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	Supplementary Figure 1

	Structure and photochemical properties of RpBphP1 bacterial phytochrome.

	 (a) Organization of a monomer subunit of RpBphP1. (b) Enzymatic synthesis of biliverdin IXα (BV) from a heme. (c) Photoswitchings of a BV chromophore from the Pfr state to the Pr state, and vice versa, induced by NIR (~730-790 nm) light and far-red (~630-690 nm) light illumination, respectively. The photoswitchings result from the out-of-plane rotation (black arrows) of the D-ring of BV about the adjacent C15/16 double bond between the C and D pyrrole rings. (d) Photoisomerization of unbound 5 µM BV in phosphate buffered saline. Measured absorption spectra in the ground state and after 5 min of illumination at 630 nm and 780 nm, respectively. Measurements were performed using a standard spectrophotometer (Hitachi U-2000) at room temperature; the illumination intensity of 630/25 nm and 780/25 nm LED were 10 mW/cm2. 
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	Supplementary Figure 2

	Optical and photoacoustic (PA) characterizations of BphP1.

	 (a) Molar extinction coefficients of oxy-hemoglobin (HbO2), deoxy-hemoglobin (HbR), rsTagRFP, iRFP720, and BphP1, showing the superior absorption of Pfr-state BphP1 in the NIR spectral region. (b) PA images of plastic tubes filled with purified proteins, acquired at three different wavelengths (567 nm, 715 nm, and 780 nm) indicated by the vertical dashed lines in (a). The signals are normalized to that of HbO2 at 780 nm. The HbO2 concentration was 23 µM for the measurement at 567 nm but 2.3 mM at 715 nm and 780 nm. The concentrations of the other proteins were 30 µM at all wavelengths.   
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	Supplementary Figure 3

	Photoswitching of four purified proteins over 10 cycles by PACT.

	Only rsTagRFP and BphP1 can be reversibly switched. Error bars: s.d.
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	Supplementary Figure 4

	RS-PACT of BphP1-expressing U87 cells at 10 mm depth.

	 (a) Fluorescence microscopic image of the BphP1-expressing U87 cells, where EGFP was co-expressed, providing the fluorescence signal. (b) PA images of U87 cells and HbO2 placed at 10 mm depth in scattering media mixed with blood to provide background signal. The differential image effectively eliminates the background signals and clearly shows the U87 cells that are otherwise not detectable in the ON and OFF state images. (c) Contrast to noise ratio quantified from the ON state, OFF state, and differential (Diff) PA images. Error bars: s.d. (d) PA signals of BphP1-expressing U87 cells observed over 10 photoswitching cycles.
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	Supplementary Figure 5

	RS-PACT of BphP1-expressing U87 cells in an optically scattering phantom.

	 (a) Photograph of the phantom with BphP1-expressing U87 cells and oxygenated whole bovine blood embedded at ~12 mm depth. The phantom was made of 1% intralipid, 10% gelatin, and 2% oxygenated bovine blood in distilled water. The optical absorption coefficient was ~0.1 cm–1 and the reduced scattering coefficient was ~10 cm–1. (b) PACT images of the phantom at 780 nm with BphP1 in the ON state (left panel) and OFF state (middle panel), and at 750 nm with ON state BphP1 (right panel). (c) Extraction of BphP1 signals by using the single-wavelength differential method and the traditional two-wavelength spectral unmixing method. The single-wavelength differential method is the subtraction of the PACT measurements at 780 nm with BphP1 in the ON and OFF states. The two-wavelength method is based on the least-squares fitting of the PACT measurements at 780 nm and 750 nm with BphP1 in the ON state. The single-wavelength differential method has substantially higher accuracy in identifying the BphP1 signals, while the two-wavelength method suffered from the unknown optical fluence deep in the phantom. A global threshold was applied to both images with a threshold level at three times the noise level. (d) Contrast to noise ratios of extracted BphP1 images by using the two methods, showing a ~34-fold enhancement of the single-wavelength differential method. Error bars: s.d. (e) The extracted BphP1 image using differential method without thresholding. More residual artifacts due to the laser pulse energy fluctuations are visible.
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	Supplementary Figure 6

	Low cytotoxicity of BphP1 expressed in U87 cells.

	 (a) Cell viability was determined by annexin V staining of wild-type U87 control cells and U87 cells stably co-expressing BphP1 and EGFP (BphP1 and EGFP are expressed from the same bicistronic mRNA but EGFP translation is IRES-dependent). Annexin V stained cells were analyzed by fluorescence flow cytometry. Error bars: s.d. There was no difference between the cell viability of the two types of cells. (b) U87 cells stably co-expressing BphP1 and EGFP were analyzed by flow cytometry on day 14 and day 28 of continuous cell culturing. The distributions of EGFP fluorescence intensities were measured. Number of cells was normalized by the maximum value for each curve. (c) Quantification of mean fluorescence intensities of U87 cells of the flow cytometry data shown in (b). Error bars: s.d. Both the mean fluorescence intensity of the U87 cells co-expressing BphP1 and the distribution of the fluorescence intensity over the cell population were stable. (d) PAM images of the BphP1-expressing U87 cells on day 14 and day 28 of continuous cell culturing where the BphP1 provided the PA signals. (e) The average PA signal amplitude of the U87 cells over continuous cell culturing, showing that BphP1 expression level was stable. Error bars, s.d.
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	Supplementary Figure 7

	Comparison of RS-PACT of BphP1-expressing U87 tumor and unlabeled U87 tumor

	In vivo ON state (the first column), OFF state (the second column) differential (the third column), and overlay (the fourth column) PA images of a BphP1-expressing U87 tumor (a) and an unlabeled U87 tumor serving as a control (b). The two types of tumor cells were subcutaneously injected into two different sites on the flank of the same mouse. The differential image of the BphP1-expressing U87 tumor has a substantially superior image contrast to that of the unlabeled tumor. The overlay images show the BphP1 signal in color and the background blood signal in gray. A global threshold was applied to all the differential images with a threshold level at three times the noise level.
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	Supplementary Figure 8

	Deep PA imaging of a mouse brain tumor expressing BphP1.

	The ON and OFF state PA images of a nude mouse brain were acquired two weeks after the injection of U87 tumor cells at ~3 mm underneath the surface. The tumor is invisible in either the ON state or OFF state images due to the overwhelming background signals from blood. The differential image, by contrast, clearly shows the tumor by substantially suppressing background signals. The overlay image shows the BphP1 signal in color and the background blood signal in gray. A global threshold was applied to the differential image with a threshold level at three times the noise level.
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	Supplementary Figure 9

	Optical-resolution photoacoustic microscopy (PAM) of BphP1-expressing tumors in vivo.

	 (a) ON state, OFF state, and differential PAM images of a mouse ear bearing two BphP1-expressing U87 tumors. While blood vessels can be clearly resolved in the ON state and OFF state images with a spatial resolution of ~3 µm, the tumors are better detected in the differential image with a ~67-fold improvement in CNR. The overlay image shows the BphP1 signal in color and the background blood signal in gray. A global threshold was applied to the differential image with a threshold level at three times the noise level. (b) Fluorescence image of the same tumors in the mouse ear. The dashed box shows the approximate imaged area by PAM. Note that the needle track of tumor cell injection is also visible.
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	Supplementary Figure 10

	Spatial resolution enhancement in RS-PAM.

	 (a) Comparison of the lateral line spread functions of conventional PAM and RS-PAM. A sharp cover glass edge was coated with a thin layer of BphP1 and imaged by conventional PAM and RS-PAM. The edge spread functions were extracted from the images and differentiated to yield line spread functions. The line spread functions were then fitted, and the full width at half maximum was used as the lateral resolution. While conventional PAM achieved ~287 nm lateral resolution, RS-PAM improved it to ~141 nm. (b) Comparison of the axial plane spread functions measured on a thin-layer Bphp1 by conventional PAM and RS-PAM. While the conventional PAM could acoustically resolve the thin layer with an axial resolution of only ~30 µm, RS-PAM was capable of optical sectioning with an axial resolution of ~410 nm.
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	Supplementary Figure 11

	Depth-scanning RS-PAM of multiple layers of BphP1-expressing U87 cells.

	Compared with conventional PAM with acoustically determined axial resolution of ~30 µm (top row), RS-PAM substantially improved the axial resolution (~0.4 µm, bottom row), enabling optical sectioning of the cells at different depths.
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