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Supplementary Tables 

 

Supplementary Table 1. Spectral and photoacoustic properties of RpBphP1 and DrBphP-PCM in vitro. 

 

Protein 
Photo 

switching 
state 

Maximum 
absorption 
wavelength 

(nm) 

Maximum 
emission 

wavelength 
(nm) 

Molar 
extinction 
coefficient
(M–1 cm–1)

Fluoresc
ence 

quantum 
yield (%)

PA 
excitation 

wavelengtha

(nm) 

ON-to-OFF 
photoswitching 

rateb (s-1) 

PA signal-
to-noise 
ratioc 

PA 
switching 

ratiod 

Temporal 
frequency 
PA image 

CNRe 

0 mm 
depth

12 
mm 

depth

0 mm 
depth

12 mm 
depth

0 mm 
depth

12 mm 
depth

RpBphP1 
Pfr (ON) 756 none 78,300 none 

780 1.56 
501.4 
±15.3

15.2 
±0.3

4.3 
±0.2

2.3 
±0.2 

380.3 
±12.0

21.3 
±0.2 Pr (OFF) 678 n.d. 87,500 n.d. 

DrBphP-
PCM 

Pfr (ON) 750 none 59,200 none 
780 0.54 

636.2 
±17.2

25.4 
±1.3

8.7 
±1.5

4.7 
±1.2 

550.4 
±16.0

38.3 
±0.3 Pr (OFF) 700 720 98,000 2.9% 

 

aThe laser fluence was 8 mJ cm–2. The wavelengths were chosen on the basis of the absorption of the proteins and the power spectra of 

the lasers. bThe ON-to-OFF photoswitching rate is defined as the reciprocal of the time when the PA signal drops to 1/e of its 

maximum, measured at a a laser fluence of 4 mJ cm–2. cThe protein concentration was 30 µM, and the reduced scattering coefficient of 

the scattering media was ~10 cm–1. Data are reported as mean ± s.d. dThe switching ratio is the ratio of the PA signal amplitudes 

acquired in the ON and the OFF states. Data are reported as mean ± s.d. eContrast-to-noise ratio (CNR). The hemoglobin 

concentration was 2.3 mM. Data are reported as mean ± s.d. 
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Supplementary Table 2. Quantified coefficients of the decay functions of the PA signals from 

cellsa. 

 

Coefficientsb 

High fluencec Low fluenced Scattering mediae 

HEK-293 U87 HEK-293 U87 HEK-293 U87 
HEK-293:U87
mixture with 

about 1:1 ratio
 0.014 0 0.001 0 0.035 0 0.266 
 0.493 0.968 0.515 1.01 0.500 1.00 0.169 
 0.488 0.082 0.483 0 0.481 0.0930 0.581 
 1.45 1.72 2.01 2.14 0.591 0.596 0.756 

f 1.01 11.8 1.07 100 1.04 10.8 3.44 
g 0.005 0.844 0.03 0.980 0.02 0.830 0.549 

 
aThe signals from the cells were spatially averaged first, and the calculations were based on their 

spatial mean values. bThe decay function can be expressed in the form of 

∙ ∙ , where  , and the ratio /  is within the range of 2.2–3.0. 
cThe cells were embedded in clear media, and the illumination fluence is 5 mJ/cm2

. 
dThe cells 

were embedded in clear media, and the illumination fluence is 0.5 mJ/cm2. eThe cells were 

embedded in scattering media, and the local fluence is unknown. fAs defined in Online Methods, 

,

,
, which was used as a criterion to distinguish two types of cells. It can be seen from 

Table 2, regardless of local fluence, the  of HEK-293 cells is approximately 1, whereas the  of 

U87 cells is much larger, normally greater than 10, to avoid infinity in computation, the upper 

limit of k was set to 50. gAs defined in Online Methods, we define	  to quantify the 

concentration of U87 cells if a mixture of the two types of cells was imaged. 

  



 

Supplem

Developm

 

 

Monome

domain s

PAS-GA

covalentl

chromop

is ~80 kD

PCM an

Deinococ

(HisK) d

achieving

 

mentary Figu

ment of a 1.5

ers (shown) 

structure. It i

AF-PHY dom

ly bound w

hore-binding

Da. BphP1 f

d the outpu

ccus radiodu

domain. We t

g a 1.5-fold r

S

ure 1.  

5-fold smalle

of naturall

is represente

main triad, 

with conser

g pocket in 

from Rhodop

ut PAS/PAS

urans, DrBp

truncated ful

reduction in

 

Supplem

er photochro

ly dimeric b

ed here by th

and output

rvative cyst

the GAF do

pseudomona

S and HOS 

phP, is com

ll-length DrB

 the molecul

entary F

 

omic probe f

bacterial ph

he photosen

t domains. 

teine from 

main. The m

as palustris, 

domains. T

mprised of th

BphP to its P

lar weight of

Figures 

for differenti

hytochromes

nsory core m

The bilive

the PAS 

molecular w

called RpB

The domain 

he PCM and

PCM and ca

f the PA pro

ial photoaco

s (BphPs) s

module (PCM

erdin (BV) 

domain an

eight of the 

phP1, consi

organizatio

d the output

lled the resu

obe. 

oustic imagin

 

share a com

M), formed b

chromopho

nd secured 

BphPs mon

sts of the re

n of BphP 

t histidine k

ult DrBphP-P

4 

ng. 

mmon 

by the 

ore is 

to a 

nomer 

egular 

from 

kinase 

PCM, 



 

Supplem

Quanfica

 

 

(a) An im

(b) The P

versus th

plane re

photoaco

plane. (e

and at 7.5

 

mentary Figu

ation of the s

mage of thre

PA amplitud

he shift in th

solution, de

oustic image

) The line p

5 mm off-ce

ure 2.  

spatial resolu

ee tungsten w

de distributio

e sum of the

efined as th

 of a tungste

rofiles of (d

enter (indicat

 

ution of the R

wires, each w

on along the 

e original lin

he shift cor

en wire with

d) at the cent

ted in (d) by

RS-SIP-PAC

with a nomin

red line in (

ne profile sh

rresponding 

h a nominal 

ter of the rin

y the green da

CT system. 

nal diameter

(a). (c) The c

hown in (b) a

 to 6-dB C

diameter of

ng (indicated

ashed line).

r of 50 µm. 

contrast-to-n

and the shift

CNR, is 12

f 50 µm, pro

d in (d) by t

Scale bar, 2

noise ratio (C

fted copy. Th

25 µm. (d) 

ojected on th

the red solid

5 

 

2 mm. 

CNR) 

he in-

The 

he x-z 

d line) 



 

Supplem

Characte

 

 

(a) Mola

RpBphP1

(b) Mola

RpBphP1

of RpBph

intensity

curves). 

gradual i

kinetic c

Depende

intensity 

light-indu

s.e.m.).  

mentary Figu

rizations of 

ar extinction

1, showing t

ar extinction

1 at 780 nm

hP1 at 780 n

. The kineti

(d) Depend

increase in a

curves can b

nce of the 

of 636/20-n

uced Pfr→P

ure 3.  

DrBphP-PC

n coefficien

the superior 

n coefficien

, showing th

nm. (с) Dep

ic curves ca

ence of the 

absorbance o

be fitted wi

half-time of

nm light (n 

Pr photoconv

CM photochr

t ratios betw

switching c

nt ratio betw

hat DrBphP-

endence of t

an be fitted 

Pfr→Pr ph

of the Pr sta

ith monoexp

f light-induc

= 3; error b

version on th

 

romic proper

ween the P

contrast of D

ween the P

-PCM has 2-

the Pr→Pfr 

with monoe

hotoconversi

ate was obse

ponential fu

ced DrBphP

bars are s.e.

he intensity o

rties. 

Pfr and Pr s

DrBphP-PCM

fr and Pr s

-times better

photoconve

exponential 

ion on the 7

erved for all

unctions (R2

P-PCM Pr→

m.). (f) Dep

of 780/20-nm

states of Dr

M in the NIR

states of Dr

r switching c

ersion on the

functions (R

780/20 nm l

l tested ligh

≥0.958 for

→Pfr photoco

pendence of

m light (n =

rBphP-PCM

R spectral re

rBphP-PCM

contrast than

e 636/20 nm

R2≥0.958 fo

light intensi

ht intensities

r all curves

onversion o

f the half-tim

= 3; error bar

6 

 

M and 

egion. 

M and 

n that 

m light 

for all 

ty. A 

. The 

). (e) 

n the 

me of 

rs are 



 

Supplem

Frequenc

 

 

(a) Norm

(b) The t

and its ha

BphPs th

the pixel 

 

mentary Figu

cy lock-in re

malized photo

temporal freq

armonics. (c

han the diffe

values from

ure 4.  

construction

oacoustic (P

quency spec

c) Frequency

erential imag

m regions of i

 

n provides be

PA) signal of

ctrum of the 

y lock-in rec

ging method

interest.  

etter contras

f BphPs chan

signal in (a)

construction 

d; error bars 

sts of BphPs.

nges during 

) clearly show

(LIR) provi

are s.e.m. (

. 

the illumina

ws the modu

ides ~2–3-fo

(n = 40), cal

ation modula

ulation frequ

old better CN

lculated base

7 

 

ation. 

uency 

NR of 

ed on 



 

Supplem

Compari

 

 

(a) Flow 

that co-e

peptide (

Error bar

(c) PA im

and Pr (O

(right co

cells exp

 

mentary Figu

son of RpBp

cytometry w

xpressed Rp

(in BphP-T2

rs, s.e.m. (n =

mages of hem

OFF) state (

lumn). Scale

ressing eithe

ure. 5.  

phP1 and Dr

was used to 

pBphP1 or D

2A-EGFP co

= 3; transfec

moglobin, R

(middle colu

e bar, 2 mm

er RpBphP1 

 

rBphP-PCM 

analyze the 

DrBphP-PCM

onstructs). T

ction experim

RpBphP1, an

umn). LIR im

m. (d) Fractio

or DrBphP-

expression l

fluorescence

M with EGF

The mean EG

ments). (b) Q

nd DrBphP-P

mages of hem

onal change

-PCM during

levels.  

e intensity d

FP downstrea

GFP fluores

Quantificatio

PCM in the 

moglobin, R

e of PA sign

g 780 nm illu

distribution o

am of the T2

scence inten

on of the dat

Pfr (ON) st

RpBphP1, an

nals from bo

umination.  

of live HeLa

2A self-cleav

sity is prese

a presented 

tate (left col

nd DrBphP-

ovine blood,

8 

 

a cells 

vable 

ented. 

in (a). 

lumn) 

PCM 

, U87 



 

Supplem

Lock-in r

 

 

(a) Norm

during th

clearly sh

(LIR) pro

than the d

values fro

mentary Figu

reconstructio

malized PA si

he illuminatio

hows the mo

ovides ~2–3

differential i

om regions o

ure 6. 

on of U87 cu

ignal of U87

on modulatio

odulation fre

-fold better C

imaging met

of interest. 

ultured cells 

7 cells expre

on. (b) The t

equency and 

CNR of U87

thod; error b

expressing 

ssing change

temporal fre

its harmonic

7 cells expre

ars are s.e.m

either DrBph

es in either D

equency spec

cs. (c) Frequ

essing either 

m. (n = 40), c

 

hP-PCM or 

DrBphP-PCM

ctrum of the 

uency lock-in

DrBphP-PC

calculated ba

RpBphP1. 

M or RpBph

signal in (a)

n reconstruc

CM or RpBp

ased on the p

9 

 

hP1 

) 

ction 

hP1 

pixel 



 

Supplem

Separatio

depths. 

 

 

(a) Top a

U87 cells

and RpB

scattering

light was

types of c

k, of the

coefficien

inside all

 

mentary Figu

on of three 

and side view

s expressing

phP1, bottom

g media wit

s used. (b) L

cells. (d) Co

e three type

nts, s, of the

l cells well. S

ure 7. 

types of ce

ws of the sch

g DrBphP-PC

m, a mixture

th different 

LIR images o

omputed coef

s of cells, w

e three type

Scale bar, 2 

 

lls expressin

hematics of 

CM only, mi

e of U87 cel

distances to

of three type

fficients, c, o

which enabl

es of cells, w

mm. 

ng different 

the phantom

iddle, HEK-

lls and HEK

o the phanto

es of cells. (c

of the three t

les a good s

which illustr

BphPs in s

m containing

-293 cells ex

K-293 cells), 

om surface. 

c) Computed

types of cell

separation o

rates the con

scattering m

g the three ty

xpressing bo

which were 

Top illumin

d coefficien

ls. (e) Comp

of each othe

ncentrations 

media at diff

ypes of cells

oth DrBphP-

embedded i

nation of 78

nts, b, of the 

uted coeffic

er. (f) Comp

of the U87 

10 

ferent 

 

 (top, 

PCM 

in the 

0 nm 

three 

ients, 

puted 

cells 



 

Supplem

In vivo P

 

 

The brain

expressin

with DrB

cortex va

mentary Figu

A detection 

n of a nude m

ng DrBphP-P

BphP-PCM in

asculature, sh

ure 8.  

of a brain tu

mouse was im

PCM ~3 mm

n its ON stat

howing the b

umor express

maged two w

m underneath

te (a) and OF

brain tumor 

sing DrBphP

weeks after t

h the surface

FF state (b).

with high co

P-PCM. 

the injection

e. PA image 

 (c) LIR ima

ontrast. Scale

n of U87 glio

of the mous

age overlaid 

e bar, 2 mm

oblastoma ce

e brain corte

d on the brain

. 

11 

 

ells 

ex 

n 



 

Supplem

Compari

 

(a) Fluor

(treated w

of U87 c

rapamyci

photoswi

contrast t

in the pre

PA signa

the illum

the LIR 

presence 

measurem

values fro

mentary Figu

son of photo

rescence spe

with rapamy

cells express

in. The L

itching abili

than DrBphP

esence of ra

als of the co

mination mod

images. On

or absenc

ment cycles 

om regions o

ure 9. 

oswitching p

ectra of lysa

ycin). (b) ON

sing DrBphP

LIR image 

ity in the pr

P-PCM. Sca

apamycin ch

ontrolled MT

dulation. (d) 

ne sample w

e of rapam

on each sam

of interests. 

properties of 

ates of HeL

N state (left 

P-PCM and 

(right col

resence of ra

ale bar, 2 mm

hange follow

TLn3 cells w

Comparison

was imaged f

mycin) or D

mple; error b

Rapa is shor

DrSplit and

La cells exp

column) and

MTLn3 cel

lumn) dem

apamycin. In

m. (c) PA sig

wing the illum

without rapa

n of CNRs q

for each typ

DrBphP-PCM

bars are s.e.m

rt for rapamy

d DrBphP-PC

pressing eith

d OFF state 

lls expressin

monstrates th

n addition, 

gnals of MT

mination mo

amycin have

quantified fr

pe of cells e

M. The dat

m. (n = 40), 

ycin.

CM in MTLn

her DrBphP-

(middle col

ng DrSplit in

hat DrSplit

DrSplit has 

TLn3 cells ex

odulation. In

e non-detecta

rom the ON-

expressing e

ta were av

calculated b

n3 cells. 

-PCM or Dr

lumn) PA im

n the presen

t recovered

lower switc

xpressing Dr

n comparison

able respons

-state image

either DrSpl

eraged over

based on the 

12 

 

rSplit 

mages 

nce of 

d its 

ching 

rSplit 

n, the 

ses to 

s and 

lit (in 

r ten 

pixel 



 

Supplem

Cytotoxi

 

Flow cyt

and U87 

IRES2 s

IRES2 se

and mCh

transfecte

DrPAS-F

lines co

mCherry

mentary Figu

city of DrSp

tometry was

(c, d) cells 

sequence fro

equence fro

herry (b, d)

ed cells, red

FRB and m

rrespond to

y-IRES2-FKB

ure 10. 

plit in mamm

s used to ana

expressing 

om EGFP-I

m mCherry

) fluorescen

d lines corr

mCherry-IRE

o distributio

BP-DrGAF-

malian cells.

alyze the flu

both EGFP 

IRES2-DrPA

-IRES2-FKB

nce intensity

espond to d

S2-FKBP-D

on of cells 

PHY and tre

uorescence i

and mCherr

AS-FRB. mC

BP-DrGAF-P

y are presen

distribution 

DrGAF-PHY

transfected

eated with 10

intensity dis

ry. EGFP w

Cherry was

PHY. The m

nted. Black 

of cells tran

Y but non-tr

d with EGF

0 nM of rapa

stribution of 

was co-expre

s co-express

mean values

lines corre

nsfected wit

reated with 

FP-IRES2-D

amycin. 

 

f live HeLa (

ssed upstrea

sed upstream

s of EGFP (

espond to m

th EGFP-IR

rapamycin, 

DrPAS-FRB

13 

(a, b) 

am of 

m of 

(a, c) 

mock-

RES2-

blue 

 and 

 



14 
 

Supplementary Figure 11. 

Validation of the existence of reconstituted DrSplit via near-infrared fluorescence. 

 

 

MTLn3 cells stably expressing both, EGFP-IRES2-DrPAS-FRB and mCherry-IRES2-FKBP-

DrGAF-PHY. Constructs were treated with rapamycin. The fluorescence of non-treated (‒ 

RAPA) and treated (+ RAPA) cells was compared by the fluorescence of EGFP (green; ex 

480/40 nm, Em 535/40 nm), mCherry (red; ex 570/30 nm, Em 615/30 nm) and DrSplit (NIR; ex 

605/40 nm, Em 640/LP nm). (a) Fluorescence microscopy images of non-treated (top row) and 

treated (bottom row) cells. (b) Flow cytometry was used to analyze the fluorescence intensity 

distribution of live MTLn3 cells, that stably expressing DrBphP-PAS downstream of IRES2 

sequence with EGFP and DrBphP-GAF-PHY downstream of IRES2 with mCherry. The mean 

values of EGFP, mCherry and DrSplit fluorescence intensity are presented. Gray curves 

correspond to non-treated samples, red curves correspond to samples treated with rapamycin. (c) 

Quantification of the data presented in (a). Error bars, s.e.m. (n=3; transfection experiments). 

Scale bars, 10 µm. RAPA is short for rapamycin.  
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