Characterization of the thermalisation efficiency and photostability of
photoacoustic contrast agents

T. Stahl, T. Allen, P. Beard

Department of Medical Physics and Bioengineering, University College London, Gower Street,
London WCI1E 6BT, UK

ABSTRACT

A simple method of characterizing organic dyes and nanoparticles used as contrast agents for photoacoustic molecular
imaging based on relative photoacoustic measurements is described. By acquiring just two time-resolved photoacoustic
signals, one in the sample of interest and the other in water, measurements of the thermalisation efficiency and other
parameters relevant to the characterization of contrast agents can be acquired. The method was validated using absorbing
solutions of known thermalisation efficiency and Griineisen coefficient. It was then used to measure the thermalisation
efficiency of solutions of gold nanorods, rhodamine B, methylene blue, IR-820, fluorescein and cresyl violet. In
addition, photoacoustic measurements of the photostability of these substances were acquired.
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1. INTRODUCTION

Exogenous contrast agents in photoacoustic imaging[1] have been employed for the detection of cancer cells[2], sentinel
lymph nodes[3], angiogenesis[4], and the characterization of atherosclerotic plaques[5]. However, organic dye based
contrast agents can exhibit ground state bleaching, fluorescence and other processes that can diminish their efficiency as
photoacoustic contrast agents. The photoacoustic signal generation efficiency of nanoparticle based contrast agents may
also be substantially alternated by mismatching the thermodynamic properties of the particle compared to the
surrounding medium. For this reason we have developed a simple method based on relative photoacoustic measurements
that permits measurement of the conversion efficiency of (i) the absorbed optical energy to heat (the thermalisation
efficiency) and (ii) heat energy to stress (the Griineisen coefficient). Section 2 describes the underlying principles of the
technique, section 3 the experimental method and in section 4 measurements of photoacoustic spectra, thermalisation
efficiency and photostability of a number of different organic dye and nanoparticle based contrast agents are described.

2. METHOD

The photoacoustic effect describes the process in which absorbed electromagnetic energy is converted to an acoustic
pressure wave. In practice, a short (usually nanoseconds in duration) light pulse is used to initiate an excited state at the
excitation wavelength. The deposited light energy will dissipate via vibrational relaxation of the excited state, rapidly
heating the surrounding medium. The rapid temperature rise causes a pressure increase and generates a broadband
acoustic pressure wave which propagates away from the source. The initial pressure, Py, generated by a collimated light
beam incident on a homogeneous, purely absorbing medium can be described by

Py = TE, g By e~ (Ha'? (1)

where E; is the thermalisation efficiency which represents the conversion efficiency of absorbed energy to heat. I is the
Griineisen coefficient of the surrounding medium and describes the conversion of heat energy to stress, w, is the
absorption coefficient of the sample, @, is the incident fluence and z is the axial distance from the surface of the
absorber. The acoustic wave propagates towards the surface and is detected by an ultrasound transducer. Assuming
negligible acoustic attenuation, the initial compressive part of the detected signal, S(t) can be expressed as
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S(t) = KT E, u,®, e~ (a s (t=to)) o

where K is a scaling factor that represents the detector sensitivity. ¢, is the speed of sound of the medium and t, is the
time at which the signal amplitude is a maximum. p, can be obtained by fitting an exponential to the signal (for t<t,) as
illustrated in Figure 1.

1.8 1

1.6 A u, obtained by

14 - exponential fit

1.2 A1

1.0 A

0.8
0.6

Amplitude [arb. units]

-------- Exponential fit
0.4 A

0.2 -

0.0 . . . T . . . .
0 0.5 1 1.5 2 2.5 3 35 4

Time [ps]

Figure 1: Example of photoacoustic signal generated by an absorber (solid, black line), its corresponding exponential fit (dashed, red
line) for the determination of p, S, is the peak positive amplitude at time t=t,.

The method for estimating the E, of the sample is based upon comparison of the photoacoustic signal generated in the
sample with that generated in a reference absorber of known E, and T'. In this study, water was used as the reference
absorber because it is known to exhibit only non-radiative relaxation so E, can be assumed to be 1. In addition I" can be
accurately calculated from the known thermodynamic properties of water.

For the sample, the signal peak amplitude Sy sqmpie at tois given by,

SO,sample = KEt,samplerample .ua,sampled)o (3)

Assuming the reference photoacoustic signal is obtained using under identical experimental conditions so that @, and K
are unchanged and that E=1, the signal amplitude at t, for the reference absorber is:

So,reference =K l-‘reference #a,reference d)0~ (4)

The ratio of equation (3) and (4) is:

So,sample _ Et,sample l—‘sample Ha,sample (5)
So,reference Fre ference Hare ference
By rearranging (5), Ey sample 18 given by:
So,sample/
E _ Ha,sample l—‘reference 6
t,sample — S : T ( )
O,reference/ sample
#a,reference
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Equation 6 shows that by acquiring photoacoustic signals in both the sample and reference absorber, and recovering the
peak amplitudes and absorption coefficients (the latter being obtained from the exponential fit to the signals), and
knowing the ratio of their Griineisen coefficients, it is possible to estimate the thermalisation efficiency of the sample.

In this study, the sample comprised an absorber in solution. In order to determine the Griineisen coefficient of the
solution (I'sgmpie), @ photoacoustic signal was acquired at a wavelength A, at which absorption by the absorber was
negligible but significant in the solvent. A signal was then acquired under identical experimental conditions in water.
Assuming the thermalisation efficiency of the solvent is 100%, and with knowledge of the Griineisen coefficient of
water [y, it is then possible to determine the ['ggpmpe as follows:

SO,sample (AO)/
.ua.,sample (AO)

So,reference (’10)/
.ua,reference (/10)

Ch20 (7

l-‘sample =

3. EXPERIMENTAL
3.1 Materials

Copper™ chloride, nickel™ chloride, rhodamine B, IR-820, methylene blue, fluorescein, cresyl violet, single walled
carbon nanotubes (from here on referred to as carbon nanotubes), sodium hydroxide, methanol and ethanol were all
purchased from Sigma Aldrich (UK). Gold nanorods (aspect ratio of 4.1; cetyltrimethyl-ammonium bromide ligand)
were purchased from Nanopartz (USA). The solid substances were dissolved using methanol, ethanol, distilled water
(~18MQcm) or aqueous sodium hydroxide solution (0.1M) to make stock solutions, which were further diluted for the
experiments. The carbon nanotubes were conjugated to polyethylene glucose in order to gain a homogenous solution of
the particles in water.

3.2 Experimental Setup

The experimental setup used in this study is depicted in Figure 2. It consists of a Nd:YAG pumped optical parametric
oscillator (OPO) laser, tunable from 400-2000nm, with a pulse lengths of 7ns (GWU, Spectra-Physics), coupled into a
1.5mm inner diameter fused silica fiber. A glass-slide between laser output and fiber reflects light onto the opening of an
integrating sphere containing a photodiode. The distal end of the fiber is clamped about 3cm away from the surface of
the absorbing sample solution. The fluence at the output of the fiber, illuminating the sample solution, varies with
wavelength, ranging from 2-10 mJem™. The sample solution is contained in a homemade cuvette, located about lcm
above the ultrasound transducer in a water tank. The ultrasound transducer is composed of a square (10x10mm), thin
(50um) polyvinylidene fluoride film, cemented with UV-curing glue onto a Perspex backing. A reading of the output of
a photodiode contained within the integrating sphere and the signal reading of the ultrasound transducer are captured
simultaneously with an oscilloscope and saved onto a computer. In a subsequent calibration step, a power-meter was
used to relate the photodiode readings to the pulse energy incident on the target.
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Figure 2: Experimental set-up

3.3 Experimental validation

To validate the method, measurements of absorbers of known thermalisation efficiency were made. In the first instance,
measurements were made in aqueous solutions of copper™ chloride (107g/1) and nickel™ chloride (370g/l). These
solutions were chosen because their thermalisation efficiencies can reasonably be assumed to be 100%. In addition their
Griineisen coefficients are known to be significantly different to that of water[6] which provides an opportunity to test
the ability of the method to correctly account for changes Griineisen coefficients. In order to determine the Griineisen
coefficients using equation 7, Ay was chosen to be 1450nm because at this wavelength both salts exhibit negligible
absorption while that of water is significant. For both copper™ chloride and nickel™ chloride, the values of E, obtained
experimentally using the method described in section 2 were close to 100% as expected. In addition, a solution of
rhodamine B in methanol (400pM) was evaluated since it exhibits significant radiative relaxation with a fluorescent
quantum yield that is well known [6]. In this case, Ay was chosen to be 1550nm due to the strong absorption of methanol
at this wavelength compared to that of rhodamine B. The experimentally measured value of Et was found to be 40%.
This is consistent with the fluorescent quantum yield (QY) (~60% at 400uM) reported in the literature[7] assuming E,=
1-QY.

In addition, as a further test, the Griineisen coefficients of pure methanol and ethanol were estimated using equation 7
and compared to the values obtained using

r=-— (®)

where £ is volume thermal expansion coefficient, c is the sound speed and C,, is the heat capacity at constant pressure.
The measured and calculated values of the Griineisen coefficients in close agreement: 0.44 and 0.48 respectively for
methanol and 0.60 and 0.61 for ethanol.

3.4 Measurement of thermalisation efficiency, photoacoustic spectra and photostability of various photoacoustic
contrast agents

The setup depicted in Figure 2 was utilized for the measurement of E,, the photoacoustic spectra and the photostability
of six contrast agents, namely: gold nanorods, carbon nanotubes, methylene blue, IR-820, cresyl violet and fluorescein.
Gold nanorods, carbon nanotubes and methylene blue were dissolved in water, cresyl violet was dissolved in ethanol and
fluorescein was dissolved in 0.1M sodium hydroxide. In order to measure Sy and p, for the determination of E,, each of
the sample solutions were introduced into a cuvette individually and placed in the water tank as shown in Figure 2.

To obtain the photoacoustic spectra, measurements of Sy and p, were obtained for each wavelength within the range
required. The photostability measurements were performed using an enclosed cuvette to prevent solvent evaporation. For
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the measurement the sample was continuously irradiated for 30min with pulsed laser light (PRF=10Hz) at the
wavelength of the peak absorption of the sample whilst recording Sy once every minute.

4. RESULTS

4.1 Photoacoustic spectra

Photoacoustic spectra were recorded in order to determine the wavelength at which the samples have the highest
absorption. The wavelength of peak absorption was chosen for the determination of E;. The measured photoacoustic
spectra of various absorbers, generated via plotting the measured p, as a function of wavelength, are shown in Figure 3.
The p, spectra plotted below are in good agreement with the photoacoustic amplitude spectra and the supplier
specification sheets (data not shown in Figure 3).
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Figure 3: Measurements of the photoacoustic spectra of gold nanorods, carbon nanotubes, methylene blue, IR-820, cresyl violet and
fluorescein.
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4.2 Thermalisation efficiency

The results of the E; measurements are shown below (7able 1). Due to the strong broadband absorption of the carbon
nanotube sample throughout the whole spectrum covered by the OPO laser it wasn’t possible to account for the
Griineisen coefficient and thus measure E,. The values of E; of the other dyes included in this study, are in good
agreement with their quantum yield values reported in the literature.

Table 1: Results of the E; measurements using the method proposed here and literature values for comparison.

Thermalisation efficiency Measured molar Peak absorption
E extinction coefficient wavelength

Absorber (Eo ©

[nm]
Measured Literature [cm'lM'l]

Gold nanorods 100% 100%[8] 2.0-10° 820
Carbon nanotubes - 100%[9] 2.7-10° 450
IR-820 95% 96%[10] 1.5-10° 820
Methylene blue 100% 98%[11] 44-10° 605
Cresyl violet 47% 51%[12] 6210 500
Fluorescein 76% 79% [13] 8.1-10* 490

4.3 Photostability

Figure 4 shows the results of the photostability experiments. The plot shows the measured signal amplitude over the
number of laser pulses the sample was irradiated with. During the measurement period, gold nanorods, carbon nanotubes
and methylene blue were shown to be highly photostable. For the gold nanorods and the carbon nanotube sample this
was expected, as they don’t rely on the absorption of light via conjugated n-electron systems prone to dissociation[14].
On the contrary, the methylene blue sample was expected to show some photostability[15]. This unexpected behavior
may be due to the relatively high concentration used in this particular experiment. IR-820, cresyl violet and fluorescein
exhibit considerable reduction in the measured amplitude over exposure to laser pulses. Fluorescein has the strongest
dependency with a loss in signal amplitude of about 30% after 30min, whereas the signal amplitude of IR-820 and cresyl
violet is reduced by only 14 and 19%, respectively. This is consistent with previous studies based upon purely optical
measurements [16—18].
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Figure 4: Measurements of photostability: photoaacoustic signal amplitude versus number of laser pulses.

5. CONCLUSION

We have successfully demonstrated the feasibility of a method for measuring the thermalisation efficiency of organic
dyes and nanoparticles used as contrast agents in photoacoustic molecular imaging. The method has been validated using
copper™ chloride, nickel™ chloride and rhodamine B and applied to solutions of gold nanorods, methylene blue, IR-
820, fluorescein and cresyl violet. In all the cases the measured E, agreed well with the literature values. The advantage
of this approach is that it permits measurement of all the key parameters (thermalisation efficiency, Griineisen
coefficient and absorption coefficient) involved in photoacoustic signal generation by acquiring just two photoacoustic
signals. It therefore represents a simple and rapid method of comprehensively evaluating photoacoustic contrast agents.
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