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ABSTRACT

Melioidosis caused by the facultative intracellular pathogen Burkholderia pseudomallei is
difficult to treat due to poor intracellular bioavailability of antibiotics and antibiotic resistance.
In the absence of novel compounds, polymersome (PM)-encapsulation may increase the
efficacy of existing antibiotics and reduce antibiotic resistance by promoting targeted,
infection-specific intracellular uptake. In this study we developed PMs composed of widely
available polyethylene oxide-polycaprolactone (PEO-PCL) block co-polymers and
demonstrated their delivery to intracellular B. thailandensis infection using multispectral
imaging flow cytometry (IFC) and coherent anti-Stokes Raman scattering (CARS) microscopy.
Antibiotics were tightly sequestered in PMs and did not inhibit the growth of free-living B.
thailandensis. However, on uptake of antibiotic-loaded PMs by infected macrophages, IFC
demonstrated PM co-localisation with intracellular B. thailandensis and a significant inhibition
of their growth. We conclude that PMs are a viable approach for the targeted antibiotic

treatment of persistent intracellular Burkholderia infection.
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INTRODUCTION

Melioidosis is a common but neglected tropical disease with a high disease burden caused by
the Gram-negative bacterial pathogen Burkholderia pseudomallei. Melioidosis presents with
non-specific signs and symptoms making diagnosis difficult, and may result in septicaemia,
pneumonia and encephalitis, leading to severe illness and death.! B. pseudomallei is endemic
in northern Australia and south-east Asia with an estimated incidence of 165,000 cases/year
and a mortality of 89,000 deaths/year.? There is no vaccine for B. pseudomallei,® and it is
designated as a Centers for Disease Control and Prevention (CDC) ‘select agent’ - a potential
target as a biowarfare agent.* A feature of the pathogenicity of this species is its ability to
survive intracellularly within non-phagocytic and phagocytic cells, especially macrophages.®
Following phagocytosis B. pseudomallei rapidly escapes from the phagolysosome and
replicates in the host cell cytosol.®” The bacterium can move transcellularly in vitro actin-based
motility and spreads between adjacent cells using a type VI secretory system, causing cell
fusion and multi-nucleated giant cell formation, a hallmark of Burkholderia infection.® This
benefits the bacteria by avoidance of the innate immune system® and protection from the
adaptive immune system, particularly antibodies, which do not penetrate host cell membranes

readily.°

B. pseudomallei infection is hard to treat due to the bacterium’s ability to survive
intracellularly. Antibiotics, such as aminoglycosides and -lactams, have poor intracellular
bioavailability as they penetrate intact host cell membranes poorly.! This is compounded by
the intrinsic antibiotic resistance of B. pseudomallei, conferred by the expression of efflux
pump proteins and B-lactamases.*? Treatment typically relies upon long-term antibiotic therapy
with combinations of antibiotics, but even after prolonged antibiotic therapy there can be a re-

emergence of infection, likely due to incomplete bacterial clearance.’® This creates its own



challenges where access and adherence to prolonged antibiotic treatment regimens is difficult,
leading to toxic side-effects, and the requirement for sustained antibiotic use, which in turn
results in increased selection pressure for antibiotic resistance.'*® Together, this highlights the
need to develop new antimicrobial strategies for melioidosis, which improve the delivery,
release and pharmacokinetics of already-available antibiotics. This strategy may also lead to
the use of previously disregarded antibiotics in front-line melioidosis treatment due to their

perceived poor pharmacokinetics.

We are investigating the utility of polymersome (PM) nanoparticles to address these challenges.
PMs are composed of amphiphilic co-polymers, which self-assemble to form vesicles upon
contact with aqueous solutions. These vesicles have a hydrophobic shell membrane,
surrounding a hydrophilic aqueous core,*5*8 enabling packaging of both hydrophobic and
hydrophilic compounds. PMs have thick hydrophobic membranes, which reduces their
permeability to encapsulated hydrophilic drug payloads and provides a large reservoir for
otherwise insoluble hydrophobic payloads.'®* PMs are more stable than other carriers, such as
liposomes, which are rapidly cleared by the body.'® Furthermore, in contrast to other classes of
polymeric nanoparticles?®?! their chemical properties can be controlled to enable responsiveness
to stimuli such as temperature, > pH,?*?° UV, and intracellular redox environments.?” These
advantages have led to interest in PMs as drug-delivery vehicles for a range of applications,
most frequently oncology.?®-3° There are several polymeric micelle nanoparticle formulations
in both Phase | and 11 clinical trials®! but, to the best of our knowledge, no PM preparations have

yet been approved for use as a therapy.

PMs have only recently begun to be explored as a method of intracellular antibiotic delivery.

PMs comprising pH-sensitive PMPC-PDPA di-block copolymers have been used to



encapsulate metronidazole and doxycycline for delivery to Porphyromonas gingivalis in oral
epithelial cells.®> More recently, rifampicin-loaded PMs composed of PEO-PCL copolymers
were tested for delivery to Mycobacterium tuberculosis infected cells,® work that has been
extended using similar PM chemistries to deliver rifampicin for targeting M. tuberculosis
infection in zebrafish3* and mice.® Intracellular targeting and inhibition of Mycobacterium spp.,
Staphylococcus aureus and access to tuberculosis (TB) granulomas in zebrafish® has been
shown using antibiotics encapsulated in PMPC-PDPA PMs. The only published study to our
knowledge to date that has focussed on developing PMs to target Burkholderia spp. used pH-
dependent self-assembling polymer brushes for delivery of ceftazidine to infected
macrophages.®” Such approaches, however, often rely on complex polymer chemistry to
engineer functionality. It is notable that simpler and more translatable chemistries are yet to be

exploited for use against Burkholderia spp.

Here, we hypothesised that PMs made from simple off-the-shelf, long circulating co-polymers
could be used to stably sequester antibiotics and release them in direct proximity to intracellular
Burkholderia thailandensis. We reasoned that the intracellular acidic and enzymatic conditions
would be sufficient for drug release without complex chemistries for engineering co-polymers.
To test this, we developed PEO-PCL PMs and used a suite of imaging techniques, including
multispectral imaging flow cytometry (IFC) and coherent anti-Stokes Raman scattering (CARS)
microscopy, to probe interactions between PMs and bacteria. IFC enables high-throughput,
subcellular quantitative analysis of co-localisation between labelled molecules inside cells® and
is an attractive and unexplored technique to measure intracellular nanoparticle-bacteria
interactions, while CARS is a label-free vibrational technique enabling direct and highly

selective intracellular identification of endogenous and exogenous chemical species.® Finally



we test the efficacy of antibiotic-loaded PMs on subsequent inhibition of intracellular bacteria

growth.



RESULTS/DISCUSSION
Doxycycline and rifampicin can be stably encapsulated in PEO-PCL polymersomes
We first tested the hypothesis that PEO(5k)-PCL(18k) PMs can stably encapsulate antibiotic

18 and we have

payloads. Stable, spherical PMs can be produced using this copolymer,
previously demonstrated incorporation of both hydrophilic or hydrophobic small molecules by
solvent-switch nanoprecipitation.”4° By similar means, doxycycline and rifampicin were
loaded by solubilisation into either the aqueous phase (for doxycycline, PBS; ‘core’ loading),
or into the organic solvent, (for rifampicin, DMF; ‘shell’ loading) prior to nanoprecipitation
(Figure 1A). Doxycycline is used for the treatment of melioidosis,** and rifampicin has been
shown to have activity against B. pseudomallei*? and is in use as an antibiotic for TB, which
has similar latency to melioidosis. Encapsulation may provide benefits for tolerability and
optimised drug regimens and so these antibiotics were chosen as examples of an antibiotic in
use for melioidosis presently and one that may be re-purposed by encapsulation. A Rayleigh
scattering peak was present in absorption spectra for all PM preparations at >300 nm, declining
up to 500 nm (Supplementary Figure S1). Subtraction of spectra obtained from unloaded PM
preparations (PM-empty) from either doxycycline loaded or rifampicin-loaded PM
preparations (‘PM-doxycycline’ and ‘PM-rifampicin’) resolved spectra similar to free,
solubilised doxycycline or rifampicin. This was reflected in characteristic peaks at 372 nm for

doxycycline (Figure 1B) or 338 nm and 484 nm for rifampicin (Figure 1C), and indicates

encapsulation of each antibiotic.

To determine whether these antibiotics could be stably retained by PMs, PMs were dialysed
for 14 days in sink conditions and the amount of antibiotic retained in each preparation was
measured by absorption spectroscopy at regular time-points (Figure 1D), with concentrations

calculated from standard curves for free antibiotics. For both PM-rifampicin and PM-
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Figure 1. Encapsulation and retention of doxycycline and rifampicin by PMs. (A) Model for the
different PM loading strategies for the antibiotics rifampicin and doxycycline. (B) The absorption spectrum
of free doxycycline is similar to that of its spectrum when loaded into PMs after subtraction of unloaded
PMs (C) The same is true of rifampicin. (D) A schematic of the assay used to assess PM retention of the
antibiotic after a 14-day period. Samples were left to dialyse for 14 days, with regular antibiotic
concentration reading time points. (E) After initial burst release, PM-doxycycline maintained an
encapsulated concentration of 15.2 ug/ml + 2.2 ug/ml and PM-rifampicin 8.5 pg/ml + 2.4 ug/ml. Data points
plotted show the mean of three formulations, n = 3. Graph transformed using one phase decay analysis. (F)
DLS data displaying the PM-antibiotic hydrodynamic radius distributions over 14 days. (G) The size and
PdlI values of PM-doxycycline and PM-rifampicin over a 14-day period. DLS data based on measurements
from one batch of each type of PMs, performed in three technical repeats.

doxycycline, there was an initial sharp decrease in concentration between day 0 and day 3,
which reflects removal of unincorporated antibiotic by dialysis (Figure 1E). After day 3, there
was no further decrease in antibiotic concentration for up to 14 days, which indicates stable

retention of antibiotic in each preparation. Confirming this, filtration of PMs by size-exclusion
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revealed negligible antibiotic in the filtrate, indicating all antibiotic detected by UV-vis
spectroscopy was retained stably in PMs (Supplementary data, Figure S2). At 14 days of
dialysis, the bulk concentration of doxycycline in PM-doxycycline preparations was 15.2 + 2.2
ug/mL (34 uM), while the bulk concentration of rifampicin in PM-rifampicin preparations was
8.5+ 2.4 pg /mL (10 pM) (n = 3). Assuming no polymer is lost in dialysis and using an
estimated average formula mass of the polymer of 23 kDa, this results in a final molar ratio of
doxycycline to di-block copolymer of 0.26 and for rifampicin of 0.07. Dynamic light scattering
(DLS) analysis showed that both PM-doxycycline and PM-rifampicin nanoparticles were also
stable in size over 14 days of dialysis, with no significant change in hydrodynamic radius for
PM-doxycycline, but a small but significant increase in size for PM-rifampicin (n =3; p < 0.01)
(Figure 1F and G). PM-doxycycline preparations were significantly larger in hydrodynamic
radius than those of PM-rifampicin (n = 3; p < 0.001). Using multi-angle dynamic light
scattering (MADLS), we found the concentrations of nanoparticles to be 9.26 x 10°/mL for
PM-doxycycline preparations, and 3.98 x 10*/mL for PM-rifampicin, similar to that for PM-
empty samples (4.19 x 10**/mL). In addition we tested the stability of PM-doxycycline after
freezing at either — 20 °C or — 196 °C in the presence and absence of 30 % (w/v) sucrose, before
thawing and exposure to 24 hours dialysis. Freeze-thawing had no significant effect on either
PM diameter or on encapsulated antibiotic concentration when sucrose was present, whereas
in the absence of sucrose there was visibly increase turbidity in samples frozen at 196 °C
(Supplementary data, Figure 3). This indicates the potential for long term storage of this
formulation.

It is important to note that bulk measurements of the concentration of antibiotics in PM
preparations do not reflect the local concentration of antibiotic in suspended nanoparticles, as
the distribution of the antibiotic in the bulk is partitioned in dispersed nanoparticles

(Supplementary data, Figure S4A and B). To produce more concentrated preparations we used



ultracentrifugation, a method to concentrate PMs that has been shown not to adversely affect
the physical characteristics of PMs.*® By doing so, we were able to produce stable 1200-fold
concentrated suspensions containing 38.1 and 29.1 mg/mL (85 mM and 35 mM) rifampicin
and doxycycline, respectively (Supplementary data, Figure S4C). Size was not significantly

affected by ultracentrifugation (Supplementary data, Figure S4D).

These data extend the findings of other groups who have attempted to encapsulate antibiotics
in PMs. Moretton et al. demonstrated incorporation of rifampicin in PEO-PCL PMs with di-
blocks ranging from 4k — 10k for PEO and 7.2k to 12.8k for PCL®? by solvent switching. These
authors did not measure PM concentration, but were able to demonstrate final bulk
concentrations of 1.9 mg/mL, a higher concentration than would be possible by solubilisation
in aqueous buffer, but less than the concentration achieved in the current study. More recently,
Trousil et al. formulated rifampicin in MPEO(5k)-PCL(4k) PMs and, although the
concentration of rifampicin retained in PMs was not calculated, rifampicin retained activity in
intracellular and in vivo infection assays.** Antibiotic-containing PM preparations have been
formulated using other di-block co-polymers including DMAEMA-HPMA®’, PMPC-PDA?¥,
or PMPC-PDPA* which are pH-responsive, again with most extensive data available for
rifampicin, likely due to PM incorporation improving its solubility in aqueous medium.
Notably, in the latter study, antibiotic content per PM was calculated at 100-100,000 molecules
per (PMPC-PDPA) PM. Our data are comparable with this study, and based on concentration
measurements, we calculate 430 molecules of rifampicin per PM, which is broadly similar to
these previous studies, and 6130 molecules of doxycycline per PM, which has not to our

knowledge been successfully encapsulated in PMs previously.
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PEO-PCL polymersomes are internalised by RAW 264.7 macrophages and partition to
endosomes

Macrophages provide an intracellular niche for the proliferation, spread and survival of
Burkholderia and therefore intracellular targeting of antibiotics to these cells is a means of
treating human disease. There is extensive published evidence that PMs are taken up rapidly
by macrophages.***> As expected, using confocal microscopy we found that fluorescent puncta
became visible rapidly in RAW 264.7 cells incubated for 4 hours with Dil-labelled PMs (Figure
2A). There was negligible staining in the nucleus, indicating that PMs were primarily localised
to the cytoplasm. PM-Dil nanoparticles were filtered to ensure there was no unencapsulated
dye remaining within samples that might contribute to PM-independent membrane staining

(Supplementary data, Figure S5).

One challenge of using fluorescent membrane stains to aid nanoparticle imaging is the possible
dissociation of the stain from the nanoparticle, leading to non-specific uptake of dye. Coherent
anti-Stokes Raman scattering (CARS) imaging is a vibrational technique that allows for label-
free imaging of biological samples. CARS has previously been used to image nanomaterials in
cells and tissues including ammonium palmitoyl glycol chitosan micelles,*® polystyrene
nanoparticles,*”*® poly lactate-co-glycolide (PLGA)* and methylmethacrylate nanoparticles,>
but to our knowledge there are no reports of the use of CARS for label free imaging of
polymeric vesicles such as PMs. Typically, in order to visualise cellular details, a CARS
frequency of 2845 cm™ is used to excite C-H bonds in cellular lipids.>* We found that free PMs
also give rise to a significant signal at this frequency due to the high number of C-H bonds
present in the polymer (Figure 2B). Due to the polymer’s high density of C-H bonds, we
hypothesised that label-free identification of intracellular PMs may be possible in cells, despite

a contribution from biological molecules. After incubation of macrophages with PMs, we
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observed puncta (at the CARS frequency of 2845 cm™ inside cells), which were not visible in
control cells (Figure 2C). To highlight and visualise the puncta (bright spots) the intensity
thresholds were defined for all images to remove background contributions. The pattern of
staining is similar to that obtained by Dil-stained PMs, and likely reflects the PM’s C-H bonds
in the PEO-PCL. Quantitative image analysis also confirmed that PM-empty treated cells had
a significantly higher number of CARS spots than untreated cells, 0.015 spots/um? vs. 0.0019
spots/um?, respectively (n = 9; p < 0.0001) (Figure 2D). Additionally, the mean area of CARS
spots (Um?) per unit cell area (um?) was also significantly higher in PM-empty treated cells
compared to the untreated control at 3.6 x 10 compared to 3.6 x 10, respectively (n = 9; p <
0.0001).

Finally, to determine intracellular partitioning of labelled PMs we labelled PM-exposed cells
with Lysotracker. It was evident at 30 minutes that some but not all Dil-labelled PMs localised
to lysosomes (Figure 2E). These data are similar to that observed in other studies, for example,
mesoporous silica® or PLGA® nanoparticles have been shown to partially partition to
lysosomes within hours after uptake. Together these data confirm that PMs are taken up by
RAW 264.7 macrophage cells and that they partition at least partially to intracellular

endosomes.
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Figure 2. Uptake of PMs by RAW 264.7 macrophage cells using label-free imaging. (A) After incubation
with Dil-labelled PMs, RAW 264.7 cells show cytoplasmic fluorescent puncta. (B) The Raman spectra for
both PMs and the PEO-PCL polymer. A characteristic peak is present at approximately 2800 cm* indicating
C-H bonds (C) CARS label-free imaging showing a comparison of untreated RAW 264.7 cells versus RAW
264.7 cells exposed to PM-empty nanoparticles. (D) PM-empty treated RAW 264.7 cells showed a
significantly higher mean number of CARS spots per um? compared to the untreated control, p < 0.0001.
CARS quantitative analysis data shows the mean and SD of one biological repeat performed in triplicate. (E)
Dil fluorescent puncta in RAW 264.7 cells co-localise with lysosomes labelled with Lysotracker.
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B. thailandensis-infection of RAW 264.7 macrophages is heterogeneous and increases
following exposure

Previous studies have shown that macrophages infected with M. bovis retain the ability to take
up solid polymer nanoparticles®® or PMs,* but there are no data available to our knowledge on
Burkholderia-infected cells. In addition, there are conflicting data on whether intracellular
bacteria and endocytosed nanoparticles occupy similar intracellular spaces. In some studies
PLGA or poly(butyl cyanoacrylate) nanoparticles and M. bovis have been shown to remain in
separate compartments®®>* whereas in other studies a significant degree of co-localisation has
been shown to occur.®*% These discrepancies may result from differences in the nanoparticle
chemistries, physical properties or biological systems used, but may also result from subjective
analysis using confocal microscopy and/or TEM. The fact that this latter, low throughput mode
of analysis is most frequently used to determine PM uptake and subcellular distribution also

means that it is challenging to quantify uptake and co-localisation.

To overcome this limitation, and to better characterise PM uptake and subcellular partitioning
in B. thailandensis-infected macrophages, we employed ImageStream multispectral imaging
flow cytometry (IFC), a high-throughput technique that allows rapid imaging of subcellular
features of cells during flow cytometric analysis. We incubated RAW 264.7 cells with GFP-
expressing B. thailandensis (a containment level 2 model for B. pseudomallei) to promote
intracellular infection, before removing extracellular bacteria using kanamycin. Confocal
microscopy revealed a heterogeneous pattern of cellular bacterial infection after exposure to

bacteria (Figure 3A).

To establish a strategy to quantify PM uptake based on intracellular localisation and burden of

B. thailandensis we first used IFC to separate populations based on the following criteria: (1)
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Figure 3. Intracellular infection of macrophages by B. thailandensis is heterogeneous and increased
with time. (A) Confocal imaging shows GFP-expressing B. thailandensis are present within RAW 264.7 cells
after 3 hours incubation in the presence of kanamycin. Scale bar = 20 um (B) Gating strategy for separating
populations of B. thailandensis-positive (R5) and negative (R9) cells. (C) Gating strategy for separating RAW
264.7 cells with intracellular (R6) or extracellular (R14) B. thailandensis. (D) Representative ImageStream
images of RAW264.7 cells with no bacteria present (R9), extracellular bacteria (R14) or intracellular bacteria
(R6). Scale bar = 7 uM (E) There is a decrease in the percentage of cells with no bacteria present and an
increase in those with either intracellular or extracellular bacteria between 3 and 21 hours.

cells in which bacteria were present intracellularly; (2) cells in which bacteria were present
extracellularly; and (3) cells where no bacteria were present, either extracellularly or
intracellularly. This stratification is not possible using conventional flow cytometry. Single, in-
focus cells (defined as the R2 population) were first gated for positivity or negativity for
bacteria within an ImageStream field of view (Figure 3B; R5 and R9, respectively). Cells
positive for bacteria (R5) were subsequently defined as containing intracellular bacteria or
extracellular bacteria (Figure 3C, R6 and R14) using the Erode function, as described in the
methods. Examples of images obtained by this gating strategy are shown in Figure 3D. A

detailed explanatory plan of the gating strategy used is shown in Supplementary Figure 6.
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By quantifying events in each gated populations, we found that 3 hours following exposure to
B. thailandensis, 77.9 + 3.0 % of macrophages were not associated with bacteria, while
intracellular bacteria were present in 11.5 £ 0.8 % of cells, and extracellular bacteria were
present in 10.5 + 2.8 % of cells (Figure 3E). At 21 hours, the proportion of macrophages with
no bacteria associated had declined by a factor of ~ 0.4 to 34.7 + 5.8 % of cells, whereas the
proportion of cells with intra- or extracellular bacteria present had increased by a factor of ~3
t0 30.2 £ 1.8 % and 35.1 £ 5.6 %, respectively. This indicates that during the course of culture
there is an increase in the frequency of cells associated with bacteria, an unsurprising finding
considering that B. thailandensis reproduce intracellularly and spread from cell-to-cell in

macrophage culture.

B. thailandensis-infected RAW 264.7 macrophages take up PEO-PCL polymersomes

To quantify PM uptake in B. thailandensis-exposed macrophages, control and bacteria-
exposed cells were incubated with DiD-labelled PMs. In B. thailandensis-exposed cells, DiD
fluorescence was observed in regions separate from and directly adjacent or co-incident to
areas containing B. thailandensis (green) (Figure 4A), indicating that antibiotic loaded PMs
may be targeted to the same cellular compartments as the bacteria they are intended to inhibit,
and that close interaction of PMs with bacteria during infection may occur. RAW 264.7
macrophages took up PMs rapidly, with almost all cells positive for DiD after 3 hours
regardless of whether or not they had been exposed to B. thailandensis (Figure 4B). To
determine the effect of intracellular bacterial burden on PM uptake, we measured PM uptake
in each of the three populations defined above by measuring cellular DiD fluorescence intensity

for each cell. There was a significant increase in cellular DiD fluorescence with respect to time
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in all populations, indicating increased PM uptake during the culture, regardless of bacterial

infection (Figure 4C and D). In the bacteria-exposed population, the greatest increase in uptake
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Figure 4. Imaging flow cytometry analysis of PM-DiD uptake by RAW 264.7 macrophage cells. (A)
Fluorescent DiD puncta are visible in RAW 264.7 cells infected with GFP-labelled B. thailandensis. (B)
Almost all RAW 264.7 cells are positive for DiD-labelled polymersomes after 3 hours (C) In bacteria-exposed
populations, cells which contain intracellular bacteria take up the most PMs and those with no bacteria present
take up the least, as measured by DiD fluorescence intensity. All exposed populations take up significant
fewer PMs compared to unexposed macrophages. (* indicates p<0.01 and ** <0.001; data reflect means of 6
independent experiments). (D) Representative ImageStream images from the populations shown in (C). (E)
Fluorescent puncta of DiD labelled PMs (Ch11) partially colocalise with GFP-positive bacteria, as shown by
representative ImageStream images. (F) Gating strategy to separate RAW 264.7 cells with high co-
localisation compared to low co-localisation. (G) The degree of PM/bacterial colocalisation declined from 3
hours to 24 hours. All ImageStream data is taken from three biological repeats, n=3, each performed in
duplicate. ** = p < 0.0001.
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was in cells with intracellular bacteria present, rather than in cells where there were no bacteria
(by a factor of 2.7 £ 0.5 versus 2.0 + 0.5, p =0.02, n = 6). In all cases there was significantly
reduced uptake of PMs in bacteria-exposed macrophages compared to control, unexposed
macrophages (by a factor of 0.44 + 0.1, 0.78 £ 0.1, and 0.65 £ 0.1 for macrophages with no

bacteria, intracellular bacteria or extracellular bacteria, respectively (p < 0.0001)).

These data suggest that exposure to B. thailandensis impairs the ability of RAW 264.7 cells to
take up PMs. We were initially surprised by this observation as macrophages, activated by the
presence of bacteria, become primed to engulf bacteria by phagocytosis. We hypothesised this
activation would also promote nanoparticle uptake.>® However, there is evidence to suggest
that nanoparticles smaller than 200 nm in diameter are preferentially taken up not by
phagocytosis but by other endocytotic means, such as (macro)pinocytosis, in macrophages.®’
As some data suggest that micropinocytosis is inhibited in activated macrophages,® we suggest
that this may be one explanation for the reduction in PM uptake in bacteria-exposed

macrophages.

It is possible that the reason for the greater uptake in infected vs. uninfected cells (in cells that
had been exposed to bacteria) may be related to a compromise in membrane integrity that
occurs concurrent with B. thailandensis intracellular pathogenesis. Burkholderia spp. have
diverse pathogenic effects on host cells, including co-option of actin polymerisation
machinery, and induction of apoptotic genes or necrosis.>® Alternatively, penetration of the cell
membrane by bacteria during cell-to-cell transmission may lead to membrane rupture, making
cells more permeable in general to PMs. Supporting this, we found that there was a correlation
between the intracellular bacteria burden and PM uptake in infected cells (r = 0.23; p< 0.0001;

Supplementary Figure 7).
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Together, these data indicate that exposure to bacteria causes a reduction in PM uptake
regardless of whether intracellular infection has occurred, with the greatest reduction not in
infected macrophages, but rather in macrophages which have no bacteria present. This supports

the notion that bacteria-exposed cells are refractory to PM uptake.

PEO-PCL polymersome co-localise intracellularly with B. thailandensis

IFC allowed us to assess the intracellular association of PMs and B. thailandensis to determine
if PMs and bacteria co-localise to the same intracellular compartment. Co-localisation was
calculated by comparing fluorescence signal from both GFP and DiD channels from

ImageStream images (Figure 4E).

Co-localisation in these images appears as orange puncta, highlighting an overlap of the green
GFP fluorescence with the red DiD. Pearson’s correlation coefficient was used to generate a
value between 0 and 1, representing no co-localisation or perfect co-localisation, respectively,
and plotted as ‘Bright Detail Similarity’ and gated as the R7 populations (Figure 4F). Using
this analysis we found there to be a significantly higher level of co-localisation at the early, 3-
hour timepoint, with 18.8% of cells showing co-localisation, compared to the 21-hour
timepoint, with only 3.2% of cells showing evidence of co-localisation (p < 0.0001; Figure
4G). This suggests that PMs occupy a similar intracellular niche to bacteria at 3 hours but

thereafter this co-localisation declines.

This change in co-localisation may reflect early shuttling of PMs into lysosomes which later
fuse with phagosomes containing bacteria. Supporting this, high-resolution electron

microscopy analysis identified that solid nanoparticles localise on the surface of bacteria in
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phagosomes and phagolysosomes.®® Although it is known that PMs are trafficked to endosomes
and lysosomes following cellular uptake,®! there is little data available on whether PMs may
co-localise with bacteria in the same manner. Our data now provide clear evidence that PMs
are trafficked to locations where bacteria are present in RAW264.7 cells, an advantageous
feature for applications where delivery of a PM-containing antibiotic at high concentration is
required. Furthermore, this determines a rationale for the use of IFC for determining co-
localisation of different nanoparticles and bacteria in mammalian cells. IFC presents a number
of advantages over conventional flow cytometry or automated fluorescent microscopy,
including the ability to determine co-localisation of bacteria and nanoparticles in a quantitative,

unbiased manner.

PM-doxycycline and PM-rifampicin preparations do not inhibit the growth of free living B.
thailandensis

Our previous data indicated that doxycycline and rifampicin are tightly sequestered by PMs.
To determine whether these antibiotics were bioavailable to free living B. thailandensis we
tested growth inhibition of PM-antibiotic preparations compared to equivalent concentrations
of antibiotic alone. While free antibiotics inhibited B. thailandensis growth, with rifampicin
effective at concentrations above 12.5 pg/mL, and doxycycline above 1.6 pg/mL (Figure 5A),
neither PM preparation had any effect on bacterial growth, even at the highest concentrations
(Figures 5B). Since the bulk antibiotic concentration in PM-treated wells was above the MIC,
we conclude that the antibiotics remain sequestered tightly and stably within PMs and are not
bioavailable to bacteria. These findings are in contrast to data describing greater potency for
PM-encapsulated rifampicin compared with free antibiotic.> This was ascribed to an increase
in bacterial permeability due to the surfactant nature of the co-polymer. It is possible that

differences in the PM chemistries may explain this difference, as well as in the antibiotic used.
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But we also note that we performed stringent dialysis prior to use of PMs to ensure no free
antibiotic remained, whereas previous reports®* separate the PMs using filtration, which may

explain some of the observed differences.
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Figure 5. PM-antibiotic preparations do not inhibit growth of free B. thailandensis. (A) Both unloaded
antibiotics were effective at inhibiting growth at the higher concentrations tested, at the 24-hour time point.
Data is presented as the mean and SEM of one biological repeat tested in triplicate, n=1. (B) PM-rifampicin
preparations and PM-doxycycline preparations do not inhibit the growth of B. thailandensis growing free in
L-broth culture, at any concentration tested. Data is presented as the mean and SEM of one biological repeat

tested in triplicate.

PM-doxycycline and PM-rifampicin preparations inhibit the growth of intracellular B.
thailandensis

We next hypothesised that intracellular degradation of PMs may be required to release
antibiotics and that macrophage uptake and intracellular lysosomal action may facilitate this
release. PCL-PEG PMs contain a hydrolytically-sensitive PCL polymer block, and therefore
are susceptible to degradation by lysozyme and other intracellular hydrolytic enzymes.®>% We
have previously demonstrated that an encapsulated hydrophilic fluorophore, fluorescein, is

only released once PMs are taken up by mammalian cells, and that the PMs are otherwise stable
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in solution.% We therefore tested whether PM-encapsulated doxycycline could inhibit the
growth of intracellular bacteria by exposing B. thailandensis-infected macrophages to
antibiotic PM preparations before lysing cells and measuring bacterial colony forming units
(CFU; Figure 6A). PM-doxycycline was added at particle concentrations of 4.63 x 10%/mL and
2.78 x 10%%/mL (1:20 and 1:3.33 dilutions of neat, uncentrifuged suspensions), corresponding
to final estimated antibiotic concentrations of 0.75 and 4.5 pg/mL, calculated from standard
curves of absorbance. At 3 hours, there was no effect of test or control PMs in reducing
recovered CFUs, which remained at ~100/mL of lysed cells, (Figure 6B). However, after 21
hours, there was a significant decrease in intracellular B. thailandensis burden compared to the
bacteria only control group, where no PM preparation was added, with a 99.6% decrease at a
1:3.33 dilution, and a 75.5% decrease at a 1:20 dilution (p < 0.001, two-way ANOVA with
Tukey’s test; Figure 6C). These data suggest that, similarly to fluorophores® or kinase
inhibitors,'” intracellular uptake of PMs leads to release of active compound which would
otherwise be tightly sequestered. We consider it possible that the release of active doxycycline
is facilitated by enzymatic degradation of the PMs in the cellular pathways of endocytosis.
Most other studies on PM-based intracellular delivery have used pH-sensitive co-polymers,
which undergo physical disassembly (rather than enzymatic degradation) upon exposure to the
lower pH of lysosomes to trigger release.®2¢ Our results indicate that pH sensitivity is certainly
not a prerequisite for delivery, and are in agreement with those from other studies that
demonstrate robust intracellular delivery®® and activity®* with simpler PEO-PEG chemistries.
PCL is susceptible to the activity of esterases and/or lipases rather than hydrolysis, and
therefore we consider it likely that lysosomal enzymes such as lysosomal acid lipase are

responsible for this action®® although to our knowledge this is yet to be formally tested.
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Having established that PM-encapsulated doxycycline inhibits the intracellular growth of B.
thailandensis, we compared its activity to PM-encapsulated rifampicin and free antibiotic
controls. PM-rifampicin was used at a concentration of 1.20 x 10 particles/mL, corresponding
to a final bulk antibiotic concentration of 2.6 pg/mL. While PM-loaded doxycycline reduced
intracellular bacteria burden more so than free antibiotic (Figure 6D), the opposite was true in
the case of rifampicin (Figure 6E). There are two likely explanations for this. First, based on
experiments on free living B. thailandensis, rifampicin has an order of magnitude lower
minimum inhibitory concentration than doxycycline. Combined with the approximately 2-fold
lower PM encapsulation of rifampicin compared to doxycycline, this has the corollary that less
rifampicin may be available to bacteria following uptake and intracellular release. Second,
rifampicin is much less soluble than doxycycline in aqueous solution and may as a result be
more tightly associated with the PCL block of the co-polymer and therefore less efficiently
release. Nevertheless, both preparations of PM-loaded antibiotics were effective in inhibiting
the growth intracellular B. thailandensis providing compelling evidence for the development

of these formulations for melioidosis treatment.
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Figure 6. PM-antibiotic preparations reduce intracellular B. thailandensis burden. (A) A schematic
showing the assay used to assess intracellular killing. (B) After a 3-hour incubation of infected cells with PM-
doxycycline there was no inhibition of intracellular growth observed. (C) After a 21-hour incubation, there
was a significant level of intracellular bacterial killing. Data is presented as the mean and SD of data from
two independent experiments, n=2, performed in triplicate and normalised to the 1:20 control group. (D) PM-
doxycycline (1:3.33 dilution) significantly reduced intracellular bacteria burden compared to free doxycycline
(4.5 pg/mL; p <0.05), unloaded PMs or vehicle controls (p <0.01) n=6; two independent experiments, mean
and SD shown. (E) PM-rifampicin significantly reduced intracellular bacteria burden compared to unloaded
PMs or vehicle controls (p <0.01). Free rifampicin (2.6 pg/ml) reduced intracellular bacterial burden
compared to PM-rifampicin, PM-empty or vehicle controls n=3, mean and SD shown.
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CONCLUSIONS

In summary, we have demonstrated that PEO-PCL PMs are a robust and stable method for the
specific intracellular nanodelivery of antibiotics to B. thailandensis. PM preparations retain
antibiotics in complex media but release active antibiotic upon uptake by macrophages, a
process that is likely promoted by the enzymatic breakdown of PM components in endosomes
and/or lysosomes. Imaging flow cytometry indicates that early and direct co-localisation
between PMs and bacteria occurs intracellularly, with PM uptake confirmed by tracking
intracellular distribution of polymer using the label-free method of coherent anti-Raman stokes
scattering microscopy. As a result, both PM-doxycycline and PM-rifampicin preparations
reduce the macrophage cell bacterial burden compared to control groups. Our data provide
evidence that optimised, simple-to-produce PM formulations of antibiotics are a viable

approach for development for clinical use.
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MATERIALS/EXPERIMENTAL

All reagents were purchased from Sigma Aldrich, UK, unless stated otherwise.

Polymersome formulation

PMs were made by first dissolving 6 mg of polyethylene oxide(5k)-b-polycaprolactone(18Kk)
(PEO-PCL) (Polymer Source Inc., Canada) in 0.4 mL of dimethylformamide (DMF). The
solution was then sonicated for ~20-30 minutes to aid dissolution. The resulting solution was
added dropwise using a syringe driver at 0.75 mL/min (= 1 drop every 8 seconds), under
stirring, to a vial containing 1.6 mL of phosphate-buffered saline (PBS) (Fisher Scientific, UK).
The final 2 mL solutions were then placed into sealed cellulose-membrane dialysis tubing
prepared as per the manufacturer’s instructions (14,000 MWCO, Sigma Aldrich D9277-
100FT), and dialysed in excess Dulbecco’s PBS (500 mL, pH 7.4, 0.1 mM, Sigma-Aldrich).
Solutions were dialysed for a minimum of 48 hours, with at least 3 PBS changes. Dialysed
samples were stored at 4 °C until ready to be used. For antibiotic-loaded PMs doxycycline or
rifampicin were dissolved into the PBS fraction or DMF fractions to final preparation
concentrations of 50 mg/mL or 10 mg/mL, respectively. Lipophilic membrane dyes Dil and
DiD (Thermo Fisher Scientific, UK) were, as separate formulations, dissolved into the DMF
fraction at a preparation concentration of 50 uM. PMs were concentrated by ultracentrifugation
at 180,000 x g (55,000 RPM) for 2 hours (Optima MAX-XP, Beckman Coulter, USA). For
studies addressing the effect of frozen storage, PM formulations were either frozen by
placement in a -20 °C freezer or by flash-freezing in liquid nitrogen at -196 °C in the presence
and absence of 30 % (w/v) sucrose. Frozen formulations were then stored for 24 hours (for -20
°C treatment) or within 2 hours (for flash-frozen samples) before defrosting at room

temperature. For controls, PMs were stored at 4 °C for the same time period. Following
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defrosting, samples were dialysed overnight at 4 °C as above, before measurements using DLS

or absorbance spectroscopy, as described below.

Antibiotic encapsulation and release

The concentration of antibiotic incorporated into the PMs was determined by measuring UV
absorbance of samples in black-sided quartz cuvettes on a NanoDrop 2000c UV-vis
spectrophotometer (Thermo Fisher Scientific, UK). Absorbance was measured at wavelengths
between 190 nm and 840 nm to determine the absorbance spectrum of the free, unencapsulated
antibiotic, and then characteristic peaks were used to construct standard curves. PM
preparations were mixed with a 1:1 ratio of DMF to ensure disruption of PM structure in order
to reduce interference from nanoparticle Rayleigh scattering. Encapsulated antibiotic
concentrations were determined using the generated standard curves. Release of antibiotic from
PMs was assessed under continuous dialysis. Samples were dialysed at room temperature over
a 14-day period, with repeated buffer changes. Aliquots of PM samples were removed at the
time-points indicated in the results, and residual antibiotic concentration was measured by UV-
vis, as above. To measure undialysed and unencapsulated antibiotic in the preparations, PM
samples were spun through a centrifugal spin filter with a molecular weight cut-off of 10 000
Da (Fisher Scientific, UK) to filter PMs from their surrounding buffer. The filtrate UV-vis

spectra was then measured on the NanoDrop and assessed for residual antibiotic signals.

PM characterisation

PM size and polydispersity was measured using dynamic light scattering (DLS; Zetasizer Nano
ZS ZEN3600, Malvern, UK). PM solutions were diluted 1:10 in PBS prior to measurement.
Readings were taken at 20 °C, with light detected at a scattering angle of 173°. 10 data

recordings were made per sample, with an acquisition of 10 seconds for each. Each sample
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measurement was repeated in triplicate. PM particle concentration was measured using a
Zetasizer Ultra Multi-angle dynamic light scattering (MADLS), instrument (ZSU5700,
Malvern, UK). Measurement angles were at 173°, 13° and 90°. Attenuator, cuvette position

and sub runs determined automatically by machine.

Cell culture

RAW 264.7 murine macrophages (purchased from European Collection of Authenticated Cell
Culture [ECACC], Porton Down, UK) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, UK), supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS) (Gibco, UK) and 2 mM L-glutamine (Gibco, UK). The cells were incubated at
37°C, 5% CO., and approximately 95% humidity. RAW cells were subcultured by cell scraping
at ~ 80% confluence. During infection assays cells were grown in Leibovitz-L15 media (Gibco,
UK) supplemented with 10% inactivated FBS and 2 mM glutamine and incubated at 37 °C

without COa».

Preparation of bacterial culture

B. thailandensis E555 pBHR4-groS-eGFP bacteria were routinely grown in 50 mL of Luria
broth (L-broth) or on Luria agar (L-agar) plates both supplemented with 50 pg/mL
chloramphenicol. Broth cultures were incubated for 16-18 hours at 37 °C with orbital shaking

at 180 rpm. Plates were incubated at 37 °C for 48 hours to allow countable colonies.

Epifluorescence and confocal microscopy
For epifluorescence imaging, RAW 264.7 macrophage cells were seeded in glass-bottom
culture dishes at 42,000 cells/cm? and were then incubated overnight at 37 °C. Dil-labelled

PMs were added to cultures at a dilution of 1:4 and incubated for 4 hours at 37 °C. Cells were
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then fixed in 4% (w/v) paraformaldehyde (PFA) before Hoechst stain was added for 10 minutes
at 1 ug/mL. Cells were imaged on a Zeiss Axio Imager.M2m with a 63x oil immersion
objective. The DAPI (Hoechst) excitation filter used was: FF01-357/44-25 with an emission
filter of FF01-460/80-25; the rhodamine (Dil) excitation filter used was: FF01-536/40-25 with

an emission filter of FF01-593/40-25.

For super resolution microscopy using Nanoimager S (Oxford Nanoimaging Ltd, Oxford, UK),
cells were seeded as with the epifluorescence method, and PM-DiD were added to cells to a
dilution of 1:16. Lysotracker dye (Thermo Fisher, UK) was added to a final concentration of
74 nM. Cells were imaged for a period of 25 minutes. The microscope was fitted with Olympus

UPlanSApo 100x oil immersion objective (1.49 NA).

For confocal imaging, RAW 264.7 cells were seeded at a density of 500,000 cells/mL (1.25 x
10°%/cm?), and incubated overnight at 37 °C. To infect cells with B. thailandensis bacteria were
diluted in L-15 medium to a concentration of 5 x 107 bacteria/mL, measured using a Genesys
10 UV scanning spectrophotometer (Thermo Fisher, UK), and applied to cells for a period of
1 hour (multiplicity of infection (MOI) = 100). Following this, media was changed and
kanamycin added at a concentration of 1 mg/mL to kill extracellular bacteria. DiD-loaded PMs
were added added to the infected cell culture at a dilution of 1:10. Cells and PMs were
incubated for 3 hours prior to imaging. Cells were imaged with a Zeiss LSM 710 confocal

microscope with a x63 objective (Zeiss, Germany).

Coherent anti-Stokes Raman scattering (CARS) imaging
RAW 264.7 macrophage cells were seeded at 50,000 cm? on chambered coverslips and

cultured overnight at 37 °C and 5 % COz in phenol-red-free DMEM. Medium was replaced
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with fresh phenol-red-free DMEM media in the presence or absence of 1.26 x 10*/mL PMs
and incubated at 37 °C for 21 hours. A custom in-house built system CARS system was used
for imaging as previously described in Moura et al..*® Briefly, a fundamental IR fibre laser
(1031 nm, 2 picosecond, 80 MHz, Emerald Engine, APE) was coupled into a Nikon Ti eclipse
inverted microscope with a 40x water immersion objection (1.15 NA). A portion of the 1031
nm IR laser was frequency doubled and used to synchronously pump an optical parametric
oscillator (OPO) (APE, Levante Emerald, 650-950 nm). This created a tunable pump beam.
Excitation wavelengths of 1031 nm (Stokes) and 797.2 nm (pump) were used. This made for a
CARS imaging frequency of 2845 cm™ (C-H stretch). The spectral resolution of the imaging
system is approximately 10 cm™. CARS signal was collected using a bandpass filter (643 + 20
nm) and detected with a PMT (Hamamatsu H10722-20). Total power at the sample was 120
mW (80 mW pump, 40 mW Stokes). Cells were imaged live using a Chamlide TC live cell
chamber (Quorum Technologies) with CU-109 incubation and FC-5 automatic COz/air mixer
at 37 °C and 5 % CO.. Scanlmage (Vidrio Technologies) software was used for image
acquisition. Images were acquired using a 3 by 3 tile scan, with 50 % offset.®® This covered an
area of approximately 0.1 mm?2. Three different fields of view were imaged for each culture.
Experiments were performed in triplicate. Image tiles were stitched together in post-processing
using the MIST plugin within ImageJ . Prior to quantitative analysis, stitched images were pre-
processed so only the area within the cell boundaries was analysed. A binary image was created
using pixel classification within llastik. This binary image was then applied as a mask to the
stitched images to outline the cell boundary as well as measure total cell area. The spot
detection plugin within ICY was then utilised for quantitative analysis of CARS puncta within
processed images.®” CARS images were analysed to count the number and total area of white

puncta present.
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Raman spectroscopy

A home-built Raman microspectrometer was used to acquire Raman spectra of crystalline
PEO-PCL and empty polymersome samples. The system was principally composed of an
inverted microscope (Nikon Ti Eclipse), 785 nm CW laser (Laser 2000), 40x air objective (0.8
NA) and spectrometer with CCD (Andor SR303i). Each time prior to spectral acquisition the
system was calibrated for spectral positions using a polystyrene standard. A total of 10 spectra
were acquired and averaged using 10 s exposure, 10 um slit width, 300 lines per mm grating
and 40 mW of laser power at the sample. Raw spectra were baseline corrected using

asymmetric least squares fitting.

Imaging flow cytometry (IFC)

Imaging flow cytometry assays were completed as previously described with minor
modifications. Briefly, RAW 264.7 macrophages were seeded in 24-well plates at 2.5 x 10°
cells/cm? (5 x 10°/mL) and incubated overnight to ensure a density ~ 1 x 10° after 24 hours. B.
thailandensis bacteria were added to RAW cells for 1 hour at a concentration of 1x10®
bacteria/mL ([MOI] = 100), as previously described, before replacement of DMEM with L-15
medium containing kanamycin at 1 mg/mL for 3 hours. DiD-labelled PMs were then added to
the infected cell culture at a dilution of 1:10. Cells were incubated at 37 °C for a further 3 or
21 hours before fixation in 0.5% (w/v) PFA for imaging flow cytometry analysis. Control
groups included infected cells in the absence of PMs, and cells containing PMs but with no
bacterial infection. Data was acquired using an ImageStream X MKII (ISX, Amnis, Seattle,
USA). Cells were imaged at a 60x magnification, with resolution of 0.3 um/pixel, and a 2.5
um optical slice image of cells. 10,000 cellular events were acquired for each sample set. Only
data from the relevant channels was collected and these included Channel 01 (brightfield

camera), Channel 02 (488 nm laser power: 100 mW, for B. thailandensis eGFP visualisation),
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and Channel 11 (642 nm laser power: 150 mW, to allow DiD visualisation). Single stain
controls were used to calculate and apply a compensation matrix to all collected data presented,
and all gates were kept consistant throughout all experiments and biological replicates. Imaging
flow cytometry data was analysed using IDEAS® version 6.2 software (Luminex, USA). Only
imaging events that were in focus (based on Gradient_ M01_Ch01 > 50) and comprised a single
cell (Gated using Area MO1 vs. Aspect Ratio M01) were analysed. The functions
Intensity MC_Ch02 and Max Pixel_ MC_Ch02 were used to gate cells positive for GFP-
labelled bacteria, and the function Intensity MC_Ch11 was used to gate cells positive for DiD
(defined at 1.6 x 10%), as indicated in the results. Erode (M01.4) masks of bright field images
were used to define intracellular regions of captured cells. To distinguish extra- and
intracellular GFP-labelled bacteria, an internalisation feature was used to calculate the ratio of
GFP fluorescence intensity inside the cell (defined using the Erode (M01.4) mask) compared
to outside the cell. Cells with an internalisation score of 1 or more were deemed to have
intracellular B. thailandensis, whereas those with a score of less than 1 were deemed to have
extracellular B. thailandensis. The Similarity Bright Detail Feature R3 feature was used to
determine co-localisation of GFP-positive bacteria and DiD-labelled PMs, with a BDS value

of 0.95 or greater indicating co-localisation. Full gating strategies are shown in the results.

Minimum inhibitory concentration (MIC) assays

B. thailandensis bacteria from overnight cultures were diluted in L-broth to 1 x 10° bacteria/mL
(based on optical density (OD)), using a Genesys 10 UV scanning spectrophotometer (Thermo
Fisher, UK)) and incubated in 96 well plates for 24 hours at 37 °C in the presence of
doxycycline and rifampicin at concentrations of 0 — 100 ug/mL, or antibiotic-loaded PMs at

seven 1:2 serial dilutions, as stated in the results. A Multiskan™ FC OD plate reader (Thermo
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Fisher Scientific, UK) was used to assess bacterial growth. For each treatment there were with

three technical repeats.

Intracellular infection assays

RAW 264.7 macrophages were infected with B. thailandensis, as for imaging experiments. To
test the efficacy of free and PM-encapsulated antibiotics, free doxycycline and rifampicin were
included at concentrations in the range 0 — 4.5 pg/mL or 0 — 2.6 pL/mL respectively, as stated
in the results. PM-doxycycline or PM-rifampicin preparations were added to infected RAW
264.7 cell cultures at dilutions of 1:3.33 or 1:20. PMs were incubated for 3 or 21 hours at 37
°C. Cells were then lysed using distilled water and the lysate plated onto agar plates for
quantification of bacterial colony forming units. Negative controls included wells with PM-
empty nanoparticles, and wells containing no antibiotics or PMs. Agar plates were incubated

at 37 °C for 48 hours before visual inspection and manual colony counting.

Statistics
Statistical analysis was performed using GraphPad Prism 8 software (GraphPad, USA).
Statistical tests performed were combinations of unpaired t-tests, and one- or two-way ANOVAS

with Tukey’s post-hoc correction test, as stated in results in figure legends.

SUPPORTING INFORMATION

For supplementary data and figures reported in the text of the manuscript, readers are directed
to the supporting information, available as an online PDF. This file contains Supplementary
Figures 1-7 and Supplementary Table 1 as follows:

Figure S1. Rayleigh scattering peak from PM samples when measured by UV-vis.

Figure S2. Assessment of un-dialysed antibiotic remaining in buffer surrounding PMs.
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Figure S3. Effect of freezing, 24 hrs storage and defrosting on PM size and encapsulated
doxycycline.

Figure S4. PMs can be concentrated using ultracentrifugation to achieve higher antibiotic
concentrations.

Figure S5. Assessment of undialysed lipophilic dye remaining in buffer surrounding PMs.
Figure S6. A schematic of the grating strategy used in the imaging flow cytometry experiments.
Figure S7. Intracellular burden of B. thailandensis in macrophages correlates with PM uptake.
Table S1. Quantification of PM and B. thailandensis co-localisation in RAW 264.7

macrophage cells.
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Supplementary Figure 1
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Figure S1. Rayleigh scattering peak from PM samples when measured by UV-vis. In PM
preparations Raleigh scattering contributes to a peak at 250-300 nm in absorbance spectra
of PM preparations, as can been observed in the spectra of empty PM preparations. This
peak was subtracted from spectra of loaded PMs to give the data shown in Figure 1.
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Supplementary Figure 2
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Figure S2. Assessment of un-dialysed antibiotic remaining in buffer surrounding PMs.
Following dialysis, there is detectable antibiotic in the aqueous phase of bulk PM
preparations, once the PMs have been removed by filtration.
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Supplementary Figure 3
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Figure S3. Effect of freezing, 24 hrs storage and defrosting on PM size and encapsulated
doxycycline. Empty or doxycycline-loaded PMs were frozen by placement in a -20 C freezer
or by flash-freezing in liquid nitrogen at - 196 C, stored frozen for 24 hours before defrosting
at room temperature in the presence and absence of 30% w/v sucrose. Size was then
measured by DLS and doxycycline concentration by absorbance spectroscopy as described in
the methods. The flash-freezing method led to an increase in hydrodynamic radius which did
not occur in the present of sucrose (A and B; n= 3 independent PM batches; p <0.05). There
were no significant changes in final doxycycline concentration in the presence of sucrose (C),
but flash-freezing in the absence of sucrose resulted in a clearly milky suspension, that led to
a high absorbance value at 355 nm (D and E). The absorbance value for this method was
disregarded due to the high scatter.
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Supplementary Figure 4
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Figure S4. PMs can be concentrated using ultracentrifugation to achieve higher antibiotic
concentrations. (A) A schematic showing the difference between bulk PM concentration
assessments and how ultracentrifugation can be used to pellet the PMs and assess local
concentration. (B) A schematic of the calculations used to determine local concentration. (C)
Ultracentrifugation and resuspension of the pellet in a volume 1000 less than the initial
volume results in a concentration in the new solution 1000 x greater than that in the original
suspension. This indicates that all antibiotic is localised to PMs and can be separated from
the solution by ultracentrifugation. (D) Concentrated PMs have a similar size distribution to
those in standard preparations.
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Supplementary Figure 5
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Figure S5. Assessment of undialysed lipophilic dye remaining in buffer surrounding PMs.
(A) Images showing the spin filter tubes used to separate the nanoparticle from the
surrounding buffer (filtrate). (B) PM-DiD samples retained 7.2 uM * 1.0 of the dye, with no
detectable DiD dye recorded in the filtrate. Graph shows the mean and SD of three
biological repeats. (C) PM-Dil samples retained 6.9 uM of the dye, with no detectable Dil
dye recorded in the filtrate. Graph shows the mean and SEM of one biological repeat
measured in triplicate.
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Supplementary Figure 6
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Figure S6. A schematic of the grating strategy used in the imaging flow cytometry
experiments
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Supplementary Figure 7
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Figure S7. Intracellular burden of B. thailandensis in macrophages correlates with PM
uptake. Bright Detail Intensity (GFP — a measure of B. thailandensis burden; channel 2)
plotted against Mean Fluorescence Intensity (DiD — a measure of PM uptake; channel 11).
There is positive correlation (0.23; p < 0.0001, Pearson’s) between GFP BDI and DiD
fluorescence intensity.
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Supplementary Table 1

Table S1: Quantification of PM and B. thailandensis co-localisation within RAW 264.7 macrophage cells.
Data is taken from the bacteria and PM exposed cell populations at both 3 and 21-hour incubations.

-- 3-hour PM incubation 21-hour PM incubation

Region Description Cell % of % of gated Cell % of % of gated
count total cells (region) count total cells (region)
events events
RO All 10,000 100 - 10,000 100 -
R1 In focus 9853 98.5 98.5 9326 93.3 93.3
R2 Single cells 9835 98.4 99.8 (In 9270 92.7 99.4 (In
focus) focus)
R5 Cells with 2619 26.2 26.6 (Single 6205 62.1 66.9 (Single
associated Bt cells) cells)
R6 Intracellular 1057 10.6 40.4 (Cells 2522 25.2 40.6 (Cells
bacteria with ass. Bt) with ass. Bt)
R7 Co-localised 197 2.0 18.6 80 0.80 3.2
(Intracellular (Intracellular
bacteria) bacteria)
R8 % of cells with 9843 98.4 99.9 (In 9310 93.1 99.8 (In
PMs (taken focus) focus)
from R1)
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