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Supplementary Materials

Supplementary Note 1. Theory of photo-imprint photoacoustic microscopy (PI-
PAM)

Based on the theory of the photoacoustic effect, if the excitation pulse is in both thermal
and stress confinement, the PA signal amplitude is given by

Poc Ty, F . (S1)

Here, P is the signal amplitude detected by the ultrasonic transducer, I'"is the Grueneisen
coefficient, and 7, is the percentage of the absorbed photon energy that is converted into

heat. u, is the optical absorption coefficient and F is the optical fluence. Since F is
proportional to the excitation intensity | , and g, is proportional to the number of
molecules N , Eqg. S1 can be rewritten as

PocT'7,NI. (S2)

Photobleaching is generally regarded as a stochastic process, where the number of
molecules that are bleached by any excitation pulse is proportional to the number of
unbleached molecules present at the beginning of this excitation. This type of process can
be modeled by an exponential decay function as

N, = N, exp(~/3) (S3)

where N, is the number of unbleached molecules after the ith excitation, N, is the initial
number of molecules, and £ denotes the bleaching rate.

Based on the bleaching theory, the bleaching rate has strong dependence on excitation
intensity. For most fluorescent materials, the photochemical bleaching rate has an
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intensity power dependence of one for one-photo absorption, and at least two for two-
photon absorption. For other materials that go through photothermal bleaching, the
bleaching rate usually has an intensity power dependence greater than one. Collectively,
the bleaching rate can be expressed as

£ =klI", (S4)

where K is a constant factor and b is the intensity power dependence with b >0.
Substituting Egs. S3-S4 into Eq. S2, we get

P oc ['77,,N, I exp(—kI1"i) . (S5)

The first-order Taylor expansion of Eq. S5 yields

P oc Iy NI A=KkI®i)= Ty, NI —kil7, NI (S6)
H_/ %/—J
Conventional PAM Photobleaching

Note that the first part in the right-hand side of Eq. S6 denotes the conventional PAM
signal, while the second part denotes the signal decay induced by photobleaching.

The contrast of the PI-PAM comes from the differential signal between adjacent frames,
expressed as

AP =P_ —P ockl'n, N,I"". (S7)

Eq. S7 indicates that, on the one hand, the PI-PAM signal is linear to the optical
absorption, which maintains its functional imaging capability, such as oxygen saturation
measurement. On the other hand, the PI-PAM signal is nonlinear to the excitation
intensity, which enables sub-diffraction imaging capability.



Supplementary Note 2. Effective lateral resolution of PI-PAM

The image resolution is jointly determined by the effective point spread function (PSF) of
the excitation volume and the PSF of the detection system. In PA microscopy, since the
focused ultrasonic traducer has a focal spot size on the level of tens of micrometers, the
imaging resolution is determined predominantly by the excitation PSF. Because PI-PAM
is a nonlinear optical measurement, where the differential signal is given by Eq. S7, the
effective PSF can be expressed as

PSFr — PSFrexcitation x PSFrbIeaching , (88)

where PSF®™™ is the PSF of the excitation volume, and PSF”*™ is the PSF of

bleaching profile.
If the excitation profile can be approximated by a Gaussian function, we obtain

PSF excitation (r) —ex 2r2 89
: =exp(-—5) (S9)
w

2
PSFrbIeaching (r) — exp(_ 2b_r2) , (810)
We

where I is the radial distance from the center of the Airy disk, and w, is the Gaussian

width of the excitation beam where the beam intensity drops to 1/e? of its center value.
The full-width-at-half-maximum (FWHM) of the excitation beam can be expressed as

FWHM o = 2102w, ~ 0'51|51'_A’ (S11)

where 4, is the excitation wavelength and NAis the numerical aperture of the objective.
Therefore, the effective lateral PSF of the imaging system can be described as

21+ b)r

PSF, (r) =exp(— ). (S12)
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From Eq. S12, we obtain the FWHM of the lateral PSF of the imaging system as
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Eqg. S13 indicates that, compared with conventional PAM, the lateral resolution of PI-
PAM has been improved by a factor of 1+b .



Supplementary Note 3. Optical sectioning for PI-PAM

Similarly, if we approximate the excitation beam as a Gaussian beam, the axial PSF of
PI-PAM for point targets can be expressed as

PSF*"(2) = [1+ (Zi)Q]“*b) , (S14)

R

where Zis the Rayleigh range of the Gaussian beam, which is given by

2
z, =2 0920 (S15)

The axial resolution of PI-PAM for point targets is then given by the FWHM of the axial
PSF as

FWHM P = 2/24040) _17 =182V 1 o (S16)

NA?

which indicates an axial resolution improvement by a factor of 1/+2Y®™ —1 over
conventional PAM for point targets.

For large (or planar) targets, conventional PAM lacks sectioning capability because its
axial PSF is constant.

By contrast, for PI-PAM, the axial PSF for planar targets is given by

PSF/™ (2) = [1+(=-)'T". (S17)

R

Therefore, the optical sectioning capability can be expressed as the FWHM of the axial
PSF:

FWHM P2 = 24/2% _ 17, =1.82"" —1% : (S18)

Eq. S18 shows that the optical sectioning capability of PI-PAM also depends on the
intensity power dependence of the photobleaching rate. When b=0, PI-PAM reduces to
the conventional PAM and has no optical sectioning capability. When b =1, PI-PAM has
comparable optical sectioning capability to confocal microscopy.



Supplementary Note 4. Signal-to-noise ratio of PI-PAM

The signal-to-noise ratio (SNR) ultimately determines the detection sensitivity of the
system. In PI-PAM, the field of interest is repeatedly scanned to generate a set of M
frames P(i), i =1---M . The detected PA signal P has two contributions:

P(@)=s(i)+n(i), (S19)

where sis the true PA signal and n is the noise, mainly from the electronics. Here, we
consider the noise as white noise with a standard deviation of o .

To a first-order approximation, we assume that the PA signal linearly decays from s, to
(1-q)s, within M frames, where g is the bleached percentage with 0<q<1. For
conventional PAM where the M frames are averaged, the SNR is

2-4
0

2 " _2-05%
clIM  2dM o

SNRC-PAM =

(S20)

For PI-PAM, differential signals are first taken between frames that are M/2 apart, and

then averaged. The SNR becomes

q
SNRp pam = 2 -1 5 (S21)

Lo lIMT2 4dM o

Therefore, the SNR ratio between PI-PAM and conventional PAM is given by

Rog = SNR;, pam _ q _ (S22)
SNRepaw  2(2-0)

Eq. S22 suggests that the SNR advantage of conventional PAM decreases as the bleached

percentage g increases. For example, in the case where the signal has decayed to half of

the initial value (q=0.5), the expected SNR difference is 6 times.



Supplementary methods:

1. Experimental setup of PI-PAM

As shown in Supplementary Fig. 1, our PI-PAM is implemented in transmission mode.
An integrated diode-pumped Q-switched laser and optical parametric oscillator system
(NT242-SH, Ekspla Inc.) generate laser pulses (5 ns pulse width, 1 KHz repetition rate)
with a tunable wavelength range from 210 to 2600 nm. The laser pulses are sequentially
filtered by an iris (2 mm aperture), focused by a condenser lens, filtered by a 50 pum
pinhole, and focused again by an objective. This oil-immersion objective for visible light
(MPlanApoN100XO, Olympus Inc.) has a 1.4 numerical aperture (NA). A beam sampler
reflects a small portion of the excitation beam to a high-sensitivity photodiode, which
records the pulse-by-pulse laser intensity. The photoacoustic waves are detected by a
focused ultrasonic transducer (customized with 40 MHz central frequency, 80%
bandwidth, and 0.50 NA), which is placed confocally with the objective and coupled by
water. The received PA signal is then amplified by 48 dB through a low-noise wide-band
amplifier, digitized at a 1 GHz sampling rate (PCI-5152, National Instruments Inc.), and
finally recorded by a computer. The relative optical absorption is calculated by the
amplitude of the photoacoustic signals. The arrival time of each photoacoustic signal is
converted to depth through the speed of sound in water (1500 m/s at room temperature).
Three-dimensional imaging is realized by scanning the sample by a high-precision
scanning stage (PLS85, Micos Inc.). A customized synchronizing controller sends out
trigger signals for the laser firing, data acquisition, and motor scanning. A customized
Labview program synchronizes the entire system. PI-PAM imaging can be performed
point by point (A-scan mode), cross-section by cross-section (B-scan mode), or volume
by volume (C-scan mode). If not otherwise mentioned, A-scan mode was used for the
experiments in this paper. To achieve sufficient detection sensitivity, typically more than

200 frames were acquired for each experiment.
2. Data processing

The recorded raw PA signal was first compensated for by the excitation intensity
measured by the photodiode. Each A-line signal was then Hilbert transformed. The



amplitude of the transformed signal was extracted and used for further analysis.
Theoretically, the differential analysis can be performed between adjacent frames.
However, for slow bleaching samples, the signal difference between adjacent frames is
comparable with the noise level. To improve the signal-to-noise ratio (SNR), in practice,
we took the difference between frames that are half of the total frames apart, and then

averaged all the differential images. This method can improve the SNR as shown below.

Assume that the total number of frames is M , the true signal difference between
adjacent frames is AS , and the standard deviation of the white noise is o .
Approximately, averaging of the differential signals between adjacent frames gives an
SNR of

SNR, = M —1AS (S23)

2 o

while averaging of the differential signals between frames that are M /2 apart yields an
SNR of

M —AS
SNR,,, :TN — (S24)

Egs. (523-24) suggest that an SNR improvement of M / 22 can be achieved.



Supplementary Figures and captions
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Supplementary Fig. 1. Schematic of PI-PAM. An integrated diode-pumped Q-switched

laser and optical parametric oscillator system generate laser pulses with a tunable

wavelength range from 210 to 2600 nm. The filtered laser pulses are focused by an oil-

immersion objective. The resultant photoacoustic waves are detected by a focused

ultrasonic transducer, which is placed confocally with the objective and coupled by water.

The received PA signal is amplified, digitized, and finally recorded by a computer. A

customized Labview program synchronizes the entire system. ND, neutral density filter;

OPO, optical parametric oscillator.



1.07 0.037 Hemoglobin
() _
g (b=2.2)
= 0.9- o
IS @ 0.02-
> >
<
Q 0.8- =
3 &
N 9 0.011
[ o
§ 0.7
o
Z B
0.6 T T T T T~ ; 0.004
0 50 100 150 200 250 300 0
Frame Laser power (mW)
C
0.4- d 50- .
Ink Melanin
(b =1.0) 4o- (b =3.0)
[J) [0
< <
o o 304
£ £
< <
g g 20
Q@ Q@
m m
10+
1 C g | T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
Laser power (mW) Laser power (mW)
€ f
0.41 0.044
GNP Graphite
b=4.0 b=0
o (b=4.0) . (b=0)
® T 0.024
g g
£ 029 =
Q Q
© ©
Q D 0.00-00-08-0--@— @@ @ Qe
@ 014 o
0.0 Gy T T T ] -0.02 T T T T d
0 20 40 60 80 100 0 20 40 60 80 100
Laser power (mW) Laser power (mW)

Supplementary Fig. 2. Photobleaching characteristics of several common materials. (a)
The photoacoustic signal amplitude of hemoglobin decays with the number of laser pulse
excitations. Higher laser power yields a greater decay rate. (b-f) Photobleaching rates of
different materials have different intensity power dependences. GNP, gold nanoparticle.

b: power dependence of the photobleaching rate on the excitation intensity.
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Supplementary Fig. 3. Photobleaching rate of thin-layer hemoglobin in- and out-of-
focus. () PAM images of the thin-layer hemoglobin before and after bleaching when the
sample is in-focus (left) and 2 um out-of-focus (right). (b) Quantitative analysis of the
signal decay when the sample is in- and out-of-focus. The exponential fitting shows that
the in-focus decay rate is about 15 times greater than the out-of-focus rate. Note that
before the bleaching, the in- and out-of-focus signals have similar strength, which shows
that conventional PAM does not have sectioning capability.



a b White light c Fluorescence

Supplementary Fig. 4. Wide-field optical microscopy of rose petal epidermal cells. (a)
The epidermal layer of a freshly harvested rose petal was washed and carefully peeled off
for wide-field optical microscope imaging. (b) Wide-field optical microscopy of the
epidermal cells under white light. The pinkish parts are cell vacuoles. (c) Wide-field
fluorescence microscopy of the same region as (b), where the vacuoles show bright
fluorescence and the cell walls and nuclei are dark.



Movies captions
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Movie S1. The photobleaching time course of 150-nm-diameter gold nanoparticles
imaged by PI-PAM.



Frame:3

Movie S2. The photobleaching time course of a B16 melanoma cell imaged by PI-PAM.



Conventional PAM
2:-5000 nm

Movie S3. Conventional PAM and PI-PAM images of a single layer of red blood cells
acquired at axial positions ranging from -5 pum to +5 pum.



Conventional PAM
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Movie S4. Optical sectioning of rose petal epidermal cells by conventional PAM and PI-
PAM.



