
Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​
creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​mmons.​org/​publi​
cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

RESEARCH

Liu et al. Cancer Nanotechnology           (2023) 14:36  
https://doi.org/10.1186/s12645-023-00191-w

Cancer Nanotechnology

Bacterial outer membrane vesicles 
as cationic dye carriers for optoacoustics‑guided 
phototherapy of cancer
Nian Liu1,2,3†, Vipul Gujrati1,2*†, Juan Pablo Fuenzalida Werner2, Kanuj Mishra2, Pia Anzenhofer2, Andre C. Stiel2, 
Gabriele Mettenleiter4, Annette Feuchtinger4, Axel Walch4 and Vasilis Ntziachristos1,2,5,6* 

Abstract 

Background:  Cationic dyes are widely used as biomarkers for optical imaging. 
However, most of these are hydrophobic and cannot be employed in vivo without 
chemical conjugation or modification. Herein, we report for the first time the use of 
bacterial outer membrane vesicles (OMVs) as nanocarriers of cationic dyes for cancer 
theranostics.

Results:  We demonstrate that cationic dyes (IR780, Cy7, and Cy7.5) form stable com-
plexes with negatively charged bacterial-OMVs, improving the dyes’ in vivo circulation 
and optoacoustic properties. Such OMV-Dye complexes are biodegradable and safe 
for in vivo applications. Importantly, this method of cationic dye loading is faster and 
easier than synthetic chemistry approaches, and the efficient tumor accumulation 
of OMV-Dyes enables sensitive tumor detection using optoacoustic technology. As a 
proof-of-concept, we generated OMV-IR780 for optoacoustics-guided in vivo tumor 
phototherapy in a mouse model.

Conclusions:  Our results demonstrate cationic dye-bound OMVs as promising novel 
nanoagents for tumor theranostics.

Keywords:  Bacterial outer membrane vesicles, Cationic dyes, Electrostatic interaction, 
Optoacoustics, Phototherapy

Background
Organic dyes are highly promising candidates for preclinical and clinical optical and 
optoacoustic imaging applications because of their favorable optical properties, biocom-
patibility, and low toxicity (Li et al. 2021; Liu et al. 2019a, b). In particular, cationic dyes 
enable specific labeling and optical detection through their interaction with negatively 
charged biological components (e.g. DNA (Kotras et al. 2019), eukaryotic and prokar-
yotic cells (George et  al. 2009; Li et  al. 2015)). However, the non-specific electrostatic 
interactions of cationic dyes can adversely affect other negatively charged components 
(e.g. red blood cell aggregation) (He et al. 2019). Additionally, most of these dyes have 
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poor solubility in water and therefore cannot be used in vivo without any chemical con-
jugation or modification (Liu et al. 2021a, b, c).

A variety of nano-formulations have been proposed to enhance the stability and bio-
availability of cationic dyes (Wang and Niu 2021; Cai et al. 2018; Svechkarev et al. 2019). 
Liposomes, micelles and polymers are biocompatible nanocarriers that can improve the 
pharmacokinetics of dyes (Nunes et al. 2018; Beziere et al. 2015; Kuang et al. 2017; Ler-
iche et  al. 2019). Inorganic particles are also used in dye delivery. However, inorganic 
nano-formulations exhibit poor biocompatibility and most synthetic agents must be 
chemically modified and conjugated to develop effective nanoformulations for in  vivo 
applications (Wang and Niu 2021). Protein-based nanocarriers (e.g. human serum albu-
min, transferrin) are amenable to clinical translation because of their excellent biodegra-
dability, biocompatibility, and functionalization capability (Wang et al. 2016; Jiang et al. 
2015). But these types of nanocarriers usually need chemical modification to expose the 
hydrophobic parts to enable hydrophobic interactions.

Outer Membrane Vesicles are bilayered spherical (50–300  nm) nano-structures 
released from various Gram-negative bacterial strains during normal growth (Li and Liu 
2020). OMVs naturally carry cell-derived cargos, including lipopolysaccharides (LPS), 
phospholipids, peptidoglycan, proteins (periplasmic, cytoplasmic, and membrane-
bound), nucleic acids (DNA, RNA), and signaling molecules, and effectively transfer the 
bio-molecules to the host cell (Furuyama and Sircili 2021). Exploring the natural cargo-
delivery properties of OMVs, a series of therapeutic drugs (siRNA, microRNA, biopoly-
mers, and proteins) were delivered by encapsulating drugs in the membrane, lumen, or 
on the surface of OMVs (Furuyama and Sircili 2021; Qing et al. 2019; Gujrati et al. 2014, 
2019). As a nanocarrier, OMVs offers several distinct advantages: they have a rigid lipo-
protein membrane, which imparts stability and reduces leakage in the systemic circula-
tion; they are acellular therefore non-replicating, which reduces the chance of infections; 
they can be used in vivo in very small quantities (Schwechheimer and Kuehn 2015); they 
exhibit strong electrostatic interactions with cationic conjugated polymers due to the 
negative charge of membrane and LPS, which enhances their surface binding (He et al. 
2019; Avila et  al. 2021). OMVs can be prepared from genetically engineered bacterial 
strains with substantially reduced pathogenicity, and cytotoxicity; finally, OMVs are bio-
degradable and can be produced in large scale by previously optimized fermentation and 
purification procedures (Gujrati et al. 2014, 2019).

We, therefore, hypothesized that bacterial OMVs can be used as carriers of cationic 
dyes for optoacoustic image-guided phototherapy (Fig.  1). To this end, we employed 
OMVs from an engineered strain of bacteria with reduced endotoxicity (Gujrati et  al. 
2014, 2019) and explored their ability to bind various near-infrared (NIR) absorbing 
cationic dyes (IR780, Cy7, and Cy7.5). Furthermore, the cationic dyes and OMV com-
plexes (OMV-Dyes) were evaluated based on their zeta potential, nano-size, stability, 
and optoacoustic performance in tissue-mimicking agar phantoms and mouse tumor 
models. Finally, as a proof-of-concept, we employed the readily available IR780 dye to 
generate OMV-IR780 complexes for optoacoustics-guided in  vivo phototherapy (pho-
todynamic therapy and photothermal therapy) in a mouse tumor model. This study 
establishes OMV-Dye complexes as efficient nanocarriers of cationic dyes for tumor 
theranostics applications.
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Results
Formulation and characterization of OMV‑Dyes

A genetic mutation in the bacterial msbB gene results in the loss of endotoxic activ-
ity of lipopolysaccharide, and low immunogenic potential and cytotoxicity. Therefore, 
in the current study, OMVs were produced from the msbB mutant E. coli K-12 W3110 
strain (Gujrati et al. 2019; Gujrati and Jon 2014). As OMVs have a negative charge (zeta 
potential: ~ −  13 mV; Fig. 2c) with a 20–300 nm size range (Fig. 2a), we chose several 

Fig. 1  Schematic representation of OMV-Dye complex generation for optoacoustic image-guided 
phototherapy, where the cationic dye encapsulated in and over the phospholipid bilayer

Fig. 2  Development and characterization of OMV-Dye complex. a Transmission electron microscopy image 
of OMV. b Dynamic light scattering profile of OMV and OMV-Dye complexes. c Zeta potential of OMV, free 
dyes (IR780, Cy7, Cy7.5), and OMV-Dye complexes. d, e, f The absorption spectrum of OMV, free dyes (IR780, 
Cy7, Cy7.5) and OMV-Dye complexes until 24 h
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cationic dyes with positive charge (IR780, Cy7, and Cy7.5) and anionic dyes with nega-
tive charge (ICG, CR780) to explore the binding capability of OMVs, with their detailed 
structures shown in Additional file 1: Fig. S1. Only the cationic IR780, Cy7, and Cy7.5 
dyes bind with OMVs to form stable complexes that appear as dark precipitates (after 
mixing, repeated centrifugation and washing steps detailed in the methods). The ani-
onic dyes, ICG and CR780, do not interact with the OMVs, and are removed in washing 
steps. When a control containing only free cationic dye in phosphate buffer (PBS) was 
subjected to similar conditions of repeated centrifugation and washing, dye aggregates 
were observed after the 1st round of centrifugation. However, after resuspension of the 
dye aggregates, subsequent centrifugation steps did not yield further dye aggregates and 
the free dyes were removed by the washing steps. We also evaluated the dyes lipophilic-
ity by using the octanol–water partition coefficient (log P) to determine the likelihood 
of enhanced interaction between dye and OMV lipid membranes. The experimental log 
P values of IR780, Cy7, and Cy7.5 dyes are 0.8, 0.6, and 0.85 respectively, which indi-
cate that the IR780 and Cy7.5 are the most lipophilic that might also contribute to OMV 
membrane labelling. We subsequently evaluated the OMV-Dye complexes in solution by 
dynamic light scattering (DLS), with the OMV-Dyes showing a similar size distribution 
as empty OMVs (Fig. 2b). The loading efficiency of IR780, Cy7, and Cy7.5 into OMVs 
were 7.89%, 6.95%, and 8.08%, respectively. We next measured the zeta potential of each 
complex to determine whether the electrostatic interactions play an essential role in 
the binding ability of the OMVs. Figure 2c shows that the formed OMV-Dye complexes 
became weakly electronegative when negatively charged OMVs bonded with positively 
charged cationic dyes. Next, we tested the stability of OMV-Dyes by comparing their 
absorption spectra with free dyes (IR780, Cy7, and Cy7.5). Figure 2d–f shows that only 
OMV had no NIR absorption and all three types of OMV-Dye complex in PBS remained 
stable over the tested period of 24  h, while the absorbance of free dyes substantially 
dropped, which may be due to dyes structural instability in aqueous media.

Optoacoustic imaging with OMV‑Dyes in vitro and in vivo

To explore the potential optoacoustic applications of OMV-Dyes, we first evaluated their 
optoacoustic properties using tissue-mimicking agar phantoms. Figure  3a shows that 
strong optoacoustic signals were generated from OMV-Dyes (IR780, Cy7, and Cy7.5), 
but not from empty OMVs. Figure 3b demonstrates the corrected optoacoustic spectra 
of OMV-IR780, OMV-Cy7, and OMV-Cy7.5 at their specific absorption peaks (800 nm, 
760 nm, and 810 nm, respectively), which were consistent with their absorption spectra 
(Fuenzalida Werner et al. 2020). Fig. S2 shows the plot of optoacoustic signal intensity at 
different concentrations of OMV-Dyes. Considering the promising optoacoustic proper-
ties of these OMV-Dyes, we generated 4T1 tumor mouse models to investigate the pos-
sibility of using OMV-Dyes for tumor detection in vivo. Figure 3c displays representative 
unmixed multispectral optoacoustic tomography (MSOT) images of 4T1 tumor-bear-
ing mice at 0 h (pre-injection) and at 6 h and 24 h after intravenous injection of OMV-
Dyes. The green signals depict the unmixed OMV-Dye signal in the tumor regions. As 
observed from the optoacoustic signal strengths at the various time points, all three 
tested OMV-Dyes reached the tumor region gradually, with the more prolonged accu-
mulation until 24 h because of the enhanced permeability and retention effect (Fig. 3d). 
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The animals injected with free OMVs did not show significant differences in the optoa-
coustic signal before and after injection and free IR780 dyes could not retain longer as 
that of OMV-IR780 in the tumor (Additional file 1: Fig. S3 and Fig. 3c). After 24 h, the 
major organs (kidney, heart, spleen, liver) and tumors from animals treated with the 
three types of OMV-Dyes were isolated and subjected to optoacoustic measurements 
to evaluate their biodistribution. Fig. S4 shows optoacoustic coronal plane images and 
corresponding optoacoustic intensities of the various organs, where a higher accumula-
tion was seen in the liver, and a lower uptake was seen in the kidney, spleen, tumor, and 
heart.

Photothermal and photodynamic effects of OMV‑IR780 in vitro

IR780, Cy7, and Cy7.5 are cyanine dyes that exhibit photothermal and photodynamic 
effects under laser irradiation (Wang and Niu 2021; Lange et  al. 2021). We employed 
the commonly used IR780 dye (Wang and Niu 2021) to generate OMV-IR780 complexes 
to explore the photo-therapeutic potential as a proof-of-concept. We first investigated 
the photothermal performance of OMV-IR780 under a 780 nm continuous wave (CW) 
laser at a power density of 1.0 W/cm2 for up to 10 min. Figure 4a, b and Additional file 1: 
Fig. S5 shows that OMV-IR780 underwent a significant temperature change (~ 21  °C) 
starting at 1 min, with no differences observed in the control. Such a considerable tem-
perature increase is sufficient to induce hyperthermia damage as part of cancer therapy 

Fig. 3  Optoacoustic imaging with OMV-Dyes in vitro and in vivo. a, b Optoacoustic phantom imaging 
of OMV, OMV-IR780, OMV-Cy7, and OMV-Cy7.5 and their optoacoustic spectra. c Representative unmixed 
MSOT images of a 4T1 subcutaneous tumor mouse model intravenously injected with 100 μL of OMV-IR780, 
OMV-Cy7, and OMV-Cy7.5 (~ 100 µg OMVs), (n = 5). The green color shows an unmixed OMV-dye signal in the 
tumor region. d Quantification of panel-c: OMV-IR780, OMV-Cy7, and OMV-Cy7.5 concentrations in the tumor 
region measured over time
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(Liu et  al. 2021a, b, c). We also assessed the photodynamic profile of OMV-IR780 by 
1,3-diphenylisobenzofuran (DPBF) (Liu et  al. 2020). Additional file  1: Fig. S6 shows a 
significant decrease of DPBF absorption intensity in OMV-IR780 samples after laser 
irradiation, indicating the generation of reactive oxygen species (ROS) and a successful 
photodynamic effect.

We next assessed the phototherapy effect of OMV-IR780 by measuring 4T1 cell viabil-
ity with a standard MTT assay. Empty OMV and OMV-IR780 were incubated with 4T1 

Fig. 4  In vitro phototherapy with OMV-IR780. a, b Thermal images and temperature change curves of 
OMV-IR780 and OMV upon exposure to a 780 nm CW laser (1 W/cm2). c Relative viabilities of 4T1 cells after 
treatment with PBS, OMV (~ 20 μg), IR780 (1.6 μg/mL) or OMV-IR780 complex (~ 20 μg) with or without 
780 nm CW laser irradiation at 1 W/cm2 for 5 min. d Relative viabilities of 4T1 cells after treatment with 
OMV-IR780 at different concentrations with 780 nm CW laser irradiation at 1 W/cm2 for 5 min. e Fluorescence 
images of live/dead staining of 4T1 cells after different treatments. Red color: dead cells; green color: live cells. 
Scale bar, 100 μm. f Fluorescence images of ROS generation in 4T1 cells after different treatments. Scale bar, 
100 μm
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cells for 6 h and then irradiated by a 780 nm CW laser at different laser power. Figure 4c 
displays that OMV led to negligible cytotoxicity while OMV-IR780 led to remarkable 
cell ablation under 1.0 W/cm2 laser irradiation than free IR780. Additionally, we also 
explored different OMV-IR780 concentrations on cell phototherapy. Figure  4d shows 
that the toxicity of OMV-IR780 to cancer cells under laser irradiation was correlated 
with OMV-IR780 concentration, with the highest concentration (20 μg/mL) having the 
strongest cytotoxic effect. To visually observe the phototherapy effect of OMV-IR780 
in 4T1 cells, calcein-acetoxymethyl (calcein-AM) and ethidium homodimer-1 (EthD-1) 
were used to co-stain live and dead cells, respectively. As observed in Fig. 4e, 4T1 cells 
incubated with OMV-IR780 displayed strong photo-cytotoxicity, with minimal signs 
of damage in the control groups. To further explore whether some of this phototoxic-
ity originated from photodynamic effects, we used non-fluorescent 2′,7′-dichlorodihy-
drofluorescein diacetate (H2DCFDA) as a ROS sensor, which emits green fluorescence 
upon ROS detection. Figure 4f and Additional file 1: Fig S7 shows that strong green fluo-
rescence was generated when OMV-IR780 treated cells were irradiated, but not in the 
other 3 control groups.

In vivo phototherapy of tumors using OMV‑IR780

Given the promising photothermal and photodynamic effect of OMV-IR780 on cell 
ablation, we set out to test if it can also be used for phototherapy in vivo. For this, 4T1 
tumor-bearing mice were randomly divided into six groups (n = 5 each) receiving one of 
the following treatments: (i) PBS, (ii) PBS + laser, (iii) OMV, (iv) OMV + laser, (v) OMV-
IR780, (vi) OMV-IR780 + laser. The irradiation time was chosen at 6  h post-injection 
based on the in vivo MSOT imaging results. The temperature changes of tumor areas 
were recorded by a thermal imaging camera for 10 min. As shown in Fig. 5a, b, under 
laser irradiation, the tumor temperature in animals treated with OMV-IR780 increased 
to 50 °C, while the control groups treated with PBS or OMV only reached 39.7 °C and 
40.2  °C, respectively. Subsequently, we monitored all animals’ tumor volumes and 
body weights daily for 7 days. The mice treated with OMV-IR780 + laser demonstrated 
almost complete tumor elimination. In comparison, the tumors from the other 5 control 
groups continued to grow rapidly, up to 600 mm3 on day 7 (Fig. 5c, d). This result indi-
cates that OMV-IR780 can be efficiently used for phototherapy and tumor suppression. 
Furthermore, the therapeutic effect on tumors was confirmed by staining tumor slices 
with hematoxylin and eosin (H&E) 7 days after treatment. The tumor slices from OMV-
IR780 + laser-treated mice showed severe necrosis due to the phototherapeutic effect, 
while the other control groups displayed a high number of abnormal cells with typical 
cancerous features (Fig. 5f ). Additionally, the biosafety of OMV-IR780 was evaluated by 
body weight monitoring and H&E staining of major organs. The body weight from of all 
the animals showed a normal variation during the observation period, suggesting the 
absence of any serious side effects (Fig.  5e). H&E staining of vital organs revealed no 
pathological tissue damage such as cellular shrinkage, nucleus fragmentation, or necro-
sis that might indicate phototoxicity or bioincompatibility of OMV-IR780 (Additonal file 
1: Fig. S8). Overall, these results indicate that OMV-IR780 can enable excellent photo-
therapy of tumors without any major signs of toxicity.
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Discussion
Here we developed OMVs as nanocarriers of cationic dyes for optoacoustic image-
guided phototherapy. Because of electrostatic and hydrophobic interactions, hydropho-
bic cationic dyes (IR780, Cy7, Cy7.5) can tightly bond with OMVs lipid components and 
surface, ensuring a high loading efficiency. The formed nanosized OMV-Dye complexes 
are highly stable in aqueous conditions and generate strong optoacoustic signals. Due 
to an enhanced permeability and retention effect, these OMV-Dye complexes display 
remarkable tumor accumulation, enabling sensitive tumor detection using optoacous-
tic imaging. As a proof-of-concept, we generated OMV-IR780 complexes and demon-
strated a superior phototherapy effect on tumor elimination with minimal toxicity in a 
mouse tumor model.

A variety of nano-formulations (e.g. liposome, micelle, albumin) have been reported 
to package cationic dyes to enhance stability and bioavailability based on their lipophilic 
property (Wang and Niu 2021). For example, heparin–folic acid conjugate (Yue et  al. 
2013), solid lipid nanoparticles (Kuang et al. 2017), and transferrin (Wang et al. 2016) 
have been used to load IR780. In addition, intrinsically self-assembled nanoparticles 
have been recently introduced by conjugating polyethylene glycol with the hydropho-
bic IR780, which can form a robust and water-soluble nanostructure (Yuan et al. 2015). 
Most synthetic agents must be chemically modified or conjugated to develop effective 
nanoformulations for in  vivo applications. In contrast, OMVs are natural, preformed 
membrane vesicles, with rigid and stable membrane structures (Gujrati et  al. 2019; 
Gujrati 2014). Importantly, OMVs are generated from low pathogenic laboratory strains 

Fig. 5  In vivo phototherapy with OMV-IR780. a Infrared thermal images of representative 4T1 tumor-bearing 
mice after different treatments exposed to a 780 nm laser (1 W/cm2) recorded at different time intervals 
(n = 5 per group). b Temperature of tumors in different treatment groups monitored by a thermal infrared 
camera upon laser irradiation as indicated in the panel-a. c–e After the indicated treatments, the relative 
tumor volumes, tumor weight, and the body weight of mice. f H&E staining of tumors isolated from mice at 
day 7 after the indicated treatment
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of bacteria, and they have been used to deliver diverse cargos including genes, proteins, 
drugs, and biopolymers for cancer therapy (Li and Liu 2020; Gujrati et al. 2014, 2019, 
2016; Li et al. 2020). Further, the presence of LPS on the OMVs provides the negative 
charge necessary for binding cationic molecules (He et al. 2019). Therefore, by utilizing 
both electrostatic and hydrophobic interactions, OMV-Dye complexes can be generated 
via simple co-incubation approach.

Nanocarriers loaded with NIR-absorbing dyes can be used for photo-theranostics of 
tumors because these agents can utilize light to generate optical or ultrasound signals for 
diagnosis while simultaneously generating heat or ROS for tumor elimination (Liu et al. 
2021a, b, c; Liu et al. 2019a, b). The NIR-absorbing dyes that we formulated as OMV-dye 
complexes (IR780, Cy7, Cy7.5) show good NIR absorption and stability in aqueous con-
ditions, and could thus be used for NIR light-excited optoacoustic imaging and photo-
therapy. Optoacoustic technology can provide more information from deep tissue with 
high contrast and spatial resolution compared to fluorescence (Ntziachristos and Razan-
sky 2010; Gujrati et al. 2017; Liu et al. 2021a, b, c; Liu et al. 2022a, b; Liu et al. 2022a, b). 
In this study, optoacoustic imaging in phantoms and in vivo tumor models using OMV-
Dyes revealed strong optoacoustic signals and precise tumor detection. Moreover, in 
our pilot study we clearly demonstrated that OMV-IR780 can be used as a phototherapy 
agent to achieve tumor suppression in vivo. Here, the excitation energy can be released 
as nonradiative decay in the form of heat, while also promoting a singlet to triplet state 
electron transition in the form of ROS generation (Feng et al. 2020).

In addition, hyperthermia increases blood flow, which could lead to increased immune 
cell infiltration. As OMVs are known to affect immunomodulations, they could con-
tribute to anti-tumor responses in mice (Gujrati et al. 2014; Chen et al. 2020; Kim et al. 
2017). Therefore, when used as photo-theranostic agents, OMV-Dyes may exert syner-
gistic immunomodulatory functions. Lastly, OMVs are biodegradable nanostructures 
that degrade in the cellular lysosomes within 48–72  h (Gujrati and Jon 2014). Upon 
OMVs degradation, the released free dyes might remain in the tumor area,undergo 
clearance, or potentially accumulating in other organs. However, as we illuminated 
tumors locally in the phototherapy experiments, there was no potential for phototoxicity 
within vital organs.

In summary, cationic dye-bonded OMVs were generated and used for optoacoustics-
guided phototherapy of tumors. The formed OMV-Dyes can be synthesized by a facile 
procedure. The light-excitable OMV-Dyes not only offer strong optoacoustic signals for 
tumor detection, but also induce an efficient therapeutic effect for tumor elimination 
in vivo. We propose that OMVs can function as biocompatible nanocarriers to efficiently 
deliver cationic molecules for tumor theranostics applications.

Experimental section
Materials

Bacterial OMVs were produced according to our previously established proto-
col (Gujrati et al. 2014, 2019). Briefly, bacteria were cultured in 1.5-L flasks at 30 °C 
and 180 rpm. Bacterial cells were removed by centrifugation at 7500 × g  for 45 min 
at 4  °C. The resulting supernatant was filtered (0.45-µm membrane filter—Nal-
gene, Thermo Scientific), and concentrated to 100  mL using a 100-K ultrafiltration 
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membrane. OMVs were precipitated by treating the concentrate with ammonium 
sulphate (at final concentration, 400  g L−1) at 4  °C overnight. Crude OMVs were 
obtained by centrifugation at 12,000 × g  for 60  min. The resulting OMV pellet was 
separated from other impurities using a sucrose gradient (1 mL each of 2.5, 1.6 and 
0.6  M sucrose) based ultracentrifugation at 150,000 × g  for 3–5  h at 4  °C. The col-
lected OMV fractions were washed with PBS and then centrifuged at 150,000 × g for 
2 h at 4 °C followed by resuspension of the pellet in 1 mL PBS containing 15% glycerol 
for storage at − 20  °C until use. Total protein concentration was estimated using the 
bicinchoninic acid (BCA) assay (Thermo Scientific), and this was defined to be the 
OMV concentration.

IR780 iodine, indocyanine green (ICG), 2’,7’-dichlorodihydrofluorescein diacetate 
(H2DCFDA), 1,3-diphenylisobenzofuran (DPBF), 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich. Cyanine7 
amine(Cy7) and cyanine7.5 amine (Cy7.5) were bought from Lumiprobe Gmbh. 
CR780 was previously obtained (Liu et al. 2021a, b, c). Calcein-acetoxymethyl (AM) 
and ethidium homodimer-1 (EthD1) were bought from Thermo Fisher Scientific.

Formulation of OMV‑Dyes (IR780, Cy7, Cy7.5)

OMVs (100 μg in 1 mL PBS) and 10 μL cationic dyes (IR780, Cy7, Cy7.5) (7 mg/mL) 
were mixed together by shaking in an incubator for 1  h. Then the OMV-Dye com-
plexes were obtained by centrifugation at 45 000  rpm at 4  °C for 1  h (Gujrati et  al. 
2014). Free dye was removed by washing pellets five times by resuspending in 1 mL 
PBS between centrifugation steps as mentioned above. The obtained OMV-Dyes were 
stored at 4° until further use. In addition, a control containing only free dye in PBS 
was subjected to similar conditions of repeated centrifugation and washing.

Characterization of OMV‑Dyes

The morphologies of OMVs were measured by transmission electron microscopy 
(Zeiss Libra 120 Plus, Carl Zeiss NTSb GmbH, Oberkochen, Germany). The lipophilic-
ity of the dyes was determined by using the octanol–water partition coefficient (log P) 
as described before (Oba et  al. 2012). The particle size and zeta potential were meas-
ured by Malvern Zetasizer. The absorption spectra of OMV-Dyes were measured with 
a UV-1800 spectrometer (Shimadzu, Japan). The dye loading efficiency was also deter-
mined by UV-1800 spectrometer using the dye standard curve. Optoacoustic spectra of 
samples were obtained out using an MSOT inVision 256-TF (iThera Medical, Munich, 
Germany) and the spectral correction was performed with Indian ink (Fuenzalida Wer-
ner et  al. 2020). For optoacoustic evaluation, samples were placed in a cylindrical tis-
sue-mimicking agar phantom and scanned using MSOT (Gujrati et al. 2019). Briefly, the 
cylindrical phantom contained 1.3% (w/w) agar (Sigma-Aldrich, St. Louis, MO, USA) to 
provide solidity and 6% (v/v) intralipid emulsion (20%, Sigma-Aldrich) for light diffusion 
to enable uniform illumination of the sample. The samples were placed in the tissue-
mimicking agar phantom using a plastic tube that had a diameter of 3 mm. MSOT data 
were acquired approximately from the middle of the phantom.
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In vivo optoacoustic imaging

All procedures involving animal experiments were approved by the Government of 
Upper Bavaria. The 4T1 tumor models were constructed by implanting 4T1 cells 
(1 × 106) on the backs of 6  weeks old AthymicNude-Fox1nu mice. In  vivo optoacous-
tic imaging and phototherapy studies were carried out when the tumor size reached 
∼100 mm3. 4T1 tumor-bearing mice (n = 5) per treatment were i.v. injected with 100 μL 
(~ 100  µg OMVs or OMV-Dye) of OMV-IR780, OMV-Cy7, and OMV-Cy7.5. In  vivo 
optoacoustic images were acquired at different time points (0, 6, 24 h) using an MSOT 
inVision 256-TF (iThera Medical, Munich, Germany). After 24 h, the treated mice were 
sacrificed, and the major organs and tumors were isolated for ex vivo MSOT scanning. 
The averaged optoacoustic signals of tumors and major organs were extracted using 
ViewMSOT 4.0 software (iThera Medical, Munich).

Evaluation of the photothermal and photodynamic activity of OMV‑IR780

The photothermal conversion abilities of OMV and OMV-IR780 were evaluated in 
phantoms by recording their temperature changes under exposure to a 780  nm CW 
laser (1 W/cm2) for 5 min using an infrared thermal camera. The photodynamic effect 
of OMV-780 was determined by DBPF, which has a decreased absorption when encoun-
tering ROS (Liu et al. 2020). Briefly, a mixed solution containing OMV-IR780 and DBPF 
was measured with the absorption spectrum before and after 1 min irradiation with a 
780 nm CW laser, and then checked for absorption intensity changes.

In vitro phototherapy

4T1 cells (1 × 104 per well) were subcultured in a 96-well plate overnight. The cells were 
incubated with OMVs (~ 20  µg) or different concentrations of OMV-IR780 (~ 5,10, or 
20 µg for 6 h, followed by laser irradiation (780 nm CW laser) for 5 min. Then the cells 
were cultured for another 24 h to calculate the relative cell viabilities by MTT assay. The 
live/dead cells were visualized by the staining of Calcein-AM and EthD1. Briefly, the 4T1 
cells were seeded in 96-well plates and subjected to different treatments. After 24 h, the 
cells were co-stained with Calcein-AM and EthD1 for 30 min and then imaged with a 
Leica DMI3000 B Inverted Microscope (Wetzlar, Germany). In  vitro photodynamic 
effect was identified by H2DCFDA, which emits green fluorescence in the presence 
of ROS. Pre-seeded 4T1 cells were co-incubated with H2DCFDA and PBS or OMV-
IR780 for 6  h, which was then replaced with fresh medium. The cells were irradiated 
by a 780 nm CW laser (1 W/cm2) for 5 min and then imaged by the Leica DMI3000 B 
Inverted Microscope.

In vivo phototherapy

The tumor-bearing mice were randomly divided into 6 groups (n = 5 per group) and given 
different treatments as follows: (i) PBS, (ii) PBS + laser, (iii) OMV, (iv) OMV + laser, (v) 
OMV-IR780, (vi) OMV-IR780 + laser (100  μL, ~ 100  µg OMVs or OMV-Dye). The laser 
irradiation was operated with 1 W/cm2 for 10 min. The thermal images and tumor tem-
perature from each group were recorded by an infrared thermal camera. The tumor volume 
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and body weight were measured until day 7, after which the mice were sacrificed and the 
tumors and major organs from each group were isolated for hematoxylin–eosin (H&E) 
staining.

Statistics

Statistical analyses were performed using OriginPro 8 (Northampton, Massachusetts, 
USA). Inter-group differences were assessed for significance using the paired t-test. Results 
were expressed as mean ± SD, and differences were considered significant if p < 0.05.
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