also importantly, for innovative strategies to facilitate the effective delivery of novel and
traditional anti-infective therapies into and across bacterial cell envelope structures to reach
their targets.

Lipid-polymer hybrid nanoparticles (LPHNPs) consisting of a robust polymer core
surrounded by a membrane-like lipid shell have been widely investigated to date for the
delivery of cancer therapeutics [6-8], and are emerging as a delivery strategy of promise in
the context of infection research. LPHNPs combine the benefits (and may circumvent the
limitations) of polymeric nanoparticles and liposomes as separate delivery systems—the
LPHNP polymeric core provides a high structural stability and capacity for drug loading,
while the lipid shell confers an enhanced biocompatibility, and the potential to prevent
premature escape or even affect controlled release of drug payload [9,10]. In an innovative
step, the lipid shell component can be further engineered to consist of native bacterial
cell membranes or synthetic bacteria-relevant lipid mixtures, leading to the fabrication
of bacteriomimetic LPHNPs possessing the potential for enhanced interaction with and
improved anti-infective delivery to target bacterial cell envelopes [11-13].

The distinct two-compartment structure of LPHNPs further creates the possibility
for co-encapsulation of hydrophilic and lipophilic actives within a single carrier structure.
While core-shell loading of LPHNPs with chemotherapeutic agents has been previously
trialed [8,14], to the best of the authors” knowledge, incorporation of anti-infectives sep-
arately into core and shell structures of LPHNPs has not been extensively investigated.
This is of significant interest in the context of combination therapy, which involves the
simultaneous use of anti-infectives of differing but complementary modes of action. De-
livering combinations of anti-infectives may lead to an enhanced antibacterial activity
compared to single-agent use, in turn facilitating a reduction in therapeutic drug dose
and mitigating resistance development [15,16]. The considerable potential for individual
actives within a combination to have differing physicochemical properties (including water
solubility /lipophilicity), however, creates practical challenges for co-administration, and as
such may present a hurdle to effective translation of certain combination approaches. This
renders the ability to incorporate and deliver combinations of anti-infectives via a single
nanocarrier platform an attractive prospect.

The current work was, therefore, designed to serve as an in-depth proof-of-
concept study, with the aim of exploring the feasibility of formulating LPHNPs as dual-
compartment platforms for co-encapsulation and delivery of anti-infective compounds.
To this end, a process for the production of LPHNPs consisting of a chitosan polymer
core encapsulating the traditional antibiotic cefotaxime and a bacteria-relevant lipid shell
incorporating the novel antimicrobial peptide RN7IN6 was established. With a view to
creating clear possibilities for scale-up and translation, a microfluidic mixing technique was
employed for this purpose, and a detailed investigation of the impact of varying parameters
such as flow rate ratio (FRR), total flow rate (TFR), and component concentrations was
conducted. This process was optimized to produce uniformly nanosized LPHNPs, with
maximal anti-infective co-loading. Co-loaded LPHNPs were then screened in a preliminary
antibacterial efficacy study to gauge the extent of their future promise as combination
anti-infective delivery platforms. The study demonstrates a considerable potential for
co-loaded LPHNPs as platforms for combination anti-infective delivery, and highlights a
number of key focal points for further, in-depth investigation to fully explore the extent of
this potential.
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2. Materials and Methods
2.1. Materials

Mueller-Hinton Broth 2 (MHB2), nutrient agar, and resazurin were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Chitosan hydrochloride (MW 30400 kDa, degree
of deacetylation 80-95%) was obtained from Heppe Medical Chitosan GmbH (Halle, Ger-
many). Phosphate-buffered saline (PBS, pH 7.4) tablets were obtained from Oxoid Ltd.
(Basingstoke, UK). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (POPG), and 1/,3'-
bis [1,2-dioleoyl-sn-glycero-3-phospho]- glycerol (sodium salt) (tetraoleoyl cardiolipin,
CL) were purchased from Avanti Polar Lipids (Merck, Rahway, NJ, USA). HPLC-grade
acetonitrile and methanol were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). N,N-dimethylformamide (DMF) was bought from Acros Organics (Bridgewater,
NJ, USA). 1-propanol and formic acid were purchased from VWR (Radnor, PA, USA).
Trifluoroacetic acid (TFA) was purchased from Fisher Scientific (Hampton, NH, USA). Ce-
fotaxime sodium salt (CTX, >95%) was obtained from Enzo Life Sciences (Exeter, UK). The
antimicrobial peptide (AMP) RN7ING6 (amino acid sequence FLGGLIKWWPWRR-NH,,
MW 1709.078 g/mol [17] purity > 95%) was synthesized and purified in-house [18], as
detailed in the Supplementary Materials.

2.2. Empty LPHNP Manufacture and Characterization

Empty LPHNPs consisting of a chitosan nanoparticle (CNP) core surrounded by a
bacteria-relevant lipid shell (POPE, POPG, and CL in a 70:20:10 wt% mixture corresponding
to a 15:4:1 molar ratio, representative of the Gram-negative bacterial inner membrane [19])
were manufactured by microfluidic mixing via a two-step method. In the first step, a
NanoAssemblr® Benchtop system equipped with a staggered herringbone mixer cartridge
(Precision Nanosystems Inc., Vancouver, BC, Canada, cartridge as illustrated in [20]) was
used to manufacture empty CNPs (see Supplementary Materials Section S1.1 for empty
CNP preparation and optimization). As a second step, CNP were coated with bacteria-
relevant lipids to produce empty LPHNP by injecting unpurified and undiluted CNP into
one inlet of the micromixer, and a POPE:POPG:CL lipid solution (prepared by dissolving
lipids in 1-propanol:DMF (80:20 v/v) containing 0.01% formic acid) into the other inlet, at
room temperature.

Two screening studies were initially conducted, which allowed for the determination
of optimal lipid concentration and TFR parameters for empty LPHNP production (see
Supplementary Materials Section S1.3). In order to determine the optimal FRR (CNP
dispersion:lipid solution), empty LPHNPs were prepared using a set optimized lipid
concentration of 0.5 mg/mL and a TFR of 20 mL/min, and FRR values ranging from 2:1 to
6:1 (Table 1).

Table 1. Formulation parameters employed to determine the optimal FRR for empty LPHNP
production. Lipid concentration and TFR were fixed based on screening studies detailed in the
Supplementary Materials.

. Lipid Concentration Weight Ratio . FRR
Formulation P (mg/mL) (Lipidg:Chitosan) TFR (mL/min) (CNP:Lipid)
E2:1 05 0.43:1 20 21
E3:1 0.5 0.32:1 20 31
E4:1 0.5 0.26:1 20 41
E5:1 05 0.21:1 20 5:1
E6:1 0.5 0.18:1 20 6:1
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2.3. CTX-Loaded LPHNP Manufacture and Characterization

CTX-loaded LPHNPs were formulated as a CTX-loaded CNP core (see Supplementary
Materials Section S1.2 for CTX-loaded CNP preparation and optimization, with 3 mg/mL
CTX utilized as optimal loading concentration), surrounded by a bacteria-relevant lipid
shell as described in Section 2.2. CTX-loaded LPHNPs were prepared by microfluidic
mixing of CTX-loaded CNP and lipid solutions similar to that described for empty LPHNPs
in Section 2.2, and employing optimized lipid concentration, TFR, and FRR parameters as
established for empty LPHNPs.

2.4. CTX and RN7IN6 Co-Loaded LPHNP Manufacturing and Characterization

The microfluidic manufacturing process and parameters used to prepare CTX (polymer
core) and RN7ING6 (lipid shell) co-loaded LPHNPs were as described and optimized in
Sections 2.2 and 2.3. To investigate the additional optimal loading of RN7IN6 into LPHNP
lipid shells, increasing loading concentrations of RN7IN6 ranging from 0.5 mg/mL to
2 mg/mL were dissolved in the organic phase together with lipid shell constituents, as
summarized in Table 2.

Table 2. Microfluidic process parameters employed to manufacture CTX and RN7IN6 co-loaded
LPHNPs with varying loading concentrations of RN7ING6.

Organic Phase
FRR (CTX-Loaded

Formulation = Aqueous Phase = RN7IN6 (mg/mL) Lipid (mg/mL) TFR (mL/min) CNPs:RN7ING6 in

Lipid
05R 0.5
0.75R 0.75
1R CTX-CNP 1 0.5 20 5:1
15R 1.5
2R 2

2.5. Physical Characterization of Nanoparticles

The z-average (mean hydrodynamic diameter), PDI, and zeta potential as criti-
cal quality attributes of CNPs and LPHNPs were measured via dynamic light scat-
tering/electrophoretic mobility, using a Zetasizer Nano ZS (Malvern Instruments Ltd.,
Malvern, UK) following appropriate dilution of samples in PBS (pH 7.4), and at a tempera-
ture of 25 °C.

2.6. Nanoparticle Purification

Residual organic solvent and unentrapped actives (as applicable) were removed from
formulations using Centrisart® centrifugal ultrafiltration units (300 kDa molecular weight
cutoff, Sartorius, Epsom, UK). A 2 mL volume of nanoparticle sample was loaded into
centrifugal ultrafiltration units and centrifuged at 1188 g and 25 °C for 30 min (Eppen-
dorf centrifuge 5804r, Hamburg, Germany). Concentrated LPHNP dispersions were then
collected and diluted for further use as required. Where appropriate, the produced ultrafil-
trate was used for the determination of encapsulation efficiency (EE%) and incorporated
concentration of CTX and/or RN7ING6 (Section 2.7).

2.7. Quantification of CTX and RN7IN6

An HPLC system (1200 series) from Agilent Technologies (Santa Clara, CA, USA) was
used for quantification of CTX and RN7IN6. The system was operated via ChemStation
software (version LTS 01.11) and was equipped with a G1322A degasser, a G1312A binary
pump, a G1316A thermostated column compartment, a G1329A autosampler, and a G1314B
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variable wavelength detector. The analysis method was employed to quantify both CTX
and RN7IN6, with chromatographic separation carried out by employing an Agilent
Eclipse XDB-C18 column (4.6 x 150 mm, particle size 5 pm, Santa Clara, CA, USA) and
measuring UV absorbance at 215 nm. The mobile phase consisted of eluent A (ultrapure
water/acetonitrile 95/5%, 0.1% TFA) and eluent B (ultrapure water/acetonitrile 5/95%,
0.1% TFA). Samples were run with a gradient of 100% to 0% eluent A over 20 min at
0.8 mL/min and 25 °C (injection volume 10 pL). Following each sample run, the system
was flushed with 100% eluent B for 3 min and re-equilibrated for 11 min. Data were
analyzed with reference to CTX and RN7ING6 calibration curves.

2.8. Evaluation of CTX and RN7IN6 EE% and Incorporated Drug Concentration

The EE% and incorporated drug concentrations of CTX and RN7IN6 were determined
indirectly by HPLC-based quantification of unentrapped compound (see Section 2.7) in
ultrafiltrate samples resulting from centrifugal ultrafiltration of LPHNP formulations as
described in Section 2.6. EE% was then calculated by inferring the entrapped compound
amount and expressing this as a percentage of the theoretical amount of active added
during formulation preparation. The inferred amount of entrapped compound was also
used to calculate an incorporated drug concentration, expressed as an amount of CTX or
RN7ING6 contained within 1 mL of LPHNP formulation (pug/mL).

2.9. CTX and RN7ING6 Release Kinetics

Release profiles of CTX from CTX-loaded CNPs, CTX-loaded LPHNPs, and CTX
and RN7IN6 from co-loaded LPHNPs were determined. Purified formulations were
diluted in 9 mL of PBS (pH 7.4) to give initial concentrations of approx. 100 ug/mL CTX
and 39 pg/mL RN7IN6. The samples were then placed on a HulaMixer' Sample Mixer
(Thermo Fisher Scientific, Waltham, MA, USA) and continuously rotated at a temperature
of 37 °C. At specific timepoints (0, 1, 2, 4, 6, 24, and 48 h), 500 uL of supernatant produced
by ultracentrifugation (55,000 rpm, 1 h, 4 °C, rotor type 70.1 Ti, Beckman Coulter Inc.,
Brea, CA, USA) was withdrawn and replaced with an equal volume of fresh PBS. Release
of CTX or RN7IN6 (cumulative percentage) was calculated following HPLC analysis of
supernatant samples as described in Section 2.7.

2.10. Antimicrobial Efficacy Assessment
2.10.1. Bacteria

Free CTX and RN7IN6 and actives incorporated in various CNP and LPHNP formu-
lations were tested for antimicrobial activity against Escherichia coli (NCTC 12241) and
Staphylococcus aureus (NCTC 12981) (National Collection of Type Cultures, Salisbury, UK).

For all antimicrobial testing, preparation of a standardized bacterial suspension was
achieved by suspending a single bacterial colony from an overnight culture on nutrient agar
in 50 mL of MHB2, which was incubated overnight at 37 °C in an orbital shaking incubator
at 250 rpm. A 40 pL volume of the overnight culture was then used to inoculate 150 mL
of MHB2, which was incubated at 37 °C for 3 h in an orbital shaking incubator. Bacterial
suspensions were adjusted to ODgyy 0.05-0.1, corresponding to 1 x 10® CFU/mL (as
determined from bacterial growth curves), following ODgpp measurement on a SpectroStar
Nano microplate reader (BMG LABTECH, Ortenberg, Germany).

2.10.2. Free CTX and RN7IN6 Antibacterial Activity

The antibacterial activity of free CTX and free RN7IN6 alone was evaluated by a
microdilution method incorporating resazurin [21] to determine the minimum inhibitory
concentration (MIC). Experiments were performed in 96-well plates, in triplicate. Bacterial
suspensions were prepared as in Section 2.10.1 and diluted in 96-well plates to a final
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concentration per well of 5 x 10° CFU/mL. Doubling dilutions of anti-infectives were
added into 96-well plates to reach a final volume per well of 200 uL. Plates were incubated
at 37 °C overnight. The MIC endpoint was visually evaluated as the lowest concentra-
tion of CTX or RN7IN6, which prevented a color change from blue to pink. Negative
(MHB?2 + resazurin solution) and positive (MHB2 + resazurin solution + inoculum) controls
were also included, with additional controls (MHB2 + resazurin + RN7IN6 solution, and
MHB2 + resazurin + CTX solution) to verify that RN7IN6 and CTX did not affect the
turbidity or color of the broth.

2.10.3. CTX and RN7ING6 Synergism Assessment (Microdilution Checkerboard Assay)

To determine whether co-administration of CTX and RN7IN6 could lead to an en-
hanced antibacterial effect, synergy analysis was carried out by a checkerboard titration
method using 96-well microtiter plates [22]. Concentration ranges of CTX and RN7IN6
employed in the checkerboard assay (CTX: 16-0.25 ug/mL for S. aureus, 1-0.016 pg/mL
for E. coli; RN7IN6: 128-2 pg/mlL for S. aureus, 256—4 ng/mL for E. coli) were selected
according to free CTX and RN7IN6 MIC values.

An 80 uL volume of standardized bacterial suspension (see Section 2.10.1) was added
to each plate well. CTX and RN7IN6 were then added in 2-fold serial dilutions down
columns (CTX) and across rows (RN7IN6) of microtiter plates. Control columns and wells
of doubly diluted CTX or RN7ING6 alone, respectively, were also plated. Following dilution
of antimicrobial agents, 20 pL of sterile resazurin solution in MHB2 (0.2 mg/mL) was added
to the plate. Negative controls (MHB2 + resazurin solution, MHB2 + resazurin + RN7IN6
solution, or CTX solution) and positive controls (MHB2 + resazurin solution + inoculum)
were performed alongside each experiment. MIC values for CTX and RN7IN6, both alone
and in combination, were visually evaluated as described in 2.10.2.

Determined MICs were then used to calculate a fractional inhibitory concentration
index (FICI) to assess the interaction between CTX and RN7ING6 in both S. aureus and E. coli.
The fractional inhibitory concentration (FIC) of CTX and of RN7IN6 was first calculated, as
the fraction of the MIC of each active in combination relative to its MIC alone; the FICI was
then calculated as the sum of CTX and RN7ING6 FIC values, and interpreted as follows [23]:

FICI < 0.5: synergistic activity;
0.5 < FICI < 1: partial synergism;
FICI = 1: addition;

1 < FICI < 4: indifference;

FICI > 4: antagonism.

2.10.4. Antimicrobial Activity of Empty and Loaded LPHNPs

The antibacterial activity of empty, CTX-loaded, and co-loaded LPHNPs, as well as
CTX-loaded CNPs, was assessed as described in Section 2.10.2. All formulations were
first purified according to Section 2.6, then diluted in sterile PBS (pH 7.4) to reach desired
incorporated concentrations of CTX, or CTX and RN7IN6 in combination, as follows:

e  CTX-CNPs and CTX-LPHNPs were diluted to reach a CTX concentration of 512 pug/mL
for S. aureus and 16 pg/mL for E. coli;

e Co-loaded LPHNPs were diluted based on RN7IN6 content to 32x MIC of free
RN7INS6, corresponding to 512 pg/mL for S. aureus and 1024 pg/mL for E. coli. The
corresponding CTX concentration was 765 pg/mL and 1530 pg/mL for S. aureus and
E. coli, respectively;

e  Empty LPHNPs were diluted in the same manner as for CTX-CNPs and CTX-LPHNPs.
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2.11. Statistical Analysis

Statistical analysis of the physical characteristics of empty and CTX-loaded LPHNPs
was performed using IBM SPSS Statistics software (Version 30.0.0.0, IBM Corp., Armonk,
NY, USA). One-way ANOVA with Tukey’s post hoc test was performed to assess mean
differences in LPHNP size, PDI, and zeta potential. A p value of <0.05 was taken as
indicating statistical significance.

Statistical analysis of co-loaded LPHNPs was performed using JMP® 16.2.0 software
(SAS Institute Inc., Cary, NC, USA). An independent t-test was performed on co-loaded
LPHNP size, PDI, and Z-potential measurements to determine if there was a mean dif-
ference in formulation physicochemical characteristics before and after purification via
centrifugation ultrafiltration. If the output of Levene’s test to assess equality of variance was
p > 0.05, the two-sided p value with equal variance assumed (pooled t-test) was considered,
while if the output of Levene’s test was p < 0.05, the two-sided p value with equal variance
not assumed (unpooled t-test) was considered. A p-value of <0.05 was taken as indicating
statistical significance throughout the study. Further, a one-way ANOVA with Tukey’s
post hoc test was employed to compare the physicochemical characteristics of co-loaded
LPHNPs and determine any significant differences resulting from varying RN7IN6 loading
concentration. A p value of <0.05 was taken as indicating statistical significance.

3. Results and Discussion
3.1. Empty LPHNP Manufacture and Characterization

The current work aimed to investigate the unexplored potential of LPHNPs as dual-
compartment platforms for combination anti-infective delivery. As an initial investigative
step, the feasibility of this approach from a formulation perspective was explored in
this study. Mixed methodologies employing variations of thin film hydration [24-27] or
vesicle fusion [28,29] have traditionally been used for LPHNP formulation; while entirely
suitable for small batch production, such methods present challenges for scalable LPHNP
manufacture [30]. A microfluidic mixing-based approach was therefore employed within
this proof-of-concept study, as a scalable alternative offering precise control over production
parameters. With future in-depth investigation of their antibacterial applications in mind,
LPHNPs were further designed with a Gram-negative bacterial membrane-mimicking
POPE:POPG:CL lipid shell [31] as a strategy hypothesized to enhance interaction with
target bacterial membranes [12,32,33].

A progressive development process for the production of co-loaded LPHNPs was
employed, with empty LPHNP production serving as the first stage in this process. Empty
LPHNPs were manufactured using a rapid two-step microfluidic process in which CNP as
polymer cores were first produced (optimized as detailed in the Supplementary Materials),
followed by the input of CNP and bacteria-relevant lipid solution into separate channels
of the micromixer to achieve controlled mixing and coating of polymer cores with a lipid
shell. As key manufacturing parameters in this second coating step, the impact of varying
lipid concentration, TFR, and FRR (CNPs:lipid solution) on empty LPHNP size, PDI, and
zeta potential was investigated. Initial scoping studies employing Taguchi (orthogonal
array, Figure S4) followed by full factorial design of experiments (Figure S5) identified the
lowest employed lipid concentration (0.5 mg/mL) and a TFR of 20 mL/min as conditions
resulting particularly in a small and uniform LPHNP size. These parameters were then
fixed, and further investigation was conducted employing varying FRR values (Table 1)
to allow for focus on identification of the optimal value for this manufacturing parameter
(Figure 1).
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Figure 1. Size and PDI (bars and dots, respectively, (a)) and zeta potential (b) of empty LPHNP
formulations prepared using a lipid concentration of 0.5 mg/mL, a TFR of 20 mL/min, and FRR as
indicated in formulation names and in Table 1. Results represent mean + SD of n = 3. * = p < 0.05 and
** = p < 0.01 with respect to formulations indicated in (a), and *** = p < 0.001 for E2:1 relative to all
other formulations in (b).

As anticipated from Figure S5 and published literature, increasing the FRR of CNP
to lipid solution resulted in a trend toward a smaller empty LPHNP size (Figure 1a)
and a change in surface charge nature (Figure 1b), with significant differences noted in
both parameters between formulations employing the lowest (E2:1) and highest (E6:1)
FRR values. Polymer/lipid ratios have been reported to play a key role in controlling
LPHNP size and surface charge—too low a ratio may potentially lead to the formation
of lipid-component liposomes, resulting in an overall increase in measured size and a
(more negative) liposome-approximating zeta potential, while too high a ratio may result
in incomplete lipid coating of polymer cores and measurement of a (highly positive, in this
case) polymer core-approximating zeta potential [34]. Neither observation is evident in
Figure 1. While no significant difference in size, PDI, or zeta potential was noted between
formulations E4:1, E5:1, and E6:1 employing the highest FRR investigated, the 5:1 FRR of
E5:1 was selected for further use due to a trend toward a smaller particle size in comparison
to E4:1, and the greater lipid concentration employed relative to E6:1 (which may potentially
facilitate a greater LPHNP lipid shell loading capacity). Further investigation confirmed
that employing a total lipid concentration of 0.5 mg/mL, TFR of 20 mL/min, and FRR of
5:1 resulted in the successful formation of a lipid shell around polymer cores. A significant
increase in the size of empty LPHNPs relative to empty CNP cores was noted, as well
as a significant reduction in zeta potential, indicating effective coverage and masking of
cationic CNP surfaces with a negatively charged lipid shell (POPE = zwitterionic, POPG and
CL = anionic) (Figure 2) [34,35].

3.2. Fabrication and Characterization of CTX-Loaded LPHNPs

As a next step toward the production of a co-loaded formulation, LPHNPs with
drug-loaded polymeric cores were produced and optimized. This was achieved by first
maximizing the loading of the traditional antibiotic CTX into CNP polymer core structures
(see Supplementary Material), followed by the employment of lipid concentration, TFR,
and FRR parameters established in the context of empty LPHNP formulation, in order to
envelop CTX-loaded CNP cores within a bacteria-relevant lipid shell. Investigation and
comparison of formulation critical quality attributes showed that CTX-loaded LPHNPs
were significantly larger (Figure 2a) with a lower zeta potential (Figure 2c) than CTX-
loaded CNP. This was entirely consistent with empty LPHNP vs. CNP findings and further
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indicated a lack of impact of CTX incorporation on the ability to successfully coat polymer
cores with a lipid shell.
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Figure 2. Size (a), PDI (b), and zeta potential (c) of empty and CTX-loaded CNP and LPHNP
formulations. Results represent mean & SD of n = 3. * = p < 0.05, ** = p < 0.01, and *** = p < 0.001 with
respect to formulations indicated.

When comparing polymer core structures, no significant difference was noted in the
size and PDI of empty vs. CTX-loaded CNPs; however, a slight but significant reduction
in CNP zeta potential was noted as a result of drug loading (30.1 & 0.8 mV for empty vs.
22.9 & 1.0 mV for CTX-CNP, Figure 2). This is not unexpected, with previous studies having
also noted the ability of zwitterionic cefotaxime to reduce the magnitude of nanoparticle
zeta potential, likely due to a degree of drug surface adsorption in addition to encapsula-
tion [36]. This effect did not translate to the LPHNP level, with no significant difference in
zeta potential (or size distribution) between empty and CTX-loaded LPHNPs, indicating
that the physicochemical characteristics of LPHNPs remained consistent regardless of CTX
incorporation into polymer cores [37].

3.3. Co-Loaded LPHNP Production: Optimization of RN7IN6 Loading Concentration

Following successful optimization of empty LPHNP followed by CTX-loaded LPHNP
production, incorporation of RN7IN6 within lipid shells was investigated as the final step
in the manufacture of co-loaded LPHNPs. As a novel, synthetic hybrid of the naturally
occurring AMPs indolicidin and ranalexin, RN7IN6 was utilized due to its promising
(but not thoroughly investigated) antibacterial activity, facilitated by bacterial membrane
disruption and permeabilization [17,38]. RN7IN6 was specifically incorporated within the
lipid shell compartment of LPHNPs due to its amphiphilic nature [17], and as a future-
focused strategy to achieve efficient localization of the AMP to bacterial membrane target
sites upon LPHNP lipid shell-bacterial membrane interactions.

LPHNPs with polymer core-loaded CTX were further optimized with a view to
achieving maximal RN7IN6 encapsulation within the lipid shell, while maintaining a
small and uniform LPHNP size distribution. With previously established formulation
parameters fixed, the impact of increasing RN7IN6 loading concentrations on LPHNP
size, PDI, and zeta potential (Figure 3) as well as CTX/RN7IN6 EE% and incorporated
concentrations (Figure 4) was investigated. In careful consideration of the potential for
purification processes to induce particle fusion or aggregation [39,40], in addition to the
potential risks to colloidal stability indicated by the near-neutral zeta potential [32,35] of
LPHNPs prior to AMP loading of lipid shells, the physical characteristics of co-loaded
LPHNPs were examined both immediately after preparation and following purification by
centrifugal ultrafiltration (Figure 3).
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Figure 3. Size (a), PDI (b), and zeta potential (c) of co-loaded LPHNP formulations, loaded with
0.5-2 mg/mL RN7ING6 as specified in Table 2 and in formulation names. ‘0 R’ represents CTX-
LPHNP with no incorporated RN7IN6. Lighter shades of green and blue designate formulations
after preparation, and darker shades indicate measurement after formulation purification. Results
represent mean £ SD of n = 3. * = p < 0.05 for the size of CTX-LPHNPs (‘0 R’) relative to all other
formulations after preparation in (a) and for formulations as indicated in (c).
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Figure 4. CTX and RN7IN6 encapsulation efficiency (EE%, (a)) and incorporated concentration
(b) determined in co-loaded LPHNPs prepared using 0.5-2 mg/mL RN7INS, as specified in Table 2
and in formulation names. ‘0 R’ represents CTX-LPHNP with no incorporated RN7IN6. Results
represent mean £ SD of n = 3. * = p < 0.05 with respect to the concentration of incorporated RN7IN6
of formulations loaded with 1.5 mg/mL ("1.5 R’) and 2 mg/mL (‘2 R") of RN7IN®6, in comparison to
all other formulations loaded with 0-1 mg/mL RN7ING6 (b).
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A minimal impact of centrifugal ultrafiltration was noted on co-loaded LPHNP phys-
ical properties, with statistical analysis demonstrating no difference in LPHNP size and
PDI pre- and post-purification (Figure 3a,b), and only co-loaded LPHNPs produced by
loading with 0.5 mg/mL RN7IN6 showed a slight but significant difference in surface
charge magnitude following purification (Figure 3c). Comparative analysis performed
on co-loaded LPHNPs to assess the impact of RN7ING6 loading and concentration effects
(illustrated where applicable in Figure 3, elaborated on in Figure S6) showed a signifi-
cant difference in the size of all co-loaded LPHNPs independent of loading concentration
in comparison to CTX-loaded LPHNPs, prior to purification (Figure 3a); however, this
was anticipated to be an artifact of free/unencapsulated peptide [41,42] as no significant
difference in LPHNP size with incorporation of RN7ING6 at any concentration was noted
following purification. Interestingly, while an overall trend toward more positive zeta
potential values was noted with increasing RN7IN6 loading concentrations in both pre- and
post-purification data (Figure 3c), this was not significant in either case. A more notable
shift toward positive zeta potential values with incorporation of RN7IN6 into LPHNP lipid
shells was anticipated, given the highly positive net charge of RN7ING6 [17] and expected
localization of hydrophilic AMP residues at LPHNP surfaces. This may not have occurred
due to the documented potential for interactions between cationic and aromatic sidechains
of amino acids, such as those present in RN7IN6, known to result in shielding of cationic
residues and deeper insertion of peptide into lipid membrane structures [38,43].

The EE% and incorporated concentration of CTX were comparable across all LPHNP
formulations (Figure 4), which was expected given that all LPHNPs were manufactured by
coating of polymer core structures prepared using the same CTX loading concentration.
This observation further demonstrates that additional loading of LPHNP with RN7IN6 did
not impact CTX incorporation, with statistical analysis confirming no significant differences
in CTX EE% or incorporated concentration between CTX-only and co-loaded LPHNPs (see
Figure S7).

RN7IN6 showed a trend for increasing EE% with loading concentration, with values
increasing from 10.3% to 17.8% (Figure 4a); however, this trend was not statistically signifi-
cant. In contrast, the concentration of RN7ING6 incorporated into co-loaded LPHNDPs was
observed to increase in a statistically significant manner over the loading concentration
range employed (illustrated in Figure 4b, elaborated on in Figure S57), demonstrating the im-
portance of an in-depth approach to physicochemical characterization during the LPHNP
optimization process. It would be of future interest to determine whether lipid shell loading
capacity was saturated with the highest loading concentrations employed in the current
work, or even greater concentrations of incorporated RN7IN6 could be achieved.

Given the similarity in physical characteristics, CTX loading, and RN7IN6 EE% for
all investigated co-loaded LPHNP formulations, the maximal observed concentration of
incorporated RN7IN6 was used as the sole decision criterion for optimal RN7IN6 loading
concentration. As such, a 2 mg/mL loading concentration of RN7IN6 was determined as
optimal and was employed for all further co-loaded LPHNP formulation manufacture.

3.4. CTX and RN7ING6 Release Kinetics

Following the successful establishment of optimized parameters for the preparation of
co-loaded LPHNPs, the release kinetics of CTX and RN7IN6 from the co-loaded formulation
were investigated. Release of CTX from CTX-loaded CNP and CTX-loaded LPHNP was
also assessed, to allow for the determination of the impact of the LPHNP lipid shell and
further incorporation of RN7IN6 on CTX release (Figure 5).
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Figure 5. Percentage cumulative release of CTX from CTX-CNP, CTX-LPHNP and co-loaded LPHNP,
with inset illustrating burst release within approximately the first two hours. Release of RN7IN6 from
co-loaded LPHNPs could not be detected. Results represent mean + SD of triplicate measurements.

A 48-hour time course was examined to approximate the duration of subsequent
antimicrobial activity assays (see Figure 6) and allow for specific characterization of release
behavior relevant to the timeframe of this preliminary efficacy assessment. Figure 5 shows
only CTX release from various formulations, as the release of RN7IN6 from co-loaded
LPHNPs could not be detected. This is not entirely surprising given the affinity of AMPs
such as RN7ING6 for bacterial membrane structures [44,45] and the previously discussed
potential for RN7IN6 to migrate into LPHNP lipid shells [38,43]. Indication of preserved
antimicrobial activity of RN7ING6 in co-loaded LPHNPs (see Figure 6) would support the
hypothesis that no release of RN7IN6 was detected from co-loaded LPHNPs due to a strong
AMP affinity for the LPHNP lipid shell, rather than as a result of peptide instability or
inactivation; this observation also adds weight to the suggestion that the bacteria-relevant
LPHNP shell composition may promote interaction with bacterial membrane structures
and, in doing so, allow for direct transfer of AMP cargo into bacterial cell envelopes [12,33].

Similar CTX release profiles were noted across investigated nanoparticle formulations,
with an initial burst release occurring within the first 2 h (see inset, Figure 5), followed
by a much slower, sustained release. The presence of RN7ING6 in co-loaded lipid shells
was, therefore, not deemed to have an appreciable impact on CTX release. While a slightly
greater burst release of CTX may be noted from CNPs in comparison to LPHNP formu-
lations (see inset, Figure 5), the lipid shell of LPHNPs appears to have affected only a
modest reduction in this initial burst and a minor impact on the overall CTX release profile.
This is in contrast to the literature, which has reported a considerable impact of LPHNP
lipid shells on drug release kinetics [46,47]. This discrepancy may be a result of the novel,
bacteria-relevant lipid shell components of the currently investigated LPHNP formulations.
The addition of POPG to POPE membrane structures has been reported to lead to an
increase in membrane fluidity [48], while the inclusion of CL at molar concentrations as
employed in the current study has also been shown to induce flexibility within membrane
structures [49]. Such fluidizing effects are beneficial with respect to their potential to en-
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hance LPHNP-bacteria interactions, and may also render the POPE:POPG:CL lipid shell a
relatively permeable structure to CTX released from LPHNP polymer cores.

MIC (pg/mL)
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Figure 6. Minimum inhibitory concentration (MIC) values of CTX in CTX-CNP, CTX-LPHNP, and
co-loaded LPHNP, and RN7ING6 in co-loaded LPHNP, against S. aureus and E. coli. Red diamonds
indicate CTX, while blue triangles denote RN7IN6, with the location of active encapsulation within
CNP or LPHNP as illustrated in images. The MIC value of empty LPHNPs (diluted by the same
factor as CTX-loaded CNP and LPHNP formulations) is also shown. Mean MIC values of triplicate
results are shown in each case—replicates yielded identical inhibitory concentrations and therefore
values are reported as measured, without rounding or SD.

3.5. Antibacterial Efficacy of CTX and RN7ING6 in Combination

While the major focus of this study was on demonstrating the feasibility of formulating
dual-compartment loaded LPHNPs, having established a uniformly nanosized co-loaded
formulation with maximal CTX and RN7IN6 loading, it was of interest to preliminarily
investigate the antimicrobial impact of this formulation to provide experimental direction
for future work. Given the novelty of this particular anti-infective combination, baseline
MIC values for free CTX and RN7ING6 alone, followed by their MICs when employed
in combination, were investigated prior to employing LPHNPs, in order to assess their
level of synergism (Table 3). S. aureus and E. coli were employed as target organisms for
antibacterial testing, as examples of Gram-positive and Gram-negative bacterial pathogens,
respectively, of high public health importance [50].

Table 3. Minimum inhibitory concentration (MIC) values for RN7IN6 and CTX when tested separately,
and in combination, against S. aureus and E. coli, and calculation of fractional inhibitory concentration
indices (FICI) from these values. In both cases, partial synergism was indicated. Results are given as
mean £ SD of testing in duplicate and triplicate for S. aureus and E. coli, respectively.

Bacteria

MIC-Separate (ug/mL)

MIC-in Combination (ug/mL)

CTX RN7IN6 CTX FICI Effect

S. aureus
E. coli

16.00 = 0.00
32.00 £ 0.00

2.00 £ 0.00 6.00 = 2.83 0.750 £ 0.353 0.75 £ 0.00
0.10 + 0.04 533+ 231 0.052 £+ 0.018 0.67 £ 0.07

Partial synergism
Partial synergism

For both S. aureus and E. coli, a combination of RN7IN6 and CTX resulted in a partial
synergistic effect, with 0.5 < FICI < 1 (Table 3). This reflects a moderate but notable
potentiation of antimicrobial activity when the two agents are combined, and interestingly
demonstrates the ability of a novel AMP to enhance the antibacterial activity of a traditional
antibiotic against both Gram-positive and Gram-negative pathogens. This is in agreement
with published work, which has previously shown that membranolytic peptides can alter
the shape of bacterial cells by creating pores, improving access of 3-lactam antibiotics such
as CTX to their targets, and allowing them to inflict significant damage on bacterial cell
walls [51,52].
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3.6. Co-Loaded LPHNPs: Preliminary Assessment of Antibacterial Efficacy

The observed ability of RN7ING6 to potentiate the activity of CTX was then further
investigated with both compounds co-incorporated in LPHNPs. This perspective was
adopted rather than focusing on probing the occurrence of synergism due to the intention
for this investigation to serve as a preliminary indicator of LPHNP antibacterial impact to
direct further work, as well as the clinical relevance of and current interest in approaches
capable of potentiating or reviving the action of conventional antibiotics [53]. In this respect,
empty LPHNPs were employed to probe any intrinsic antimicrobial activity of the delivery
platform; CTX-loaded CNPs, CTX-loaded LPHNPs, and co-loaded LPHNPs were also
tested to gauge the impact of LPHNP lipid shells on CTX activity, and to ultimately gain
insight into the ability of RN7ING6 to potentiate CTX activity when co-administered in the
LPHNP platform (Figure 6).

3.6.1. Impact of CNPs and LPHNPs on CTX Activity

When comparing the findings in Figure 6 with those in Table 3, it can be seen that MIC
values of CTX in all nanoparticle formulations were higher than those of free CTX either
alone or in combination with RN7ING6, as the relevant comparator. As discussed in relation
to Figure 5, CTX showed an incomplete release from CNP and LPHNP over a time period
aligning with the duration of the antimicrobial efficacy assay, with only 45-51% of CTX
being cumulatively released from CNP and LPHNP nanocarriers after 24 h. This could
suggest that measured antimicrobial efficacy of CTX in the employed assay is reflective of
the free fraction of CTX only, indicating that assays over longer timescales or indeed time-
kill kinetic studies should be employed in future work—such longer term setups may fully
capture the antibacterial potential of CTX released in a sustained manner, as well as any
CTX activity resulting from direct nanoparticle-bacteria interactions (which can take several
hours to peak) [54,55]. This suggestion is supported by literature demonstrating a higher
MIC of nanoparticle-incorporated antibiotic compared to free drug under conventional
MIC assay conditions as a result of exposure of bacteria to differing free/released drug
concentrations, and yet an enhanced activity of nanoparticulate drug compared to free
over longer timeframes as a result of prolonged drug exposure [56,57]. In the context of
combination delivery in particular, it should also be kept in mind that translation of a
potent in vitro effect of anti-infective combinations (particularly of actives with differing
physicochemical properties) to later pre-clinical or clinical contexts may be hindered if
co-administration proves a challenge; this further highlights the utility and necessity of
delivery platforms, and the requirement to balance active potency with deliverability.

3.6.2. Impact of LPHNP Lipid Shell on CTX Activity

Comparison of CTX MIC values in CTX-LPHNPs and CTX-CNPs demonstrated
that the introduction of a lipid shell led to a 2-fold reduction in antimicrobial activity
against Gram-positive S. aureus (8 ug/mL cf. 4 ug/mL), but a comparable activity against
the Gram-negative E. coli (0.25 pg/mL in both cases, Figure 6). An improved relative
performance of LPHNPs with a specifically Gram-negative bacteria-relevant lipid shell [58]
in E. coli is interesting, and may point to a bacteria-dependent impact of the lipid shell
on LPHNP anti-infective cargo efficacy—a suggestion that is supported by the notable
activity of empty LPHNPs, which showed antimicrobial activity against both bacteria, but
a considerably lower MIC in E. coli (2 pg/mL) compared to S. aureus (64 pg/mL). While
the conducted study is preliminary in nature, this observation lends support to the case
for deeper investigation of bacteria-relevant lipid shell compositions in LPHNP design
for anti-infective applications. As such, a strong focus of current and future work will be
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on exploring the interaction of nanoparticles employing different bacteria-relevant lipid
compositions with various bacterial membrane structures.

3.6.3. Impact of RN7IN6 on CTX Activity in Co-Loaded LPHNPs

The MIC of CTX in co-loaded LPHNPs was observed to be intermediate between
that of CTX in LPHNPs and CTX in CNPs in the case of S. aureus (Figure 6), suggesting a
relatively minor impact of RN7ING6 on the activity of co-delivered CTX. However, similar to
the trend identified in Section 3.6.2, co-loaded LPHNPs surprisingly resulted in complete
inhibition of E. coli growth at all concentrations of CTX/RN7ING tested, including the lowest
employed concentration combination (0.375 pg/mL CTX, 0.25 ug/mL RN7IN6—Figure 6).
This necessitated specification of MIC values for co-loaded CTX and RN7ING6 as being less
than the lowest tested concentrations, rather than specific values. This result encouragingly
indicates that in the case of E. coli, the specific MIC value of CTX incorporated in co-loaded
LPHNPs at least approximates, and is likely lower, than the MIC of solely CTX in LPHNPs
or in CNPs (MIC 0.25 ug/mL in both cases). Therefore, the current observation may indicate
a potentiating effect of RN7IN6 on the antibacterial efficacy of CTX against E. coli as a
result of co-delivery in LPHNPs, with further investigation required to fully understand
the degree of this potentiation. Investigation of the generalizability of this potential activity
enhancement to other Gram-negative species is also of considerable future research interest,
in light of the specific and considerable challenges associated with the prevention and
treatment of resistant Gram-negative bacterial infections [59].

3.6.4. Impact of Co-Loaded LPHNP Delivery on RN7IN6

Comparisons of RN7ING activity in co-loaded LPHNPs relative to that in combination
with CTX in free form must be made with caution. The wider feasibility study goal
to maximize CTX and RN7ING6 loading within LPHNPs demonstrated that the LPHNP
platform is able to incorporate a much higher concentration of CTX relative to RN7IN6
(Figure 4), which, coupled with the more potent antibacterial efficacy of free CTX in
comparison to free RN7ING6 (Table 3), may lead to a predominantly CTX-mediated impact
of this formulation. Further, while not required to address the current aim of probing
the CTX-potentiating impact of RN7IN6 in LPHNPs, determination of the antimicrobial
efficacy of solely RN7IN6 in LPHNPs would be necessary to accurately gauge the impact of
co-delivery on RN7ING itself, or indeed, to specifically evaluate synergy. With these caveats
in mind, it remains interesting to note that RN7IN6 in co-loaded LPHNPs was observed to
have a 1.5-fold (4 pg/mL cf. 6 ng/mL) and at least a 21-fold (<0.25 pug/mL cf. 5.3 pg/mL)
lower MIC than free RN7IN6 combined with CTX in S. aureus and E. coli, respectively
(Table 3, Figure 6). This preliminary screen for formulation efficacy can, therefore, be
concluded to have fulfilled its purpose, providing strong evidence to support in-depth
evaluation of the antimicrobial efficacy of co-loaded LPHNPs in order to establish the
extent and scope of their utility.

4. Conclusions

In conclusion, this study constitutes a successful proof of concept demonstrating the
feasibility of formulating LPHNPs as dual-compartment platforms for co-encapsulation
and delivery of anti-infective compounds. Uniformly nanosized LPHNPs optimized for
maximal loading of CTX inside polymer cores and RN7IN6 within lipid shells were suc-
cessfully formulated, using a robust microfluidic mixing method with clear potential for
scale-up. The bacteria-relevant LPHNP lipid shell showed a small, but noteworthy impact
on CTX release behavior in comparison to CTX-loaded CNP, with RN7IN6 hypothesized
to be retained within co-loaded LPHNP lipid shells. Preliminary investigation of the an-
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tibacterial efficacy of co-loaded LPHNPs suggested an RN7IN6-mediated enhancement of
CTX activity, particularly against the Gram-negative E. coli, strongly indicating that further,
in-depth investigation of the utility of LPHNPs for anti-infective co-delivery is warranted.
Characterization of the interaction of co-loaded LPHNPs with bacterial membrane struc-
tures, as well as comprehensive antibacterial efficacy testing aimed at assessing synergistic
effects of co-loaded LPHNPs, constitute immediate priorities for further investigation.
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Abbreviations

The following abbreviations are used in this manuscript:

AMP Antimicrobial peptide

AMR Antimicrobial resistance

CL 1’,3'-bis [1,2-dioleoyl-sn-glycero-3-phosphol- glycerol, tetraoleoyl cardiolipin
CNP Chitosan nanoparticle

CTX Cefotaxime

DMEF N,N-dimethylformamide

EE% Encapsulation efficiency

FIC Fractional inhibitory concentration

FICI Fractional inhibitory concentration index

FRR Flow rate ratio

LPHNP Lipid-polymer hybrid nanoparticle
MHB2 Mueller Hinton broth 2
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MIC Minimum inhibitory concentration
PBS Phosphate-buffered saline
PDI Polydispersity index

POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt)

TFA Trifluoroacetic acid
TFR Total flow rate
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