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Abstract
Bacteria-mediated cancer-targeted therapy is a novel experimental strategy for the treatment of cancers.
Bacteria can be engineered to overcome a major challenge of existing therapeutics by differentiating
between malignant and healthy tissue. A prerequisite for further development and study of engineered
bacteria is a suitable imaging concept which allows bacterial visualization in tissue and monitoring
bacterial targeting and proliferation. Optoacoustics (OA) is an evolving technology allowing whole-tumor
imaging and thereby direct observation of bacterial colonization in tumor regions. However, bacterial
detection using OA is currently hampered by the lack of endogenous contrast or suitable transgene
�uorescent labels. Here, we demonstrate improved visualization of cancer-targeting bacteria using OA
imaging and E. coli engineered to express tyrosinase, which uses L-tyrosine as the substrate to produce
the strong optoacoustic probe melanin in the tumor microenvironment. Tumors of animals injected with
tyrosinase-expressing E. coli showed strong melanin signals, allowing to resolve bacterial growth in the
tumor over time using multispectral OA tomography (MSOT). MSOT imaging of melanin accumulation in
tumors was con�rmed by melanin and E. coli staining. Our results demonstrate that using tyrosinase-
expressing E. coli enables non-invasive, longitudinal monitoring of bacterial targeting and proliferation in
cancer using MSOT.

Introduction
Tumor-targeting bacteria are becoming increasingly more attractive as a theranostic platform. They can
be genetically engineered to localize tumors and trigger a therapeutic effect while carrying detectable
labels for additional diagnostic imaging 1, 2, 3. Current imaging strategies for the development of bacteria-
mediated cancer therapy in small animals rely largely on optical methods like bioluminescence and
�uorescence for visualization 4, 5. These optical approaches are incapable of providing additional
anatomical or physiological information, nor can they offer the resolution necessary to non-invasively
analyze the details of bacterial cancer targeting and e�cacy 6, 7. Radiological methods like magnetic
resonance imaging (MRI) or positron emission imaging (PET) have also been explored, but these
techniques suffer from limitations in sensitivity and resolution, respectively. Furthermore, the high cost
associated with these methods and the use of radioisotopes (PET) makes them unsuitable for routine
applications. Altogether, these challenges limit the possibilities for detailed studies of novel theranostic
agents, their mechanisms of action, and the responses of tumors and their hosts to treatment.

Optoacoustic (OA) imaging, based on optical excitation and ultrasound detection, represents a promising
solution to the above limitations, as it is a powerful molecular imaging modality owing to the unique
combination of high spatio-temporal resolution, deep penetration and spectrally-enriched contrast 7. This
method therefore offers many possibilities for labeling strategies. Moreover, because the detection of
ultrasound is not limited by photon scattering, it enables scalable high-resolution imaging deep in the
tissue (20–200 µm) 7. In particular, multispectral optoacoustic tomography (MSOT) was proven to be
effective for preclinical imaging of tumors in small animals and has been implemented in a handheld
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clinical system for tumor assessment 7, 8, 9. MSOT is regularly used to detect contrast from endogenous
absorbers such as hemoglobin, lipids and water, or from exogenous absorbers such as dyes or
nanoparticles 8. Labeling bacteria with transgene �uorescent or chromoproteins for detection in OA has
however thus far proven unsuccessful due to weak acoustic signals and often poor photostability,
limiting sensitivity and observation time 10; photo-switching chromoproteins provide a promising
alternative but their development and use is still in its infancy 11. In contrast, a particularly strong OA
signal can be generated by expressing the gene encoding tyrosinase, which is the rate-limiting enzyme in
the production of melanin, a strong contrast agent for OA imaging 12, 13.

In the presence of the substrate l-tyrosine, cells produce melanin which in turn allows their detection with
great sensitivity by MSOT 12, 14, 15. Here, we use MSOT to monitor bacterial targeting, in�ltration and
proliferation speci�cally in the tumor microenvironment based on E. coli that express the transgene for
tyrosinase. After injection into mouse tumors, the enzyme is secreted out of the bacterial cells and
converts l-tyrosine in the surrounding environment into melanin. We were able to track accumulation of
the bacteria in the tumor, which was also con�rmed using histology via labelling of melanin and bacteria.
This study suggests that tyrosinase-expressing E. coli may be an effective optoacoustic imaging agent
with potential utility in bacterial therapy. To our knowledge, this is the �rst report of optoacoustic imaging
of melanin contrast in tumor-targeting bacteria in-vivo.

Results
Characterization of melanin production in vitro. Towards testing the functionality of melanin production
in bacteria, we transfected E. coli (MG1655) with a plasmid encoding tyrosinase and its “caddie” protein,
which together form the active complex. Cells cultured overnight in LB-medium showed a clear presence
of black pigment only when growing in the presence of L-tyrosine (Fig. 1a), con�rming that engineered
bacteria (E-Tyr) only produced substantial melanin in the presence of tyrosine substrate. The negligible
amount of melanin production in the culture without L-tyrosine likely re�ects the presence of this amino
acid in the culture medium composition. After centrifuging the bacteria, melanin was visually detectable
only in the supernatant but not the pellet, con�rming the secretion of functional tyrosinase 14, 16. Since
the enzyme encounters l-tyrosine only after secretion from the bacterial cell 16, 17, 18, 19, melanin
production is generated exclusively in the surrounding medium, although the exact mechanism of
melanin precursors release is not known 16, 17. Figure 1b shows the characteristically strong melanin
absorption below 450 nm in E-Tyr cultures in the presence of added l-tyrosine and, to a lesser extent, in its
absence 17, 20, 21. Figure 1c quanti�es the results from Fig. 1a and shows the levels of melanin produced
by the bacteria based on spectrophotometry at 420 nm. After demonstrating production of melanin by E-
Tyr, we examined whether the pigment could be detected using MSOT. Tubes containing supernatants
from E-Tyr cultures with or without added l-tyrosine were placed inside agar phantoms. Figure 1d shows
that melanin produced by E-Tyr cultured in the presence of l-tyrosine generated a strong optoacoustic
signal. Only a weak MSOT signal was obtained with the supernatant of E-Tyr cultured in the absence of l-
tyrosine. Figure 1e demonstrates that the melanin produced by E-Tyr exhibits an MSOT spectrum similar
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to the spectrum shown previously for melanin-producing cells 13. Importantly, in contrast to the control
culture without L-tyrosine and pure LB-medium, we see a generally increased signal for E-Tyr and the
characteristic decay of the signal over the whole recorded spectra. Notably, there is a larger deviation
between the ink and melanin-producing E. coli compared to the controls when using MSOT than when
using a spectrometer, particularly visible in the pronounced drop around 900 nm. This might be due to
non-linear factors like the Gruneisen parameter or laser power �uctuations 22. In summary, these results
indicate that tyrosinase-expressing E. coli can produce melanin that can be detected by MSOT in vitro.

MSOT imaging of CT26 tumors in vivo. We next set out to investigate whether E-Tyr-induced melanin
could be similarly detected in vivo. Mice bearing CT26 tumors were intravenously injected with E. coli with
or without the tyrosinase transgene and subsequently anesthetized and imaged using MSOT. Figure 2a
shows that the melanin signal in the tumor was much stronger in the group injected with E-Tyr than in the
control groups. Figure 2b shows a comparison of unstained tumor cryoslices approximately matched to
the positions imaged in MSOT. Black coloring can only be seen in the group injected with E-Tyr,
suggesting the presence of abundant melanin pigment. Figure 2c shows the quanti�cation of the melanin
signal in the tumor before and after bacterial injection.

Correlation between tumor optoacoustic imaging and the distribution of melanin in tumor cryosections.
To further con�rm the above �ndings, we performed stainings to speci�cally detect the presence of
melanin and E. coli. Figure 3a (top) shows a Fontana-Masson stain, which predominantly marks melanin.
The signals can be found in similar regions as the MSOT signals and the E. coli distribution based on
antibody staining (bottom), suggesting that the signal observed in MSOT stems from melanin. Even
though abundant bacteria are visible in the tumor in the control E. coli group, no appreciable melanin is
visible, supporting that our MSOT images selectively detect melanin in tumors. Figure 3b shows the
correlation between the mean intensity of Fontana-Masson staining against melanin and the MSOT
signal at 10 h after injection. Three additional tumor-bearing mice per group were visually monitored until
72 h for melanin production (Figure S1), with only the tumors corresponding to E-Tyr showing black
coloring, indicating that melanin was produced in the tumor region. This demonstrates that MSOT can
routinely detect melanin produced by tyrosinase-expressing bacteria deep in the tumor. Su�cient l-
tyrosine is seemingly present in the tumor microenvironment for the secreted tyrosinase to produce
melanin, and accumulation of E-Tyr was already detectable by 10 h after systemic injection in our tumor-
bearing mice. Altogether, these �ndings support the potential of E-Tyr for MSOT-based theranostics.

Discussion
The challenges faced by current antitumor chemotherapeutics, such as high toxic side effects, inability to
treat poorly oxygenated deep tumor tissue, and drug resistance, have prompted the development of
alternative approaches 23. Live tumor-targeting bacteria have generated interest due to their versatile
capabilities for targeting and suppressing primary and metastatic tumors 3, 24. Bacteria can be made to
preferentially accumulate within tumors, where they can deliver cancer-speci�c payloads, attract immune
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cells or initiate antitumor immune responses 25. Furthermore, bacteria can be programmed via
sophisticated genetic engineering to produce and deliver anticancer agents based on clinical needs. In
addition to therapeutic payload delivery, bacteria can be engineered to diagnose and visualize tumors 1, 5,

26, 27. The ability to noninvasively monitor bacterial tumor targeting, as well as tumor interaction and
proliferation, is uniquely suited for accurate diagnosis and therapeutic response predictions.

Here we introduce the engineered canonical E. coli strain MG1655 that expresses tyrosinase to produce
the biopolymer melanin, which is a strong absorber of light and generator of strong acoustic signals. One
major challenge of melanin identi�cation in tumors stems from the overlap in the absorption spectra of
melanin and deoxyhemoglobin. The spectral signature of deoxyhemoglobin and melanin are not
orthogonal to each other and both show a decrease in absorption with increasing wavelength 12. Necrotic
tumors are characterized by an increased deoxyhemoglobin footprint. However, the optoacoustic signal
generated by E-Tyr was very strong and showed the typical melanin signature, while the crest and trough
hallmark signature of deoxyhemoglobin in the 730–780 nm region was insubstantial, indicating
overexpression of melanin (Fig. 1e). We also observed that the optoacoustic signal decreased sharply in
the 800–900 nm wavelength range in the E-Tyr group, while it remained constant in the control groups
(LB and E-Tyr (–)), which indicates the presence of melanin in the E-Tyr group and deoxyhemoglobin in
the control group, as observed previously 12. This is the �rst demonstration of revealing a tumor by
optoacoustic imaging using tumor-targeting E. coli that promote melanin production, and this strategy
represents a promising potential candidate as a theranostic agent in the near future 25, 28, 29. Lastly,
development of multispectral optoacoustic endoscopes is underway, which could potentially enable the
clinical translation of theranostic approaches in those organs which exceed the maximum penetration
depth of transcutaneous MSOT.

Methods
All procedures involving animal experiments were approved by the Government of Upper Bavaria and
carried out in accordance with institutional guidelines and in compliance with the ARRIVE guidelines

Plasmid construction
ORF378 and the tyrC in the mel operon were ampli�ed from Streptomyces castaneoglobisporus by PCR
ampli�cation using two primers: F (5’- CGA AAG CTT TGA TCA CGT CAG TTT TCG CAC GTG − 3’), R (CGA
TCT AGA TGA TCA GAC GTC GAA GGT GTA GTG C). PCR fragments were digested by HindIII and XbaI
restriction enzymes and ligated into a pUC19 vector, generating pUM378.3. This construct was
transformed into E. coli K-12 MG1655 and maintained under ampicillin selection.

Bacterial culture
The wild-type E. coli K-12 strain (MG1655) was used in the present study 5, 27. Tyrosinase-expressing E.
coli (E-Tyr) were routinely grown overnight in Luria–Bertani (LB) medium in a shaking incubator at 37°C.
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For injection, E-Tyr culture grown overnight was diluted 1:100 in LB and incubated at 37°C for 5 h in order
to reach the early exponential phase of bacterial growth. Bacteria were harvested and washed once with
PBS and measured.

Optical density measurements and calculations
For optical density measurements, Tyr-E samples harvested from supernatants with/without L-tyrosine by
centrifugation (Sigma-Aldrich Chemicals Co. St. Louis, USA) were measured with a MOI of 1 [an optical
density of 1; OD600]. The tyrosine was pre-dissolved and then added to the LB liquid. The supernatant
was measured in 10-nm increments from 350 nm to 1,000 nm on a SpectraMax M5 reader (Molecular
Devices). Relative optical density, compared with culture media and Indian ink, were calculated by
dividing the absorbance data from each wavelength.

Measurement of optoacoustic spectra and MSOT imaging
in vitro
The supernatants (300 µL of the same suspension from which optical density measurements were
obtained) were �lled into an agar phantom (3% agarose in PBS) with four cylindrical holes of 3 mm in
diameter. The MSOT data acquisition was performed with transversal plane imaging at a single position,
located approximately in the middle of the phantom 12. Imaging was performed at a 680 to 900 nm
wavelength range. The phantom images were reconstructed at a wavelength of 700 nm. Spectra are
shown as the maximum value at each wavelength.

Cell lines and animals for MSOT imaging in vivo
Six-week-old female BALB/c-nu/nu mice were purchased from Envigo (Germany). CT26 cells (mouse
colon carcinoma) were grown as monolayers in DMEM medium (Invitrogen) supplemented with 10%
(v/v) fetal bovine serum (Invitrogen) and 1% Penicillin-Streptomycin antibiotics (Invitrogen). Tumor-
bearing nude mice were generated by subcutaneous injection with 1 x 106 cells suspended in 50 µL PBS
in the right �ank. After approximately 10 days, the animals bearing tumor sizes of approximately 80 mm3

were used for experiments. These were injected intravenously in the tail vein with sterile PBS, 1x108 cfu
bacteria resuspended in 100 µL sterile PBS. MSOT imaging was performed up until 24 hours post-
injection. Sample sizes were chosen based on guidance from the literature. Investigators were not blinded
to the identity of groups. For all animal studies, animals of the same gender, age, and genetic background
were randomized for grouping.

Multispectral Optoacoustic Imaging
Optoacoustic imaging was performed using a real-time whole-body mouse imaging scanner, MSOT In
Vision 256-TF (iThera-Medical GmbH, Munich, Germany)12. Brie�y, the system utilizes a cylindrically
focused 256-element transducer array at 5 MHz central frequency covering an angle of 270 degrees. The
system acquires cross-sectional (transverse) images of the animal. The animals are placed onto a thin
clear polyethylene membrane. The membrane separates the animals from a water bath, which is
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maintained at 34°C and is used for acoustic coupling and maintaining animal temperature while
imaging. Image acquisition speed is at 10 Hz. The data is acquired using a multi-channel DAQ with a
sampling rate of 40 megasamples per second. Imaging was performed at wavelengths from 680 to 900
nm with a stepsize of 5 nm, and at 20 consecutive slices with a step size of 0.5 mm. The acquired data
was �ltered with a Chebyshev �lter with a bandwidth as 150 kHz – 8 MHz. Image reconstruction was
performed using a non-negativity constraint imposed during inversion and with Tikhonov regularization
using a least-squares QR (LSQR) solver with 100 iterations. Further, the speed of sound was set to 1540
m/sec in all these reconstructions.

Histology and microscopy
After completion of imaging, the mice were euthanized with a lethal dose of ketamine/xylazine and
frozen to − 20°C. The upper torso including the tumor was embedded in O.C.T. (TissueTec). The
embedded tumor tissue was sliced along the axial plane every 50 micrometers in a modi�ed Leica
cryotome combined with a CCD camera to capture RGB color images from the surface of the bulked
remaining sample. For melanin pigment staining, the sliced tumor was �xed with 4% PFA, stained using
the Fontana-Masson stain kit (Abcam), as per directions of the manufacturer. For bacterial detection, the
tissue sections were incubated with the primary antibody for E. coli (Dako B-357) for 2 hours at RT. After
washing with PBS, the secondary antibodies conjugated with mCherry594 were applied and continuously
incubated for 1 hour at RT. Microscopy of the tissue sections was performed with an Olympus IX81
confocal microscope (Zeiss Axio Imager M2 microscope).

Administration of bacteria in tumor-bearing mice
The mice bearing approximately 80 mm3 s.c. tumors were injected intravenously with sterile PBS and
1x108 cfu bacteria resuspended in 100 µL sterile PBS. Tumor sizes were measured individually with a
caliper every day.

Statistical Analysis
All data are presented as the mean ± SD. A statistical analysis was performed using Student’s t-test, with
a p-value of less than 0.05 as a cutoff, in GraphPad Prism (GraphPad Software Inc.). Correlations
between melanin imaging signals and intensity of melanin stain were analyzed by Pearson’s correlation.

Declarations
DATA AVAILABILITY

All data presented in the paper are available from the authors upon reasonable request.

SUPPLEMENTAL INFORMATION

Supporting Information is available online.



Page 9/15

ACKNOWLEDGEMENTS

This project has received funding from the European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme under grant agreement no. 694968 (PREMSOT). The
research leading to these results was supported by the Deutsche Forschungsgemeinschaft (DFG),
Germany (Gottfried Wilhelm Leibniz Prize 2013, NT 3/10–1) as well as by the DFG as part of the CRC
1123 (Z1). J.J.M. was supported by the National Research Foundation grant (NRF-2017R1A2B3012157)
funded by the Ministry of Science and ICT, South Korea. JP acknowledges the Alexander von Humboldt
Postdoctoral Fellowship program. We wish to thank Dr. Doris Bengel, Uwe Klemm and Pia Anzenhofer for
assisting with experimental procedures. We also wish to thank Dr. A. Chapin Rodríguez and Dr. Sergey
Sulima for helpful suggestions on the manuscript.

AUTHOR CONTRIBUTIONS

V.N. and J.J.M. conceived the idea, M.Y. designed and performed the experiments. J.P. processed the
MSOT data and helped analyze the data. S.G. assisted with in vivo experiments and animal maintenance.
S.H.Y., V.H.N., V.G., H.E.C., A.C.S., J.J.M., and V.N. provided signi�cant intellectual input and helped
interpret the results. V.N. and J.J.M. supervised the research. All authors contributed to the writing of the
paper.

DECLARATION OF INTERESTS

V.N. is a shareholder at iThera Medical GmbH, Munich, Germany. The remaining authors declare no
competing interests.

References
1. Cronin, M. et al. High resolution in vivo bioluminescent imaging for the study of bacterial tumour

targeting.PloS one7, (2012).

2. Kelkar, S. S. & Reineke, T. M. Theranostics: combining imaging and therapy. Bioconjugate chemistry.
22, 1879–1903 (2011).

3. Min, J-J., Nguyen, V. H. & Gambhir, S. S. Molecular imaging of biological gene delivery vehicles for
targeted cancer therapy: beyond viral vectors. Nuclear medicine and molecular imaging. 44, 15–24
(2010).

4. Brader, P. et al. Escherichia coli Nissle 1917 facilitates tumor detection by positron emission
tomography and optical imaging. Clinical cancer research. 14, 2295–2302 (2008).

5. Min, J-J. et al. Noninvasive real-time imaging of tumors and metastases using tumor-targeting light-
emitting Escherichia coli. Molecular imaging and biology. 10, 54–61 (2008).

�. Ntziachristos, V. Going deeper than microscopy: the optical imaging frontier in biology. Nat Methods.
7, 603–614 (2010).



Page 10/15

7. Ntziachristos, V. & Razansky, D. Molecular imaging by means of multispectral optoacoustic
tomography (MSOT). Chemical reviews. 110, 2783–2794 (2010).

�. Attia, A. B. E. et al. A review of clinical photoacoustic imaging: Current and future
trends.Photoacoustics,100144(2019).

9. Gujrati, V., Mishra, A. & Ntziachristos, V. Molecular imaging probes for multi-spectral optoacoustic
tomography. Chem Commun. 53, 4653–4672 (2017).

10. Brunker, J., Yao, J., Laufer, J. & Bohndiek, S. E. Photoacoustic imaging using genetically encoded
reporters: a review. Journal of biomedical optics. 22, 070901 (2017).

11. Mishra, K., Fuenzalida-Werner, J. P., Ntziachristos, V. & Stiel, A. C. Photocontrollable Proteins for
Optoacoustic Imaging. (ed^(eds). ACS Publications(2019).

12. Gujrati, V. et al. Bioengineered bacterial vesicles as biological nano-heaters for optoacoustic imaging.
Nature communications. 10, 1–10 (2019).

13. Stritzker, J. et al. Vaccinia virus-mediated melanin production allows MR and optoacoustic deep
tissue imaging and laser-induced thermotherapy of cancer. Proceedings of the National Academy of
Sciences 110, 3316–3320(2013).

14. della-Cioppa, G., Garger, S. J., Sverlow, G. G., Turpen, T. H. & Grill, L. K. Melanin production in
Escherichia coli from a cloned tyrosinase gene. Bio/technology. 8, 634–638 (1990).

15. Paproski, R. J., Forbrich, A. E., Wachowicz, K., Hitt, M. M. & Zemp, R. J. Tyrosinase as a dual reporter
gene for both photoacoustic and magnetic resonance imaging. Biomedical optics express. 2, 771–
780 (2011).

1�. Chávez-Béjar, M. I. et al. Metabolic engineering of Escherichia coli to optimize melanin synthesis
from glucose. Microbial cell factories. 12, 108 (2013).

17. Mekala, L. P., Mohammed, M., Chinthalapati, S. & Chinthalapati, V. R. Pyomelanin production: Insights
into the incomplete aerobic l-phenylalanine catabolism of a photosynthetic bacterium, Rubrivivax
benzoatilyticus JA2. International journal of biological macromolecules. 126, 755–764 (2019).

1�. Pavan, M. E., López, N. I. & Pettinari, M. J. Melanin biosynthesis in bacteria, regulation and
production perspectives. Applied Microbiology and Biotechnology. 104, 1357–1370 (2020).

19. Pomerantz, S. H. & Murthy, V. V. Puri�cation and properties of tyrosinases from Vibrio tyrosinaticus.
Archives of Biochemistry and Biophysics. 160, 73–82 (1974).

20. Krumholz, A., Yao, J., Wang, L. V., Fleming, T. & Gillanders, W. E. Photoacoustic microscopy of
tyrosinase reporter gene in vivo. Journal of biomedical optics. 16, 080503 (2011).

21. Manivasagan, P., Venkatesan, J., Senthilkumar, K., Sivakumar, K. & Kim, S-K. Isolation and
characterization of biologically active melanin from Actinoalloteichus sp. MA-32. International
journal of biological macromolecules. 58, 263–274 (2013).

22. Werner, J. P. F. et al. Challenging a preconception: Optoacoustic spectrum differs from the absorption
spectrum of proteins and dyes for molecular imaging.bioRxiv, (2020).



Page 11/15

23. Lane, R. J. et al. Challenges in chemotherapy delivery: comparison of standard chemotherapy
delivery to locoregional vascular mass �uid transfer. Future Oncol. 14, 647–663 (2018).

24. Zheng, J. H. et al. Two-step enhanced cancer immunotherapy with engineered Salmonella
typhimurium secreting heterologous �agellin.Science translational medicine9, (2017).

25. Duong, M. T. Q., Qin, Y., You, S-H. & Min, J-J. Bacteria-cancer interactions: bacteria-based cancer
therapy. Experimental & molecular medicine. 51, 1–15 (2019).

2�. Kang, S-R. et al. Imaging of tumor colonization by Escherichia coli using 18F-FDS PET. Theranostics.
10, 4958 (2020).

27. Min, J-J., Nguyen, V. H., Kim, H-J., Hong, Y. & Choy, H. E. Quantitative bioluminescence imaging of
tumor-targeting bacteria in living animals. Nature protocols. 3, 629 (2008).

2�. Dadachova, E. & Casadevall, A. Melanin as a potential target for radionuclide therapy of metastatic
melanoma. (2005).

29. Kim, M. et al. Thermohydrogel containing melanin for photothermal cancer therapy.Macromolecular
bioscience17, (2017).

Figures



Page 12/15

Figure 1

Production of melanin by E-Tyr in vitro. (A) Melanin production in vitro. Tyrosinase-expressing E. coli (E-
Tyr) were grown overnight in the presence or absence of L-tyrosine supplementation. (left) LB (growth
medium) and ink control, (middle) supernatant of E. coli with the tyrosinase-expression vector (control
bacteria) cultured with (E. coli(+)) or without (E. coli(-)) L-tyrosine supplementation, and (right)
supernatant of E. coli carrying the tyrosinase-expression vector cultured with (E-Tyr(+)) or without (E-
Tyr(-)) L-tyrosine supplementation. (B) Optical density measurements of LB, ink, E-Tyr (-) and E-Tyr (+)
over the spectrum from 350 nm to 1,000 nm. (C) Quanti�cation of melanin pigment shown in (A), E. coli
(-), E. coli (+), E-Tyr (-) and E-Tyr (+), using a spectrophotometer at 420 nm wavelength (HosoiJetal.,1985).
(D) Optoacoustic in vitro phantom imaging of (C) with an optoacoustic image spectrum peaked at 700
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nm. (E) Optoacoustic spectra for E-Tyr with or without L-tyrosine supplementation, ink and LB media,
measured between 680 nm and 970 nm.

Figure 2

MSOT imaging of CT26 tumors in mice after injection with E-Tyr. (A) MSOT images of melanin signal in
CT26 tumor bearing live mice (n=6/ group) with the indicated time after E-Tyr (1×108 cfu) injection.
Unmixed melanin overlaid on anatomy. The tumor area is indicated by a red arrow. (left; PBS injected
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control mice, middle; E. coli injected mice, right; E-Tyr injected mice) (B) Cryo-slice images of (A) indicated
tumor by red arrow after MSOT imaging. (C) Quantitative optoacoustic signal for melanin of tumors at
indicated times for PBS, E. coli and E-Tyr injected mice. (*P<0.05)

Figure 3

Correlation between tumor optoacoustic melanin signal in vivo and the distribution of melanin in tumor
cryo sections. (A) MSOT images of melanin signal using CT26 tumor-bearing live mice 10 h after E-Tyr
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injection (Top). Cyro-slice image of tumors. Tumors were assessed by speci�c melanin staining
(darkbrown, middle) using the Fontana-Masson stain and E. coli stain (red �uorescence, bottom) with a
speci�c E. coli antibody. High magni�cation (×100) images of melanin and E. coli stains were obtained
using the software ZENblue (CarlZeiss). (B) Correlation of the melanin signal of MSOT (10 h) and the
mean intensity of melanin stain by the Pearson correlation method (R2 = 0.9943, n= 6).
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