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ABSTRACT 

We demonstrated the potential of carbon nanoparticles (CNPs) as exogenous contrast agents for both thermoacoustic 
(TA) tomography (TAT) and photoacoustic (PA) tomography (PAT). In comparison to deionized water, the CNPs 
provided a four times stronger signal in TAT at 3 GHz. In comparison to blood, The CNPs provided a much stronger 
signal in PAT over a broad wavelength range of 450–850 nm. Specifically, the maximum signal enhancement in PAT 
was 9.4 times stronger in the near-infrared window of 635–670 nm. In vivo blood-vessel PA imaging was performed 
non-invasively on a mouse femoral area. The images, captured after the tail vein injection of CNPs, show a gradual 
enhancement of the optical absorption in the vessels by up to 230%. The results indicate that CNPs can be potentially 
used as contrast agents for TAT and PAT to monitor the intravascular or extravascular pathways in clinical applications. 
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1. INTRODUCTION 

Thermoacoustic (TA) tomography (TAT) and photoacoustic (PA) tomography (PAT) are non-invasive techniques that 
uniquely synergize pure ultrasound and pure radio frequency (rf) and optical imaging, allowing both satisfactory spatial 
resolution and high soft-tissue contrast.1-2 The technique is based on the detection of acoustic waves from an object that 
absorbs pulsed or intensity-modulated electromagnetic energy (rf band in TAT and laser in PAT). The absorption can be 
associated with endogenous molecules, such as water/ion, hemoglobin, and melanin. For instance, due to the high 
concentration of hemoglobin (12 to 15 g/dl), blood inherently has a strong optical absorption which allows the 
visualization of blood vessels. However, the absorption of nonvascular tissues (e.g., lymph nodes) or intravascular 
biosignatures (e.g., integrins) is insufficient. Thus, exogenous contrast agents such as optical dyes, gold nanoparticles, 
copper nanoparticles, and carbon nanotubes are needed for TAT/PAT in these cases.3-6 TAT and PAT have been 
developed for different applications in rodent models, such as breast cancer imaging, brain structural and functional 
imaging, blood oxygenation and flow velocity monitoring, and tumor angiogenesis.1,7-8 
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Although a lot of contrast agents are available for TAT and PAT, they have their disadvantages. For example, optical 
dyes easily cause skin staining; gold nanoparticles are high in cost and have complicated chemistries; and the toxicity of 
copper nanoparticles and carbon nanotubes is arguable. Therefore, new contrast agents still deserve exploration. We 
reveal a simple and commercially amenable synthetic methodology for creating optically active carbon nanoparticles 
(CNP). CNPs are derived from commercial food-grade honey. Compare to the previously explored particles (gold, 
copper, carbon nanotube etc.), CNPs are significantly smaller (~8 nm in diameter), enabling rapid clearance properties. 
 
In this study, we explore the rf and optical absorbtion properties of carbon nanoparticles (CNPs) as multimodal contrast 
agents for both TAT and PAT. Then, we further monitor the pharmacokinetics of CNPs in blood vessels in mice in vivo 
using PAT. The results could be greatly beneficial for monitor the intravascular or extravascular pathways using 
TAT/PAT together with other structural imaging modalities. 
 

2. MATERIALS AND METHODS 

2.1 Synthesis of optically active carbon nanoparticles 

Commercial grade honey (Great Value™ Clover Honey 1 wt%; batch composition- fructose: 38%, glucose: 31%, 
maltose: 7.1%, sucrose: 1.3%, higher sugars: 1.5%, water: 17.2%) is suspended with an organic macromolecular 
passivating agent (8wt%; PEG400), purged with argon, and heated in a domestic microwave oven for 30 min. 
Microwave power was set at 1200 W with an output power of 50%. The product was then purified by repeated 
centrifugation in water. 
 
2.2 Thermoacoustic system 

For thermoacoustic excitation, a 3.0-GHz microwave generator with pulse width of 0.6 μs and repetition rate of 10 Hz 
was employed. The pulses were guided toward the target through a horn antenna. The size of the antenna opening was 11 
cm × 7 cm. The fluence is 0.45 mJ/cm2 at the opening of the antenna, which is within the safety standard. The test 
samples were placed in a plastic tank filled with mineral oil for ultrasonic coupling. A 1-MHz spherically focused 
transducer with a bandwidth of 70% (V314, Panametrics, Olympus) was used to receive TA signals. 
 
2.3 Photoacoustic system 

The schematic of the system has been reported before.9 For photoacoustic excitation, three different light sources were 
employed for different spectra range or imaging speed: 1) a tunable OPO laser (450–685 nm, Vibrant (HE) 355 I, 
OPOTEK), pulse width 5 ns, pulse repetition rate 10 Hz; 2) a tunable Ti:sapphire laser (730–850 nm, LT-2211A, LOTIS 
TII) pumped by a Q-switched Nd:YAG (LS-2137/2, LOTIS TII), pulse width <15 ns, pulse repetition rate 10 Hz; and 3) 
a dye laser (CBR-D, Sirah) pumped by a Nd:YLF laser (INNOSLAB, Edgewave), pulse width <7 ns, pulse repetition 
rate up to 5 kHz. The first two sources were used for the measurement of the PA spectrum of CNPs. The third source 
was used for fast PA imaging in vivo. The fluence is < 1 mJ/cm2 on the sample surface. For photoacoustic detection, a 
focused ultrasonic transducer with 50 MHz central frequency (V214-BB-RM, Olympus NDT) was employed. The 
transducer surface was immersed in water for ultrasonic coupling. The optical and ultrasonic foci were configured 
coaxially and confocally. This system could achieve 45 μm lateral resolution, 15 μm axial resolution, and more than 3 
mm penetration depth. 
 
2.4 Animals 

All animal experiments were performed in accordance with protocols approved by the Washington University 
Department of Comparative Medicine and the Animal Studies Committee. Athymic nude mice were obtained from 
Harlan and housed in the animal facility at Washington University. During the experiments, the animals were 
anesthetized by administration of gaseous isoflurane (2%, Butler Inc., Dublin) and aseptically prepared. 
 

Proc. of SPIE Vol. 8581  858140-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/5/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



a

bA

.7 -2
Q
1-

20n

)

s

:NPs

Vater

18
Time (p

n
20

.$)

2

 

 

Fig. 1. (a) A ty
dispersed state

As-synthesiz
From the sca
(number-aver
 
Water and io
Therefore, to
of water. Fig
volume) fille
signal.10 At 
(Fig. 2). 
 

Fig. 2. TA sign

 

ypical photograp
e. 

zed CNPs are s
anning electron
raged) of 8 ± 2

ons are two w
o show that CN
g. 2a shows the
ed with CNPs 
3 GHz, CNPs

nals at 3 GHz fro

ph of solution o

soluble in wate
n microscopy (S
2 nm. 

ell-known sou
NPs can functio
e TA signals o
(33 vol%) or 

s (33 vol%) ex

om a LDPE vial

f CNPs in water

3. R

er. Fig. 1a show
SEM) image (F

urces of microw
on as a contrast
obtained from a

deionized (DI
xhibited more 

 (I.D. = 6 mm an

r (33 vol%). (b) 

 

RESULTS

ws a typical ph
Fig. 1b), it is c

wave absorber
t agent for TA, 
a low-density p
I) water. The 
than four-fold

nd 1.5 cc volume

A scanning elec

hotograph of s
clear that CNPs

rs in human, a
 we first comp
polyethylene (
LDPE vial do

d TA signal en

e) filled with CN

ctron microscop

solution of CN
s are spherical 

and they gener
pared the TA si
(LDPE) vial (I.
oes not generat
nhancement co

 
NPs (33 vol %) a

 

py image of CNP

Ps in water (3
and exhibit a 

rate strong TA
ignal of CNPs w
.D. = 6 mm an
te any measur

ompared with D

and DI water 

Ps in dry-

3 vol%). 
diameter 

A signals. 
with that 
nd 1.5 cc 
rable TA 
DI water 

Proc. of SPIE Vol. 8581  858140-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/5/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



+r "ICO u
Ce

...moo...moo

z

R

4

)
450 55

Wi

n

-/
0 650
welengtN

o

PA ampli

750
1 (nm)

L LL

tude (a. u

_ _I

à
850

IM
1 0

Di
4 ar

6

3

b

o

-3

6l
16

fferential
nplitude (

I

17
Time

Bic
f\ CN

18
(µs)

lod
Ps "

19

 

 

Similarly, he
efficacy of C
CNPs (33 vo
signal. Fig. 3
excitation wa
The PA sign
which covere
exhibited 9.4
 

Fig. 3. (a) Rat
signals genera

Preliminary 
wavelength w
4a). After the
taken at the s
clarity than t
differential im
differential o
 

Fig. 4. Noninv
before the inje
Differential im

emoglobin is a 
CNPs with bloo
ol %) and rat w
3a shows the 
avelength rang
al obtained fro
ed both visible

4 times PA sign

tio of the peak-t
ted from CNPs a

in vivo blood-
was tuned to 6
e CNPs (25 vo
same position w
that in Fig. 4a
mage in Fig. 4

optical absorpti

vasive PA imag
ection of CNPs. 

mage that was ob

dominant opti
od at various e
whole blood. T
ratio of the p

ge was 450–85
om CNPs was 
e and near infr
nal enhancemen

o-peak PA signa
and rat blood at 

vessel PA ima
50 nm. Before
ol %, 100 µL) 
with an interva

a did, because 
c is a result of 
ion in the vascu

ging the femoral
(b) PA image a

btained by subtra

ical absorber in
excitation wav
The tube is tra
peak-to-peak P
50 nm, excludin
much stronger
rared (NIR) lig
nt compared to

als generated fro
the wavelength 

aging was perf
e CNP injection

were intraven
al of 1–2 min.
the exogenous

f the subtraction
ular caused by 

l area of a mou
acquired at 6 mi
acting the pre-inj

n humans and 
velengths. PA s
ansparent, and
A signal ampl
ng the range o

r than or comp
ght. For examp
o blood (Fig. 3b

om CNPs (33 vo
of 670 nm. 

formed non-in
n, a PA image

nously injected
At 6 min post-
s contrast agen
n of Fig. 4a fro
the exogenous

use in vivo empl
in post-injection
jection image (a)

generates stron
signals were o
therefore, it d
litude of CNP

of 685–730 nm
parable to blood
ple, at the exc
b). 

ol %) to those o

nvasively on a 
e of the femora
d through the ta
-injection (Fig
nt, CNPs, indu
om Fig. 4b. Th
s contrast agen

loying CNPs as
n of CNPs (25 v
) from the post-i

ng PA signals.
obtained from t
does not produ
Ps (33 vol %) 
m due to the ga
d over such br
itation λ=670 

of blood at diffe

mouse femora
al was acquired
ail vein, a seri

g. 4b), the vasc
uced optical ab
his image indic
nt. 

 
 contrast agents
vol %, 100 µL) 
injection image 

. We compared
tygon tubes fil
ce any measur
to that of blo

ap between tw
road wavelengt
nm, CNPs (33

erent wavelength

al area. The ex
d as the base-l
ies of PA imag

culature showed
bsorption incre
cates the distrib

s. (a) PA image
through the tail
(b). 

d the PA 
lled with 
rable PA 
ood. The 

wo lasers. 
th range, 
3 vol %) 

 

hs. (b) PA 

xcitation 
line (Fig. 
ges were 
d greater 
ease The 
bution of 

e acquired 
l vein. (c) 

Proc. of SPIE Vol. 8581  858140-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 9/5/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

 
4. CONCLUSION 

In summary, we have successfully demonstrated the potential of carbon nanoparticles (CNPs) as exogenous contrast 
agents for both thermoacoustic tomography (TAT) and photoacoustic tomography (PAT). The CNPs provided more than 
4 times signal enhancement in TAT at 3 GHz and more than 9.4 times signal enhancement in PAT in the NIR window of 
635–670 nm. The results indicate that CNPs can be potentially used as contras agents for TAT and PAT together with 
other structural imaging modalities to monitor the intravascular or extravascular pathways in clinical applications. 
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