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Bacterial hitchhiking with drug-loaded
nanoparticles as a drug delivery strategy
for cancer immunotherapy

Check for updates

Radu A. Paun1,2, Daciana C. Dumut2,3, Ling Li1, Danuta Radzioch2,3,4 & Maryam Tabrizian1,5

Select strains of bacteria show significant therapeutic promise in oncology, but there are major
limitations for their clinical implementation, including their fast clearance from the circulation and
dose-limiting toxicity. To address this challenge, we propose delivering bacteria alongside drug-
loaded nanoparticles to reduce the premature clearance of bacteria from the circulation and improve
their therapeutic efficacy. We evaluated the ability of the bacterium Magnetospirillum
gryphiswaldense, an environmental isolate that holds promise as an anti-cancer immunotherapy, to
carry drug-loaded nanoliposomes into melanoma tumors. Using the B16F10 melanoma mouse
model,wedemonstrated thatwhen injected locally, thebacteria can significantly reduce tumor growth
while inducing a strong immune response. Further, we showed that drug-loaded nanoliposomes can
be conjugated to the surface of bacteria improving their tumoral delivery and yielding a stronger
anticancer response when delivered systemically. These results suggest that bacterial hitchhiking is a
promising systemic drug delivery strategy for cancer immunotherapy.

Recent advances in the field of immunotherapy have enabled the develop-
ment of a novel class of cell based (living) therapeutics for the treatment of
cancer. For example, the production of chimeric antigen receptor (CAR) T
cells has substantially transformed the treatment of hematologic malig-
nancies by improving patient outcomes1. Over the years, multiple studies
have shown that both strict and facultative anaerobic bacteria, including but
not limited to Clostridium novyi, Listeria monocytogenes, Escherichia coli,
and Salmonella enterica can actively target and colonize solid tumors in
mouse models of cancer given the presence of a favorable tumor
microenvironment2,3. Due to their malignant transformation, cancer cells
can significantly modify their surrounding environment resulting in the
presence of hypoxic regions and lower pH inside the tumor mass. This
results in an overall immunosuppressive environment within a tumor,
giving rise to conditions that can accommodate the growth of certain bac-
teria andenablemore efficient colonizationof tumor lesions that are as small
as five cell layers thick4. Furthermore, previously published studies have
demonstrated that bacteria, and bacterial derived products, have potent
anti-neoplastic activity via the activation of the immune system and the
expansion of CD4+ and CD8+ T cells through toll-like receptor (TLR) and
cytokine signaling5–8. Given the ability of bacteria to use their flagella for
propulsion, they can achieve improved tumoral tissue biodistribution

profiles compared to viruses, activating and recruiting immune cells deeper
into tumors9,10. In addition, bacteria are not limited by the presence of viral
immunodominance, which can skew the immune response towards viral
antigens that replicate in cancer cells, as is the case for oncolytic viruses.
Aside from their immunostimulatory properties, bacteria can also be
genetically or chemically engineered to deliver and release therapeutic
payloads directly at the site of the lesion in a controlled manner11. For
example, Chowdhury et al. were able to engineer E. coli to release nano-
bodies designed towork as immune checkpoint inhibitors (ICI) directly into
the tumor tissue using a genetically encoded lysis circuit12. Our group, and
others, have shown that drugs/nanoparticles can be loaded into/onto var-
ious types of bacteria, thereby working as self-propelled therapeutic agents
that can deliver drugs to tumors, a concept known as cell hitchhiking13–20.
However, thus far, only the live Mycobacterium bovis vaccine Bacillus
Calmette Guerin (BCG) has resulted in successful clinical trials for the
localized treatment of superficial bladder cancer. A major limitation for
bacterial-based cancer therapeutics is their inability to robustly colonize
metastatic tumors that are not amenable for localized therapywhen injected
intravenously (IV) into humans21. Highly motile bacterial populations are
required for active targeting and colonization through the circulation, a
consideration that hasnot been addressedprior tohuman trials22,23. Another
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important issue is the fast opsonization and clearance of attenuated bacteria
from the blood by scavenger cells in the liver and spleen following IV
infusions of non-toxic doses (< 109 CFU/m2)24–26. Lastly, convincing evi-
dence in patients shows a significant upregulation of multiple immune
checkpoints in the later stages of sepsis as a result of the inflammatory
response, which could be a contributing factor to the observed immune
resistance of tumors when bacteria are administered as monotherapy27,28.

To address some of these challenges, and to complement the therapeutic
benefit of bacterial-mediated immune activation, we propose to use
nanoparticle-drug payloads in combination with bacterial vectors to improve
the delivery and efficacy of bacterial-based immunotherapies. This strategy
usesdrug-loadednanoparticles to improve the bacterial biodistributionprofile
once in the circulation, as well as to complement their anti-cancer efficacy.
Nanoparticles surround and attach onto the bacterial surface to temporarily
reduce thephagocytic rateof thebacteriaby scavengercells andallow forbetter
tumor colonization and an improved anti-cancer immune response (Fig. 1).

For example, nanoparticles have the ability to change their pharma-
cokinetic profile in circulation in adosedependentmanner,whereby ifmore
than 1012 nanoparticles are administered IV to a mouse, enough particles
can saturate scavenger cells and reduce the overall liver clearance of the
remaining circulating nanoparticles29. For this strategy to be effective, cir-
culating nanoparticles should bind to scavenger cells through similar
receptors as the bacteria. In our case, attaching the nanoparticles to the
bacterial surface could improve the bacterial stealth properties due to the

presence of polyethylene glycol (PEG) on the nanoparticles, thereby
increasing their circulation time and tumor delivery. To apply this concept
to bacterial-based cancer therapeutics, we have chosen the bacterium
Magnetospirillum gryphiswaldense strain MSR-1 as an immunotherapy
candidate due to its robust swimmingabilities (10–20 μm/s) andpotential to
target and colonize tumor hypoxic regions in mice, as Magnetospirillum
bacteria are known microaerophiles with the ability to colonize tumors30.
Furthermore, Magnetospirillum bacteria have been shown to induce
apoptosis in cancer cells and sequester large amounts of iron from their
environment creating a significant iron pool31–35. Iron sequestration and/or
overload can sensitize cells to ferroptosis and alter cancer cell gene
expression profiles to increase their susceptibility to immune-mediated
clearance, particularly by natural killer (NK) cells and macrophages36,37.
Additionally, bacteria could drive an immune response via the agonism of
multiple TLRs, which can result in better immune activation compared to
individual TLR stimulation alone38,39. Nanoliposomes loadedwith themetal
complex copper diethyldithiocarbamate (CuET) were chosen for the
hitchhiking strategy. CuET is a potent inhibitor of the p97-NPL4 protein
complex, which is involved in the trafficking ofmisfolded proteins from the
endoplasmic reticulum (ER) to the proteasome40,41. Additionally, p97 has
multiple cellular roles, such as the regulation of spindle disassembly at the
end ofmitosis42–44. Its inhibition leads to the formation of protein aggregates
and the induction of ER stress, which has been shown to cause cytotoxicity
in cancer cells45,46.

Fig. 1 | Schematic representation of the bacterial hitchhiking effect. By using bacteria to transport nanoparticles, more bacteria and drug-loaded nanoparticles can
infiltrate tumors and exert a more potent effect. Created in BioRender.com.
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Since some melanomas are refractory to immunotherapy (e.g., uveal
melanoma), and others can acquire resistance, developing novel treatment
methods remains a significant unmetneed47.Wefirst evaluated the ability of
MSR-1 bacteria to induce a potent immunomodulatory effect in a B16F10
mouse model of melanoma that is insensitive to currently approved ICI
immunotherapies (i.e., αPD1 and αCTLA4 antibodies).We then developed
a bacterial nanoparticle surface capture and adsorption strategy using
triazine chemistry to help shelter the bacteria from quick opsonization and
phagocytosis, as well as to deliver CuET to scavenging cells that do end up
engulfing the bacterial complex. We evaluated the bacterial-nanoparticle
complex stability, its uptake by macrophages, and the bacteria’s ability to
deliver complexed nanoparticles deep inside cancer spheroid models using
YUMM 1.7 cells due to their amelanotic features. Finally, we evaluated the
efficacy of our delivery strategy in a highly metastatic lung mouse model of
B16F10melanoma.Melanomawas chosen as the preliminary cancermodel,
since clinically advanced cutaneous melanomas are often metastatic, and

they can respond well to immunotherapies, as demonstrated by regulatory
approvals for the treatmentofmelanomausingoncolytic viruses and ICI48,49.

Results
MSR-1 bacteria reduce the growth of B16F10 tumors and acti-
vate the immune system
The ability of MSR-1 bacteria to inhibit tumor growth was first assessed in
an ectopic B16F10 model of melanoma, previously shown to be insensitive
to ICI (Fig. 2A). Results showed that a single peritumoral (PT) injection of
108 CFUs of MSR-1 bacteria can substantially reduce the growth rate of
B16F10 tumors inmice compared to PBS, aswell as compared to a single PT
injection containing 108 CFUs of E. coliDH5α as control bacteria (Fig. 2B).
Themice also exhibited a significantly longer survival time compared to the
twoother control groups, as shown inFig. 2C. The efficacy of treating tumor
bearing mice was further evaluated using intraperitoneal (IP) injections of
the standard of care ICI (αPD1+ αCTLA4) or isotype control antibodies

Fig. 2 | MSR-1 bacteria reduce the growth of B16F10 melanoma. A Experimental
setup andmouse treatment schedule. C57BL/6 mice bearing ectopic B16F10 tumors
are treated on day 7 peritumorally (PT) with PBS (n = 15), 108 CFU E. coli DH5α
(n = 9) and 108 CFUM. gryphiswaldense MSR-1 (n = 17) in one set of experiments,
and with 108 CFU M. gryphiswaldense MSR-1 (n = 8), or intraperitoneal injections
of 100 μg of IgG isotype controls (n = 5), 100 μg of αPD-1+ 100 μg of αCTLA-4
antibody (n = 4) in another set of experiments. B Tumor growth kinetics of treated
mice showing a significant reduction in tumor volume in mice treated with MSR-1
compared to DH5α or PBS controls; student’s t-test with Welch’s correction was
used at day 14; data from two pooled experiments shown as mean ± SEM.
C Kaplan–Meier survival analysis showing the increased survival of mice treated
with MSR-1 compared to DH5α or PBS controls; the log-rank test was used.
D Tumor growth kinetics of treated mice showing a significant reduction in tumor

volume inmice treated withMSR-1 compared to standard of care αPD-1+ αCTLA-
4 or isotype controls; student’s t-test with Welch’s correction was used at endpoint;
data as mean ± SEM. E Tumor weight comparison amongst the different treatment
groups at endpoint showing the reduction in the MSR-1 group; student’s t-test with
Welch’s correction was used at endpoint; empty circles represent individual mice,
and data as mean ± SD. F Comparison of the difference in the spleen weight nor-
malized to the mouse body weight between the treatment groups showing a larger
spleen weight in mice treated with MSR-1; student’s t-test with Welch’s correction
was used at endpoint; empty circles represent individual mice, and data as mean ±
SD. G Hematoxylin and eosin staining of tumor sections from different treatment
groups showing the immune infiltrates (black arrows) present in the bacterial
treatment groups.
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and compared to a single PT injection of 108 CFUofMSR-1 bacteria. In this
case,MSR-1 bacteria showed a clear advantagewith respect to the reduction
of tumor growth (Fig. 2D), as well as a reduction of the tumor weight at
endpoint (Fig. 2E), replicating the observations seen in the previous
experiments with E. coli. The mice demonstrated consistent tumor growth
kinetics depending on the administered treatment in all respective sub-
groups across experiments without any noticeable organ toxicity (Supple-
mentary Figs. 1,2). These results are intriguing asMSR-1bacteria havenever
been employed before as immunomodulators in cancer models, and the
bacteria seem to have a strong effect on reducing tumor growth beyond a
typical bacterial TLR stimulation, as the same effectwas not replicatedwhen
E. coli were used to treat the mice. Indeed, MSR-1 bacteria have a distinct
genome with a higher GC content (63%) and an innate ability to store large
amounts of iron deposits (Supplementary Figs. 3–6), roughly 2% of the
bacterial weight compared to E. coli at 0.05%31–33. In line with these expec-
tations, a significant increase in the weight of mouse spleens was observed
when normalized to the mouse body weight in groups treated with MSR-1
bacteria as shown in Fig. 2F, as well as an increase in cellular infiltrates on
H&E-stained tumor sections compared toother treatment groups (Fig. 2G);
only the DH5α group showed a noticeable increase in infiltrates, but less
pronounced than in the MSR-1 group.

Immunohistochemistry staining on tumor sections from PBS and
MSR-1 treatedmicewas performed to identify the type of cellular infiltrates
in the treated tumors. Results indicated amarked increase in the presence of
CD45R, CD3 and F4/80 positive cells, which are surrogate markers for B
cells, T cells, and macrophages, respectively as shown in Fig. 3A. The
increase in tumor infiltrating lymphocytes (TIL) is an important marker, as
these infiltrates are associated with better response rates in patients
undergoing ICI therapy50. The protective effect, established by the treatment
of tumor-bearingmicewithMSR-1 bacteria, seems to be associated not only
with a noticeable increase in TILs, but also with the increased presence of

inflammatory cytokines in mouse plasma (Fig. 3B) that may contribute to
the anti-cancer immune response. Interestingly, there was a trending
increase in IL-13, and a few other differences were detected between treated
and control groups in other plasma cytokine levels as illustrated in Sup-
plementary Fig. 7. However, M0 THP-1 macrophages stimulated with
MSR-1 bacteria are able to produce large amounts of TNFα with a gradual
increase in IL-6 production over a period of 24 h in vitro (Fig. 3C). A
significant limitation of bacterial-based cancer therapeutics is their fast
clearance from the circulation when injected IV before they can exert an
impact on the tumor microenvironment, which was confirmed by treating
tumor-bearing mice IV with one injection of 109 CFUs showing no sig-
nificant difference in the tumor size at endpoint (Supplementary Fig. 8). To
address this issue, and to improve the therapeutic effect of IV injected
bacteria, we sought to use nanoparticles as an additional therapeutic layer to
complement the observed bacterial effect.

Drug-loadednanoparticles canbecomplexed toMSR-1bacteria
using triazine chemistry
Additionally, coupling nanoparticles to bacterial surfaces could also confer
some form of stealth properties against scavenger cells, if the nanoparticles
themselves are stealth, like in the case of PEG-containing nanoliposomes
(LP). Figure 4A displays a schematic of the drug-containing PEGylated
liposomes on the surface of bacteria bound via triazine chemistry, due to the
abundance of amine and hydroxyl groups present on the bacterial outer
membrane. This strategy was used to attach the nanoliposomes encapsu-
lating copper diethyldithiocarbamate (LP-CuET), a metal complex that has
shown promise as an anti-cancer agent, to stimulate the immune response
(Supplementary Fig. 9)51,52. Scanning electron microscopy (SEM) imaging
(Fig. 4B) shows the successful coupling of LP-CuET to bacteria, which was
further confirmed by fluorescence microscopy using fluorescently tagged
liposomes (Fig. 4C). To quantify the number of LP-CuETparticles attached

Fig. 3 | MSR-1 bacteria induce a potent immune response.
A Immunohistochemistry images show an increase in CD45R+, CD3+, and F4/80+

cell infiltrates in the tumor microenvironment of the MSR-1 treated group. Scale
bars are 50 μm.BDifference in cytokine levels in isolatedmouse serum between PBS
control (n = 3) and 108 CFU of MSR-1 (n = 6) treated groups using the Luminex
assay at 24 h post peritumoral injection showing a notable increase in inflammatory

cytokines and chemokines; student’s t-test withWelch’s correction was used; empty
circles represent individual mice and data is shown as mean. C THP-1 cells were
treated with MSR-1 bacteria at a ratio of 1:10 in vitro showing a time-dependent
increase inTNFα and IL-6 secretion; empty circles represent individual experiments,
and data is shown as mean.
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to the bacteria, the number of particles in solution leftover after coupling to
the bacteria was determined (Final = 1.35 × 1012 np/mL) and then sub-
tracted from the amount before coupling (Initial = 1.62 × 1012 np/mL)
(Fig. 4D),which yielded 2.77 × 1011 LP-CuET liposomes coupled to 109CFU
of bacteria without any intrinsic toxicity to the bacteria itself (Supplemen-
tary Fig. 10). Therefore, there are approximately 277 nanoparticles attached
per bacterium, which is in line with the SEM data.

To evaluate the stability of surface-captured nanoparticles, we quan-
tified their release from the bacterial surface in a PBS solution using
nanoparticle tracking analysis (NTA) over a period of 6 h post-coupling
(Fig. 4E). Roughly 50% of LP-CuET particles remain attached to the bac-
terial surface after 6 h, but the particles start being released within 3 h after
coupling, suggesting that for maximum efficiency, the nanoplexed bacteria
should be administered within one hour post coupling. Reasons for nano-
particle shedding are numerous, but they can involve the cleaving of the
nanoparticle anchor from their attachments on the bacterial surface or the
shedding of outer membrane vesicles (OMVs) that MSR-1 bacteria can
release in the supernatant (Supplementary Fig. 11). Interestingly, when the
bacteria are adsorbed onto a substrate, as would be the case for their
interactions with mammalian cells or tissues, the bacterial-nanoparticle
coupling seems to be more stable. This was shown by adsorbing bacteria
onto poly-L-lysine coated SiO2 quartz crystalmicrobalancewith dissipation
(QCMD) sensors until a stable cellmonolayerwas achieved (Supplementary
Fig. 12) onto which DMTMM-activated LP-CuET was flown to evaluate
their capture directly onto the bacteria as shown in the top graph in Fig. 4F.
The captured liposomes were stable for over 20 h on the surface. This was
also the case when bacteria were captured directly onto a surface pre-coated
withDMTMM-activated liposomes (bottom graph).When liposomes were
notDMTMM-activated, the bacteriawere readily detached from the surface

(Supplementary Fig. 13). These results were confirmed by atomic force
microscopy (AFM) imaging showing thebacteria captureddirectly ontoLP-
CuET liposomes on a poly-L-lysine glass slide (Fig. 4G). These results
suggest that bacteria are likely to be taken up by cells alongside the drug-
loaded nanoparticles, which could end up increasing the amount of drug
delivery to cells that uptake the bacterial nanoplex.

MSR-1 bacteria target melanoma tumors and help deliver drug-
loaded nanoparticles
To testwhetherMSR-1-LP-CuET complexes (MLC) could alter the delivery
of nanoparticles into tumor tissue, we utilized 3D spheroids composed of
YUMM 1.7 cells as a delivery and distribution model. When the spheroids
were treated using fluorescent liposomes alone, there was a diffuse dis-
tribution of the liposomes, predominately located towards the periphery of
the spheroids, whereas both RBITC-labeled bacteria and theMLC complex
tagged with fluorescent liposomes alone showed a significant accumulation
towards the core of the spheroid (Fig. 5A, B, Supplementary Figs. 14-15).
Importantly, for the MLC group, only the liposomes were fluorescently
labeled, indicating that they are directly transported into the core of the
spheroids via the bacterial vectorswithoutmajor detachment along theway.
Further, the ability of macrophages, an important part of the mononuclear
phagocytic system (MPS), to uptake bacteria with or without conjugated
nanoparticles was evaluated. There is a significant decrease in the phago-
cytosis of bacteria byM0THP-1 cells in theMLC group as compared to the
naked MSR-1 bacteria (Fig. 5C). Interestingly, this effect is much more
significantwhenCuET is encapsulated in the liposomes compared to empty
liposomes alone (Fig. 5C, Supplementary Fig. 16). This indicates that while
the presence of surface-conjugated empty liposomes seems to somewhat
reduce the uptake of bacteria from the media, having CuET present

Fig. 4 | Drug-loaded nanoparticles can be complexed to MSR-1 bacteria using
triazine chemistry. A Schematic representation of CuET-loaded liposome (LP-
CuET) attachment to the surface of bacteria using triazine chemistry. B Scanning
electron microscopy images showing control bacteria (left) and bacteria with cap-
tured LP-CuET on the surface (right). C Fluorescence microscopy images showing
the capture of fluorescently labeled liposomes (right) on the bacteria compared to
control bacteria (left). Scale bars are 20 μm.DConcentration of LP-CuET in solution
as measured by nanoparticle tracking analysis before being captured by bacteria
(Initial) compared to after capture (Final). E Stability of captured liposomes onto

bacteria with respect to time showing the bacterial shedding of nanoparticles; empty
circles represent individual experiments, and data is shown as mean ± SD. FQuartz
crystal microbalance with dissipation (QCMD) experiments showing that bacteria
can adsorb onto activated SiO2 sensors and capture LP-CuETonce they start flowing
onto the sensor (upper graph, arrows). Similarly, when LP-CuET is captured onto
the surface first, bacteria attach to the particles once they start flowing onto the
sensor (lower panel, arrows). G Atomic force microscopy images showing the
QCMD sensor surface containing LP-CuET and bacteria captured on LP-CuET
nanoparticles.

https://doi.org/10.1038/s44385-024-00006-6 Article

npj Biomedical Innovations | (2025)2:3 5

www.nature.com/npjbiomedinnov


significantly reduces the ability of THP-1 macrophages to phagocytose
bacteria from the media, therefore compounding the effect of empty lipo-
somes alonewithout any noticeable toxicity to theTHP-1 cells.WhenTHP-
1macrophageswere pretreatedwithDMSO-dissolvedCuET (1 µM) for 3 h,
the same effect was observed with fluorescent microparticles, namely, there
were less microparticles being internalized bymacrophages pretreated with
CuET (Supplementary Fig. 17). When CuET is added to cells, it triggers an
ER stress response to prevent aberrant cell function and death as a result of
the accumulation of toxic proteins, which enhance the toxicity of MLC in
melanoma cells at a bacteria-to-cancer cell ratio of 10000:1 (Supplementary
Fig. 18), but inmacrophages, ER stress seems to also reduce their phagocytic
ability at non-toxic doses.

The safety of administering MSR-1 intravenously in vivo was assessed
by determining the 50% lethal dose (LD50) through escalating dose
administration in mice. A safely tolerated dose of up to 109 CFUs was
determined before any serious adverse events, such as significant weight
loss, lethargy, or death would occur (Fig. 5D, Supplementary Fig. 19),
consistent with data for other magnetotactic bacteria20,30. The bacteria
mainly accumulated in the liver and spleen, since these are important organs

with respect to the MPS. On day 7, there was a noticeable number of live
bacteria still present in the liver and spleen, as well as in the kidneys and
lungs (Fig. 5E). However, by day 14 the mice were able to clear the bacteria
from their system (data not shown). To evaluate the organ biodistribution
profile of fluorescently tagged MLC bacteria (109 CFU) in vivo, we per-
formed ex vivo imaging of isolatedmouse organs and explanted YUMM1.7
tumors at the 6-hour timepoint (Fig. 5F).We chose to administer 109 CFUs
to achieve the maximum dose efficacy that is also tolerated by mice. There
was amarked accumulation ofMLC bacteria inmouse YUMM1.7 tumors,
to a significantly higher extent than in the mouse liver, heart, or spleen
(Fig. 5G).

Nanoplexed bacteria reduce the tumor burden in a B16F10
metastatic mouse model
Next, the efficacy of the bacterial nanoplex formulation was evaluated
according to the treatment schedule in Fig. 6A in a B16F10 lung metastatic
melanomamodel. Oncemice established lungmetastases, they received two
intravenous injections of empty liposomes, 1mg/kg LP-CuET, 109 CFUs of
MSR-1, and 109 CFUs ofMLC. At endpoint, individual tumor nodules that

Fig. 5 | MSR-1 bacteria are well tolerated in mice and can colonize tumors.
A Confocal microscopy images of central sections of YUMM 1.7 spheroids showing
the distribution of fluorescently tagged liposomes, bacteria, and the complex. Only
the liposomes were fluorescently tagged for the complex group. Scale bar is 100 µm.
B Quantification of spheroid core fluorescence intensity of the nanoparticles or
bacteria that penetrated into the core region of YUMM 1.7 spheroids, quantified by
image analysis of spheroids’ cross-sections showing that liposomes are delivered
alongside bacteria into the core of the spheroids; Welsch’s One-Way ANOVA with
Dunnett’s 3 T correction was used; empty circles represent individual spheroids and
data is shown as mean. C Phagocytosis experiment showing that treating M0 dif-
ferentiated THP-1 cells with bacteria and LP-CuET diminishes their phagocytic

activity; empty circles represent individual experiments and data is shown as mean.
D LD50 experiment demonstrating the maximum tolerated dose of MSR-1 bacteria
that can be systemically administered tomice (n = 6), namely around 2 × 108 CFU/g.
E Biodistribution of bacteria in mouse organs 7 days after IV injection of 108 CFU
showing that bacteria preferentially accumulate in liver and spleen tissue; empty
circles represent individual mice and data is shown as mean. F Ex vivo fluorescence
images of mouse organs showing the accumulation of fluorescently tagged bacteria
6 h after IV injection. G Quantification of normalized fluorescence intensity of
mouse organs showing the accumulation of bacteria in mouse tumors; circles
represent individual mice and data is shown as mean.
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formed in the lungs were manually counted (Fig. 6B). The MLC group
showed the strongest tumor growth inhibition by the number of nodules
present on the lung surface compared to the vehicle control group (Fig. 6C).
TheMSR-1 group also exhibited a significant reduction innodule count, but
to a lesser extent. In line with these results, the weight of the spleen nor-
malized to the mouse body weight for the MSR-1 and MLC groups were
significantly higher than the vehicle control (Fig. 6D) without significant
changes in their bodyweight (Fig. 6E). Thisfindingmirrors the efficacy data
obtained using local injections of MSR-1 in subcutaneous B16 F10 models,
where the spleen size increased along with efficacy in the treated mice,
suggesting that the observed therapeutic effect is likely driven by an anti-
cancer immune response. Additionally, when the mice were treated with
local injections of CuET or MLC in a subcutaneous model, the efficacy
observed with IV administration was not replicated, nor was it improved
with the addition of ICI, (Supplementary Fig. 20) in striking contrast to the
improvement observed with the systemic treatment of metastatic disease in
theMLC group. This is likely due to a strong inflammatory response that is
present when CuET is administered locally at high concentrations as noted
by the development of erythema and the formation of thickened fibrotic
tissue at the injection site (data not shown). In addition, high concentrations
of CuET in the tumors could also induce toxicity towards recruited effector
immune cells, preventing their tumoricidal function, as well as preventing
the activation of a more potent systemic immune response.

Finally, the delivery of fluorescently labeled LP-CuET to tumor-
bearing lungs (Fig. 6F, G) and to the liver (Fig. 6H, I) 6-hours post IV
injection was assessed. There was a trending increase in the delivery of LP-
CuET to tumor-bearing lungs in the presence ofMSR-1 bacteria. Even with
a small number of mice per group, a significant and consistent decrease in
the amount of LP-CuET in the liver in the presence of bacteria compared to
MLC group was observed. It is important to note, as mentioned in the
Methods section, that B16F10 tumors contain large amounts of melanin,
which can block light in the emission range of Texas Red™, making it more

difficult to obtain significant fluorescence data from within tumor lesions.
Nonetheless, weobserve an increase in the number of live bacteria present in
B16F10 tumors of mice when the mice are treated IV with MLC compared
to MSR-1 alone, as well as the amount of fluorescent LP-CuET present in
lesions after IV injections with MLC or LP-CuET when imaged using
confocal microscopy (Supplementary Fig. 21).

Discussion
The use of engineered probiotics in oncology holds significant potential to
improve cancer treatments by harnessing bacteria’s ability to colonize
tumors and stimulate an anti-cancer immune response. While the exact
mechanismof action ofMSR-1 in the treatment of B16F10melanoma is not
yet entirely understood, there arepotential avenues that areworth exploring.
For example, the bacterium M. magneticum strain AMB-1 was previously
shown to behave as a living iron chelator, to reduce cancer cell proliferation,
and to strongly induce apoptosis under hypoxic conditions in vitro34,35.
However, a significant decrease in the proliferative index was observed at or
above a ratio of cancer to bacterial cells of 1:1000, which is consistent with
our observations for the MSR-1 strain in melanoma cells. Changes in iron
metabolism have also been implicated in immunomodulation where che-
lation can lead to improvements in the ability ofNKcells to clear cancer cells
via specific receptor expression37. Alternatively, iron overload as a result of
dead bacterial cells, or their iron-containing molecular products, being
engulfed by tumor cells couldpotentially sensitize the cells to ferroptosis and
further modulate the anti-cancer immune response, which could lead to
slower tumor growth35,53.

In addition to iron’s immunomodulatory effects, bacteria contain
various pathogen associated molecular patterns (PAMPs) that are recog-
nized by TLRs on immune cells to promote an inflammatory response.
Notably, increases in IL-2 and IL-17A are typically driven by activatedTh17
cells, and the presence of IL-4 and IL-5 secretion is associated with a Th2
response to establish humoral immunity, both led by CD4+ T cells against

Fig. 6 | Nanoplexed bacteria improve the treatment of B16F10 lung metastases.
AExperimental setup andmouse treatment schedule. C57BL/6mice bearingB16F10
lung tumors are treated on days 3 and 12 intravenously with vehicle (n = 7), 1 mg/kg
LP-CuET (n = 8), 109 CFU MSR-1 (n = 9), and 109 CFU MLC (n = 9).
B Representative lung pictures showing the extent of the tumor burden in each
treatment group; black nodules represent individual tumors. C Number of lung
nodules observed in lung metastases in mice at endpoint; Welsch’s One-Way
ANOVAwith Dunnett’s 3 T correction was used; empty circles represent individual
mice, and data as mean ± SD. D Difference in the spleen weight normalized to the
mouse body weight between the treatment groups at endpoint; Welsch’s One-Way

ANOVAwith Dunnett’s 3 T correction was used; empty circles represent individual
mice, and data as mean ± SD. E Change in mouse weight over the course of the
treatment. F Ex vivo fluorescence images of mouse lungs containing B16F10 mel-
anoma showing the accumulation of fluorescent nanoparticles 6 h after IV injection.
G Quantification of lung fluorescence intensity; student’s t-test with Welch’s cor-
rectionwas used; circles represent individualmice, and data presented asmean.HEx
vivo fluorescence images of mouse livers showing the accumulation of fluorescent
nanoparticles 6 h after IV injection. I Quantification of liver fluorescence intensity;
student’s t-test with Welch’s correction was used; circles represent individual mice,
and data presented as mean.
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extracellular pathogens54–56. Interestingly, IL-4 and IL-5 cytokines, in a
Th2-directed immune response, can play an important protective role in the
context of anti-tumor immunity, particularly in melanoma45,57–61. The
increase in T-cell specific cytokines, alongside an increase in CXCL2, a
potent granulocyte chemokine, typically secreted by activatedmacrophages,
are indicative of bacterial infection and are likely to recruit a variety of
leukocytes into the tumor microenvironment beyond those assayed in this
study. This indicates that the bacteria are likely to induce the production of
these cytokines at the site of injection but are ultimately sequestered locally
to initiate a broader systemic immune response directed at the foreign
bacteria, and indirectly against the tumor. Taken together, this data suggests
that injections of MSR-1 bacteria can be used as a potent Th 2/17 immu-
nomodulator in the context of improving cancer therapy.

Nanoparticles are well established carriers for drugs that are insoluble or
unstable in the circulation, enabling their use to potentially improve the
efficacy of immunotherapeutic bacteria. Indeed, studies have shown that
nanoparticle-based drug delivery systems, including nanoliposomes, can be
combined with bacteria to yield better cancer treatments in mice, specifically
where the bacteria can improve the transport of conjugatednanoparticles into
tumors via their flagella14. This hitchhiking strategy can facilitate the delivery
of therapeutic cargo to hard-to-access tumor regions, as observed with the
accumulation of theMLC in the core of YUMM1.7 spheroids, which is likely
driven by the presence of an oxygen gradient, as hypoxic and necrotic regions
typically occur towards the core of a spheroid as the cells multiply62. Since
MSR-1bacteria are knownmicroaerophiles, theyprefer regionsof lowoxygen
tension, however, other reasons for their targeting to the core regions of
spheroids may include the bacteria avoiding CO2 rich media, as well as the
possible presence of a chemotactic gradient, such as amore acidic pH towards
the core. It is important to note that the presence of conjugated nanoparticles
onto the bacterial surface did not prevent the bacterial opsonization when
incubated in human plasma (data not shown). Since CuET blocks the p97-
NPL4 complex, misfolded proteins accumulate in the ER of the cell causing
proteotoxic stress and translational arrest thereby initiating the unfolded
protein response40.This effect couldbeextrapolated invivo, as cells of theMPS
system are responsible for clearing opsonized bacteria via phagocytosis,
mainly in the liver and lymphoid tissues. Therefore, an induction of tem-
porary ER stress from their uptake of CuET from bacterial-conjugated
nanoparticles, could result in a temporary decrease in phagocytosis andmight
allow longer circulation time for bacteria resulting in higher bacterial counts
and penetration inside tumors. The nanoshielding effect would be interesting
to study in a broader context of nanoparticle-based drug delivery, whereby
instead of depleting scavenger cells, their phagocytic ability could be tem-
porarily disabled to allow other therapeutic micro/nanoparticles to accumu-
late into the tumors. Other studies assessing a wide variety of drug-loaded
nanoparticleswould bewelcomed to confirm thenanoshielding hypothesis. It
remains tobe seen towhat extent themagnitudeof this effect canbe attributed
to the inductionofERstress, butother compoundsknownto induceERstress,
e.g., bortezomib, might help address the mechanism of action.

Overall, the data suggests that a larger number of nanoparticles are
delivered into tumors when MSR-1 bacteria are present, and equivalently,
there are more live bacteria present in tumors in the presence of LP-CuET,
likely due to a complementary effect. TheMPS systemmay be challenged in
its ability recognize and engulf the nanoplexed bacteria, thus allowing for a
distinct biodistribution profile when the bacteria are combined with
nanoparticles as a drug delivery strategy. In addition, recent studies have
shown that nanoparticles tend to be sequestered by the MPS to a larger
extent at doses < 1012 nanoparticles due to the ability of nanoparticles to
saturate scavenger cells at higher doses29. A similar effect is likely taking
place in this case, where phagocytic and scavenger cells are being saturated
when bacteria are being delivered alongside the nanoshields, and vice versa.
Notably, there was no difference in the bacterial colonization or treatment
efficacy when MSR-1 bacteria were delivered with empty liposomes com-
pared to MSR-1 alone (data not shown), indicating that LP-CuET plays a
role in improving the bacterial efficacy and biodistribution in lung metas-
taseswhen injected IV,with the potential tomodulate the immune response

by altering the cytokine profile in mouse plasma (Supplementary Fig. 22),
which warrants further exploration.

Using M. gryphiswaldense as a potent anti-cancer agent and immu-
nomodulator, we showed that the bacteria can also be used as drug-delivery
vectors using surface-boundnanoparticles. The cell hitchhiking strategy can
also reduce the premature clearance of bacteria from the bloodstream,
leading to improved tumor targeting and enhanced treatment efficacy in
murine models of melanoma.While this study employed liposomes loaded
with a single drug, the combination of various types of nanoparticles loaded
with different therapeutic agents alongside engineered bacteria, or other
immunomodulatory microorganisms, could open the door to a myriad of
therapeutic possibilities in oncology. By employing bacterial hitchhiking of
nanoparticles, we can envision delivering a multitude of micro- and nano-
scale structures more efficiently to their intended targets and ultimately
improving cancer treatments.

Methods
Materials
B16F10 (RRID:CVCL_0159) andYUMM1.7 (RRID:CVCL_JK16) cell lines
were obtained from Dr. Ian Watson. THP-1 (RRID:CVCL_0006) cells
(TIB-202), Vitamin (MD-VSTM) and Trace Mineral (MD-TMSTM) supple-
ments were purchased from the American Type Culture Collection
(Manassas, VA). E. coli strain DH5α cells, CD3 (17A2), F4/80 (BM8), and
CD45r (RA3-6B2), cell culture flasks (T75) and dishes, glass coverslips, 6-
and 96-well plates, hematoxylin, eosin, mounting solution, formaldehyde
solution, penicillin–streptomycin, trypsin, Dulbecco’s Modified Eagle
Medium (DMEM), Roswell Park Memorial Institute (RPMI) 1640, non-
essential amino acids (NEAA), fetal bovine serum (FBS), NucBlue™ Live
ReadyProbes reagent (Hoechst 33342), Texas Red™ 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine (DHPE), and human ELISA kits were
obtained fromThermoFisher Scientific (Waltham,MA,USA). 96-well glass
bottom plates were purchased from Cellvis (Mountain View, CA). Scale-
view-S4, an optical clearing reagent, was obtained from FUJIFILM Wako
Pure Chemical Corporation (Richmond, VA). M. gryphiswaldense strain
MSR-1 cellswereobtained fromthe JapaneseCollectionofMicroorganisms,
Riken BRC (Japan). Copper (II) diethyldithiocarbamate was purchased
from Tokyo Chemical Industry (Japan). 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[carboxy(polyethylene glycol)-2000] (DSPE-PEG2000-COOH) and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (DSPE-PEG2000-OMe) were purchased from Avanti Polar
Lipids (Alabaster, AL, USA). Anhydrous ethanol was purchased from
Commercial Alcohols (Boucherville, QC, Canada). HRP goat-anti rat IgG
detection kit, endogenous blocking solution, and DAB substrate were
purchased from Vector Laboratories (Newark, CA). Silicon dioxide QSen-
sors (QSX 303) were purchased from NanoScience Instruments (Phoenix,
AZ). 8-week-old C57BL/6 mice of both sexes were purchased from Charles
River Laboratories (Wilmington, MA). αPD1 (RMP1-14), αCTLA4 (9D9),
and isotype IgG2a (2A3) and IgG2b (MPC-11) control antibodies, and
6.5 pH dilution buffer (IP0065) were purchased from Bio X Cell (Lebanon,
NH). All othermaterials and chemicals, including the high-sensitivity T cell
Milliplex® kit (MHSTCMAG-70K), were purchased fromMillipore Sigma
(Burlington, MA).

Bacterial cell culture
M.gryphiswaldense strainMSR-1bacteriawere culturedat 30 °C ina slightly
modified Magnetospirillum growth medium (mMSGM, Supplementary
Table 1) under microaerophilic conditions (1% O2) in sealed serum flasks,
and on 1% mMSGM agar plates for at least 48 h. E. coliDH5α cells from a
single colony were grown overnight in Lennox lysogeny broth (LB) media
under shaking conditions, and on 1.5% LB agar plates at 37 °C.

Mammalian cell culture
B16F10 and YUMM 1.7 cells were cultured in T75 flasks containing
DMEM, and THP-1 cells were cultured in non-adherent T75 flasks
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containingRPMI-1640. Cells weremaintained at 37 °C in an incubatorwith
a humidified atmosphere containing 5% CO2. Both DMEM and RPMI-
1640 were supplemented with 10% (v/v) fetal bovine serum (FBS), 1% (v/v)
of non-essential amino acids (NEAA) and 1% (v/v) penicillin/streptomycin.
Antibiotic-free media was used when bacteria were co-cultured with
mammalian cells. For spheroid formation, YUMM1.7 cells were added to a
low adhesion 96-well U-bottommicroplate at a density of 104 cells per well,
and cells were allowed to aggregate to form spheroids for 24 h. The spher-
oids were then detached from the bottom of each well by pipetting fresh
mediamultiple times.The spheroidswere then transferred to a lowadhesion
6-well plate that was placed in the incubator on a revolving shaker (100
RPM) for 48 h. Cytotoxicity was evaluated by seeding cancer cells in 96-well
plates at a density of 10,000 cells per well and incubated overnight. The cells
were then treated at various concentrations withMSR-1 orMLC.Cells were
fixed with 50% trichloroacetic acid, stained with 0.4% suflorhodamine B,
and resuspended in TRIS buffer (10mM) at a final volume of 200 µL per
well, and the optical density was measured at 492 nm.

Mouse experiments
C57BL/6male and femalemice (25–30 g, 12weeks old) were acclimated
to their environment and maintained under specific pathogen-free
conditions. Mice were injected subcutaneously (dorsally) or intrave-
nously (tail vein) with 5 × 105 or 3 × 105 B16F10 cells in 100 μL PBS to
establish the ectopic or metastatic mouse models, respectively. Mice
that did not establish subcutaneous tumors by the treatment date were
excluded from the experiment. For ectopic models, tumors became
visible 7 days following implantation; mice were randomized by weight
into the following groups: vehicle (PBS), MSR-1 (108 CFU), DH5α (108

CFU), isotype (100 μg IgG controls for each antibody), and
αPD1+ αCTLA4 (100 μg for each antibody). Treatments were admi-
nistered in a non-blinded setting in 100 μL peritumorally (PT) except
for the antibodies, which were administered via intraperitoneal (IP)
injections according to the treatment schedule illustrated in Fig. 2A.
Tumor growthwasmonitored every second day throughwidth (W) and
length (L) measurements using a standard electronic caliper. Tumor
volume (V) was calculated using the following formula: V =W2 × L.
Body weights were monitored every second day. Endpoint tumor
volume was defined as 2 cm3 according to the Facility Animal Care
Committee (FACC) guidelines. Survival of the tumor-bearingmice was
evaluated using Kaplan-Meier analysis. For the metastatic model, mice
were randomized by weight into the following groups: vehicle (empty
LP), liposomal CuET (LP-CuET, 1 mg/kg), MSR-1 (109 CFU), MLC
(109 CFU+ LP CuET). Treatments were administered in 100 μL
intravenously (IV) according to the treatment schedule in Fig. 6A. At
endpoint, the mice were sacrificed, and their lungs were isolated and
perfused via the trachea with Fekete’s solution containing 1% formalin,
70% ethanol and 4% acetic acid. The lungs were then immersed in
Fekete’s solution and fixed for at least 48 h to visualize and count the
pigmented metastatic lesions. All experimental procedures were per-
formed in accordance with the FACC of the McGill University Health
Center, Montreal, QC, Canada (AUP 7946). Since primary melanomas
are normally cutaneous lesions, we refer to our subcutaneous model as
ectopic.

Histology and immunohistochemistry
Organs and tumors from treated mice were removed at endpoint, fixed in
10%buffered formalin for at least 48 h, embedded in paraffin, and sectioned
at a thickness of 5 µm. Hematoxylin and eosin (H&E) staining was per-
formed manually using a standard protocol, and immunostaining was
performed according to manufacturer guidelines using the goat-anti rat
ImmPRESS®HRP polymer detection kit (VECTMP744415). Tumor tissue
sections were stained with primary monoclonal antibodies against CD45R,
CD3, and F4/80 staining for B cells, T cells, and macrophages, respectively.
Pictures were obtained using a Zeiss Axioskop 2 digital pathology micro-
scope (Oberkochen, Germany) at 20x magnification.

Cytokine Expression Assays
THP-1 cells were seeded in 6-well plates at a density of 1 × 106 cells per well
and differentiated into M0 macrophages with 10 ng/mL of phorbol 12-
myristate 13-acetate (PMA) for 48 h. Attached cells were then rested in
PMA-free media for 24 h. Rested cells were washed thrice with PBS and
1 × 107 CFU of MSR-1 bacteria were added in antibiotic-free media and
incubated for 3, 6, 12 and 24 h. Standard ELISAs against human TNFα (88-
7346-22) and IL-6 (88-7066-22) were performed using filtered (0.45 μm)
media supernatants according to manufacturer instructions. To evaluate
cytokine production in mice after treatment, mouse plasma was isolated
24 h after treatment, or at experimental endpoint, andwasused to performa
multiplexedELISAon a variety of relevant cytokines using a high-sensitivity
T cell Milliplex® kit (MHSTCMAG-70K) on the Luminex MAGPIX® sys-
tem according to manufacturer instructions.

Liposome fabrication and bacterial coupling
Liposomal copper diethyldithiocarbamate (LP-CuET) was synthesized as
previously described63. Briefly, a lipid mixture containing DSPC/DSPE-
PEG2000-COOH/DSPE-PEG2000-OMe/Cholesterol/CuET (molar ratio of
4/0.1/0.1/2.5/1)was added to 5mLof pure ethanol in a closed container and
was heated to 50 °C until complete CuET dissolution. The hot ethanol
mixture was then injected into 45mL of rapidly stirred ultrapure water at a
constant rate. The resulting solution was transferred to a rotary evaporator
to remove the ethanol and concentrate the nanoparticles. The solution was
suspended in PBS, filter sterilized (0.22 μm), and stored at 4 °C for up to
three months. Fluorescent liposomes were synthesized in the samemanner
with the additionof 1% (mol/mol)TexasRed™DHPE.Empty liposomes (no
CuET) were used as vehicle controls. For liposomal coupling to bacteria, 4-
(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM)was added to the nanoparticle solution at aDMTMMtoDSPE-
PEG2000-COOH ratio of 2:1 to activate the carboxylic acids. The nano-
particle solution was then added to the bacteria in excess in PBS and
incubated for 30min.

Bacterial phagocytosis assay
THP-1 monocytes were seeded in 6-well plates at a density of 1 × 106 cells
perwell anddifferentiated intoM0macrophageswith 10 ng/mLof PMA for
48 h; attached cellswere then rested inPMA-freemedia for 24 h.Rested cells
were washed thrice with PBS and incubatedwith 106 CFU ofMSR-1, empty
liposomes+ 1 × 106 CFU ofMSR-1, or LP-CuET+ 1 × 106 CFU ofMSR-1
for 3 h in antibiotic-freemedia. Viable THP-1 cells were thenwashed thrice
with PBS, resuspended using trypsin, and washed again thrice with PBS at
200 RCF for 5min. The THP-1 cells were then lysed and plated on 1%
mMSGM agar plates for colony counting.

Fluorescence and confocal microscopy
Fluorescence microscopy images of MSR-1 bacteria with or without cap-
tured LP-CuET nanoparticles labeled with Texas Red™were obtained using
theNikonEclipse TE2000Uepifluorescencemicroscope (Tokyo, Japan) at a
40x magnification after the bacteria have been washed thrice with PBS and
captured onto a poly-L-lysine coated glass slide. Confocal images of isolated
tumor tissue frommice injectedperitumorallywith1mg/kgfluorescent LP-
CuET or 1mg/kg fluorescent LP-CuET+ 108 CFU ofMSR-1 bacteria were
captured at a 40xmagnification using theCarl Zeiss LSM800 laser scanning
microscope.

Spheroid confocal imaging was performed according to a previously
established protocol64. YUMM 1.7 spheroids were treated with 1 μM
fluorescent LP-CuET, 107 CFU of rhodamine B isothiocyanate (RBITC)-
labeledMSR-1 bacteria, or the complex of fluorescent LP-CuET attached to
107CFUofMSR-1bacteria. Bacteriawere labeledwithRBITCby incubation
in 0.1M bicarbonate solution (pH 9.0) for 30min. After the treatments,
spheroids were collected and fixed with 4% (v/v) paraformaldehyde for
30min and nuclei were stained with Hoechst 33342 (1:1000) for 15min.
Scaleview-S4 clearing solution was added to the spheroids prior to the
imaging. Pictures were acquired using Opera Phenix™ high-content
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screening system (Perkin Elmer) equipped with microlens-enhanced
spinning disk using water immersion objectives. For zone analysis of the
spheroids, the “Find region” and resized region modules of the software
were used. The physical characteristics of the spheroids were measured
using Harmony® 4.9 imaging and analysis software. The “Find region”
module was used to detect the boundaries of the spheroids for the nano-
particle penetration analysis into the core of the spheroids defined at a
boundary zone of 30 µm from the surface.

Bacterial biodistribution
Mice bearing subcutaneous B16F10 tumors were injected IVwith 109 CFUs
ofMSR-1 bacteria with andwithout 1mg/kg LP-CuET.After 24 h, themice
were sacrificed and their organs and tumorswere collected into sterile tubes,
weighed, homogenized, and plated on parafilm-sealed 1% mMSGM agar
plates at 30 °C for 10 days for colony counting.

Ex vivo fluorescence imaging
Mice were injected dorsally with 5 × 105 YUMM 1.7 cells to establish sub-
cutaneous tumors or intravenously with 3 × 105 B16F10 cells to establish
lung lesions.When the subcutaneous tumors reached a volumeof 500mm3,
or on day 15 post tumor cell injection for the metastatic model, mice were
intravenously treated with 1mg/kg fluorescent (Texas Red™) LP-CuET
nanoparticles or 109 CFU of bacteria with 1mg/kg fluorescent LP-CuET
nanoparticles in 100 μL. Imaging was performed on ex vivo mouse organs
3 h post-IV injection using the Bruker In-Vivo Xtreme (Billerica, MA).
YUMM 1.7 tumors were used for biodistribution studies to allow for better
visualization and quantification of fluorescence images since B16F10 cells
produce a significant amount of melanin, which may interfere with the
imaging process.

Electron microscopy
MSR-1 bacteria with and without captured liposomes on the surface were
fixed with 3% glutaraldehyde in PBS and deposited onto a round poly-L-
lysine coated glass slide for 30min. The slide was rinsed in ultrapure water
and dehydrated in a series of ethanol solutions (30–100% v/v). The slides
were then placed in ametal sample holder for critical point drying using the
Leica Microsystems EM CPD300 (Wetzlar, Germany). Afterwards, the
slidesweremounted onmetal stubs and sputter coatedwith platinum(5 nm
thickness using the Leica Microsystems EM ACE600) before performing
scanning electron microscopy (SEM) imaging at an accelerating voltage of
10 kVusing the FEIQuanta 450 FE-SEM(Hillsboro, OR). For transmission
electron microscopy (TEM), liposomes or bacteria were drop cast on a
carbon-copper grid and stainedwith uranyl acetate for 30 s for contrast. The
imagingwas performedusing theThermoScientificTalos F200XG2 (S) at a
voltage of 200 kV.

Nanoparticle capture analysis
To quantify the capture of nanoparticles onto the surface of bacteria,
approximately 1012 LP-CuET (DMTMM-activated) nanoparticles were
incubated with 109 CFU of MSR-1 bacteria for 1 h. The bacteria were pel-
leted at 5000 RCF for 20min, and the number of leftover nanoparticles was
determined in the supernatant via Nanoparticle Tracking Analysis (NTA)
using the Malvern Nanosight NS300 (Malvern, UK). The difference yields
the number of nanoparticles captured by the bacteria. To quantify the
stability of captured surface nanoparticles, MSR-1 were washed twice with
PBS after nanoparticle capture, and the release of nanoparticles into the
supernatant was quantified by NTA minus the release of outer membrane
vesicles from the control bacteria without attached nanoparticles.

Quartz crystal microbalance with dissipation measurements
SiO2 sensors were cleaned according to manufacturer instructions, treated
with UV/ozone for 10min using the Plasma Etch (Carson City, NV) and
coated with poly-L-lysine (0.05%) for 30min before use. The sensors were
then mounted in flow chambers using the Q-Sense E4, Biolin Scientific
(Gothenburg, Sweden), and MSR-1 bacteria were captured on the sensor

overnight to ensure they form a stable monolayer before DMTMM-
activated or non-activated LP-CuET liposomes were flown to assess lipo-
some capture kinetics. In a reverse experiment, DMTMM-activated and
non-activated LP-CuET liposomes were captured on the surface first before
bacteria were flown to assess the adhesion of bacteria onto a liposomal
monolayer. All experiments were performed at room temperature with a
constant flow rate of 10 μL/min.

Atomic force microscopy
DMTMM-activated LP-CuET nanoparticles were deposited onto a poly-L-
lysine coated glass slide for 10min. The glass slide was rinsed with PBS and
immediately after, 107 CFUofMSR-1 bacteria in PBSwere incubated on the
slide for 30min. The surface was then fixed with 4% paraformaldehyde for
30min, washed with ultrapure water and dried under nitrogen gas. The
imaging was carried out using the Multi ModeTM AFM (Bruker) in the
Quantitative Nanomechanical mode (in air) using a sharp silicon nitride
lever (SNL-10, Bruker) with a spring constant of 0.12 N/m.

Statistical analysis
Experiments were carried out independently in at least technical and bio-
logical triplicates (n ≥ 3). Student’s t-test with Welch’s correction, and
Brown–Forsythe and Welch’s one-way ANOVA with Dunnett’s 3 T cor-
rection with multiple comparisons were used to assess the statistical sig-
nificance between groups at 95% confidence (two-sided). The data were
considered significant when p < 0.05 (* < 0.05, ** < 0.01, *** < 0.005, ****
< 0.0001). Sample size was determined based on power calculations per-
formed to account for thenormal variance in the tumormodels.All statistics
were performed using the Prism GraphPad 10 software.

Data availability
Additional data used and/or analyzed during the current study are available
from the corresponding author upon reasonable request.
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