Terahertz molecular imaging for medical diagnosis
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Abstract

We present the principle of terahertz molecular imaging (TMI) technique using nanoparticle
probes. We obtained the diagnostic images of cancerous tumors €X Vivo and in vivo in the preclinical
stage. The results of our study prove that TMI is feasible for medical diagnosis at the clinical stage.
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1. Introduction

The conventional terahertz (THz) imaging technique for medical diagnosis has measured
the differences in the interstitial water contents or the structural change between normal and
abnormal regions can be measured. However, miniscule differences at the molecular and cellular
levels, such as the differences between benign and malignant tumors, have not been conclusively
identified by employing the THz imaging technique [1]. The sensitivity of THz imaging can be
improved by using nanoprobes that have been used in magnetic resonance imaging and optical
molecular imaging techniques [2-5]. In this paper, we present a novel THz molecular imaging (TMI)
technique in which THz electromagnetic waves and gold nanorods (GNRs) used as nanoparticle
probes (nanoprobes) are employed, with the operating principle, as shown in Fig. 1. We also present
the diagnostic TMI images of livers, spleens, kidney, and epithelial cancers in mice ex vivo and in
vivo as examples of images obtained by the TMI technique. Furthermore, in order to evaluate the
application of the technique in a potential medical-diagnosis imaging system, we discuss the
sensitivity and quantification of this technique, and the resolution of the images obtained using the
technique.

Optical Laser Beam

¥ {¥ Nanoparticles THz molecular image

i THz Signal ’“:iL
I\ _
\ I /// N\ )
» . 4
€ ..
Plasmon !
Resonance
(a) (b) (c)

Figure 1: (a) Targeting of tumors by antibody-conjugated nanoparticles, (b)
differential THz detection under the modulation of surface plasmons, and (c) in vivo
terahertz molecular imaging.

2. Theory and Measurements

TMI was performed by measuring the change in the THz signal caused by surface plasmon
polaritons (SPPs) produced on the surface of metallic nanoprobes under the illumination of a near-
infrared (NIR) beam. The optically generated SPPs converted most of their energy into heat around



the surface of nanoprobes and increased the temperature of the media surrounding the nanoprobes.
THz waves were used to monitor the increase in temperature. The temperature sensitivity of THz
waves in water is considerably higher than those of NIR or visible waves [6,7]. Thus, the TMI
technique can be employed to obtain precise images of the distribution of minute quantities of
nanoprobes by measuring the temperature around the nanoprobes.

The TMI signals from a sample with nanoprobes could be modulated by altering the
intensities or duty ratios of NIR beams, as shown Fig. 2. The modulated NIR beam changed the
THz signals because it altered the temperature of water surrounding the nanaoprobes. However,
in the absence of GNRs or NIR beam irradiation, the THz signals showed little change. The THz
signal modulated by the NIR beam was used to obtain THz images of the nanoprobes. By
employing this differential THz detection technique, a high-contrast THz image could be obtained
because the signals were produced only from the nanoprobes and the THz waves had high
sensitivity.
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Figure 2: THz response under NIR modulation. Panel (a) shows the NIR signal
modulated by using a mechanical shutter (black line). Panel (b) shows the THz
responses of water using GNRs under NIR irradiation (red line), GNRs without NIR
irradiation (green line), and without GNRs under NIR irradiation (blue line). The
power of the NIR beam was 15 W/cm? and the diameters of the THz and NIR beams
were 0.8 mm. The concentration of the GNR solution was 100 uM. The time-
dependent THz signals were observed using an oscilloscope triggered by the
modulation signal of the NIR beam [3].

As shown in Fig. 3, the TMI system consisted of two parts: a 808 nm continuous-wave
(CW) NIR laser for inducing SPP resonance and the reflection-mode THz imaging system for
monitoring laser-induced temperature changes in samples. The THz pulses generated on a InAs
semiconductor wafer were measured by a low-temperature-grown (LT)-GaAs antenna using a fast
optical delay line that vibrated at a frequency of 20 Hz and a span of 36 ps. The diameter of the THz
beam focused on the sample was 0.8 mm, and an NIR laser beam with the same diameter was also
focused on the sample, thus overlapping with the THz beam. The THz imaging system, excluding
the sample, was constructed within a dry box so that the produced THz signals would not be
affected by humidity.



Figure 3: THz molecular imaging system consisting of a reflection-mode THz
imaging setup and an NIR laser [3].

The GNRs, which we used as nanoprobes, were fabricated by a seed-mediated growth
technique. The GNRs were coated with polyethylene glycol (PEG) and modified by Cetuximab
(CET), which specifically targets only the cancer cells in which epidermal growth factor receptors
(EGFRs) are highly developed. Thus, Cetuximab-PEGylated gold nanorods (CET-PGNRs) were
synthesized and used as the nanoprobes in this study. For an animal experiment, we prepared
several tens of xenograft mouse models. A431 cells were injected subcutaneously in the proximal
thigh region of male BALB/c-nude mice that were 5-8 weeks old; these mice were obtained from
the Institute of Medical Science (University of Tokyo). All experiments were conducted with the
approval of the Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) International.
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Figure 4: In vivo and ex vivo THz molecular images of tumors. (a) and (b) show
visible images of the mouse with an A431 tumor (size = 2.1 cm?). (c) shows the THz
molecular image of (b). (d) shows the visible images of the tumor, liver, spleen,
kidney, and brain. (e) shows the THz molecular image of (d). The power of the NIR
beam was 80 W/cm® and the diameters of the THz and NIR beams were 0.8 mm. The
image was obtained with a scan step of 250 um and a time delay of 3 s per pixel, 24 h
after the injection of 100 pL of CET-PGNRs at a concentration of 1 mM [3].

We obtained the in vivo diagnostic images of cancerous tumors by the TMI technique. A
xenograft mouse model bearing the A431 epidermoid carcinoma tumor (Figs. 4(a) and (b)) was
prepared and the nanoprobes with 100 uL of CET-PGNRs at a concentration of 1 mM were injected
into the mouse through the tail vein. All the images of the cancerous tumor were captured 24 h after
injection, as shown in Fig. 4. Although the visual image (Fig. 4(b)) showed only a superficial shape
of tumors on the skin, a high-contrast THz image revealed the location and size of the tumor with



nanoprobes. After obtaining the in vivo images, we killed the mouse injected with nanoprobes and
showed that the nanoprobes were delivered well to specific organs. The tumor, liver, spleen, kidney,
and brain were surgically extracted (Fig. 4(d)). Figure 4(e) shows the TMI images of these organs.
The amplitudes of the TMI images of the tumor, liver, and spleen were higher than those of the
brain and kidney, although the brightness of the THz images of all of the organs extracted from a
mouse which was not injected with CET-PGNRs were almost identical. This showed that the
circulation system of the mouse delivered the nanoprobes into the targeted tumor and some of the
nanoprobes were deposited at by the liver and spleen on the way to the tumor. The results of our
study show that TMI is sufficiently sensitive for identifying the different parts or organs targeted by
the nanoprobes.

3. Conclusion

We demonstrated medical diagnosis by employing the TMI technique with nanoprobes and
obtained ex vivo and in vivo target-specific high-contrast images of A431 cancerous tumors
noninvasively with high sensitivity. Thus, this technique facilitates the early diagnosis of cancers,
and it is also capable of monitoring drug delivery processes and identifying the minute differences
at a cellular level.
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