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Abstract- Halloysite clay Nanotubes (HNTs) are 

nanomaterials composed of double layered aluminosilicate 

minerals with a hollow tubular structure in the submicron range. 

They are characterized by a wide range of applications in 

anticancer therapy as agent delivery. In this work we aim to 

investigate the automatic detection features of HNTs through 

advanced quantitative ultrasound imaging employing different 

concentrations (3-5 mg/mL) at clinical conventional frequency, 

i.e. 7 MHz. Different tissue mimicking samples ofHNT containing 

agarose gel were imaged through a commercially available 

echographic system, that was opportunely combined with 

ultrasound signal analysis research platform for extracting the 

raw ultrasound radiofrequency (RF) signals. Acquired data were 

stored and analyzed by means of an in-house developed algorithm 

based on wavelet decomposition, in order to identify the specific 

spectrum contribution of the HNTs and generate corresponding 

image mapping. Sensitivity and specificity of the HNT detection 

were quantified. Average specificity (94.36%) was very high with 

reduced dependency on HNT concentration, while sensitivity 

showed a proportional increase with concentration with an 

average of 46.78%. However, automatic detection performances 

are currently under investigation for further improvement taking 

into account image enhancement and biocompatibility issues. 

Index Terms - molecular imaging, cancer detection, 

nanoparticles, halloysite nanotubes, tissue typing, biomedical 

signal processing, theranostics, cell targeting, drug delivery. 

I. INTRODUCTION 

N
EW targeted ultrasound contrast agents (UCA) are 

playing a key role with the rapid development of contrast

enhanced ultrasound technology, showing good prospects for 

applications in molecular imaging and targeted therapy [1]. 

Overcoming all main limitations presented by traditional 

microbubble UCAs in relationship to their specific intra

vascular applications [2]-[4], novel nanoparticles allow cell 
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targeting beyond capillary vasculature, such as cancer cells 

[5]-[8] without using expensive and health threatening ionizing 

techniques such as Positron Emission Tomography (PET), 

often used in association with MRI or CT [9], with additional 

radiation dose in this case, for obtaining suitable anatomical 

information. 

Echographic imaging is the most widely available medical 

imaging modality, owing to its inexpensiveness, safety and 

real-time features [10]. Nonetheless, healthy and pathologic 

tissues do not normally present sufficient discriminating 

scattering of ultrasound waves and UCA image enhancement is 

necessary to provide optimal contrast and enable tissue typing 

in ultrasonographic imaging. Additionally, novel cellular drug 

delivery experimental agents, including halloysite clays 

nanotubes (HNT), have been successfully tested on cellular 

and animal models. Specifically, halloysite clay is a two

layered aluminosilicate with a hollow tubular structure (50 to 

70 nm in external diameter, 15 nm diameter lumen and 1 ± 0.5 

f..lm length) and chemically similar to kaolin [11-13]. HNT is a 

natural product made of inexpensive materials [14] with a 

simple means of fabrication and selective labeling of the inner 

and outer surfaces. HNTs are therefore capable of entrapping 

and release active agents within the inner lumen, as 

successfully tested on various applications on both cellular and 

animal models [15-18]. 

In this article, we experimentally investigated and optimized 

the automatic detection features of HNTs through advanced 

quantitative ultrasound imaging employing different 

concentrations (3-5 mg/mL) and a conventional frequency (7 

MHz) for future application of tissue typing through 

functionalized HNTs. 

II. MATERIALS AND METHODS 

A. HNT containing Tissue-mimicking Phantom 

Purified dehydrated HNTs were obtained from Applied 

Minerals, Inc. and coated with Methoxy(polyethyleneoxy) 

propyltrimethoxysilane. To conduct the experiments, HNTs 

were dispersed in tissue mimicking gel samples, whose 

employment in the study of signal enhancement produced by 

solid nanoparticles have been already reported in literature 



[19-22]. In our case, the employment of an agarose gel was 

particularly suited to identify the specific HNT contribution to 

the backscatter amplitude with respect to the control, i.e. blank 

gel samples. [9,19,23] 

The amount of 0.5 mL of pure agarose gel (0.4 g/lOO mL) 

was poured into a 2-mL Eppendorf tube. Once the agarose was 

jellified, the desired amount of HNTs was added to more 

agarose solution in a vial, and the mixture was sonicated for 30 

seconds; 1 mL of this suspension was quickly poured into the 

Eppendorf tube, and then placed in freezer in order to ensure 

quick jelling and prevent particle settlement; the adopted 

concentration amounts of HNTs were quantified in mglmL and 

corresponded to 3 and 5 mg of HNT in 1 mL of agarose gel 

contained in the Eppendorf tube. Each sample was finally 

layered with 0.5 mL of pure agarose as schemed in Fig. 1.a. 

Three samples were obtained for each examined HNT 

concentration and were stored in a refrigerator at 4°C prior to 

experiments. 

B. The Experimental Set-up 

Ultrasound images and signals were acquired by means of an 

experimental set-up composed by: 

a clinically-available digital echograph (MyLab XVG, 

Esaote Spa, Genoa, Italy) equipped with a linear 

echographic transducer (LA523, Esaote Spa, Genoa, 

Italy) power of the transmitted signal = 50%, gain = 

50, time gain compensation (TGC) = linear 1dB/cm, 

frequency 7 MHz. 

a research platfonn for the acquisition of "raw" RF 

signals digitized at 50MHz, 16 bit (FEMMINA 

system, ELEN Spa, Florence, Italy) [23], linked to the 

echograph by means of an optical fiber (1Gb/s) (850 

frames were recorded, at 12 frame per second (fps)) 

a motorized mechanism of an infusion pump (KDS 

100, KD Scientific Inc., Holliston, MA) on which the 

probe was mounted in order to perfonn automatic and 

repeatable scanning of the phantom (constant 

scansion speed of 12.5 mmlmin). 

a distilled water tank with a fixed support for the 

Eppendorf phantom at the bottom. 

The US probe, partially immersed in water, was positioned 

perpendicular to the sample surface at such a distance that the 

transducer focus (set to 2 cm) was located half-way through 

the studied sample depth. Echographic image were composed 

by raw data acquired with 152 tracks x 2980 points/track. An 

example of the resulting B-mode image, acquired on the 

control phantom, is presented in Fig l.b 

C. Data Analysis 

Information content only available in the raw RF signals, 

acquired through FEMMINA [24], was analyzed by means of 

a software tool for wavelet decomposition and spectral 

analysis (RULES, ELEN SpA, Florence, Italy [25]. 

The RF acquired data were then off-line processed to find a 

specific algorithm configuration to selectively discriminate the 

HNT -containing layer from the surrounding layers of pure 

agarose gel and obtain color map, superimposed to B-mode 

images, in which the HNT were selectively displayed. 

The employed mother wavelet was Daubechies16, 

biorthogonal and symmetric, and discrete wavelet packets 

transform (DWPT) was realized by means of a parallel 

architecture of the Mallat algorithm [26]. 

The final output of this algorithm was the superimposition 

of a specific color map identifying the presence of HNTs on 

each of the 300 acquired echographic image frames, selected 

in correspondence to the central portion of the Eppendorf in 

order to prevent boundary effects. These sequences were then 

processed through a custom-developed software tool 

implemented in MatLab 7.0 (The MathWorks, Natick, MA), 
for counting the number of colored pixels in each frame, 

distinguishing in the Region of interest (RO!, as in Fig. l.b) 

between "true positives" (TP, ie, pixels actually belonging to 

the HNT-containing layer) and "false positives" (FP, ie, pixels 

not belonging to the target layer), so sensitivity and specificity 

of the detection technique, was calculated as follows [27]: 

Sensitivity [%]=100xTP/ (TP+FN) 

Specificity [%]= 1 OOxTN/(TN+FP) 

(1) 

(2) 

where FN denotes the "false negatives" (i.e., pixels 

belonging to the HTN-containing layer but not identified by 

the algorithm) and TN are the "true negatives" (i.e., pixels not 

belonging to the target layer and were not colored by the 

algorithm). Each parameter was averaged over the 300 frames 

and over the triplicate samples per concentration. The same 

RULES configuration was used for both tested HNT 

concentration and the parameter optimization responded to the 

following criteria: (1) detection of the HNT containing layer; 

(2) minimization of the FP appearance outside the HNT

containing layer; (3) minimization of the FN appearance on the 

control phantom. 

III. RESULTS 

In these experiments we explored the possibility of exploiting 

information introduced by the HNTs into the spectrum of the 

RF signal. We qualitatively demonstrates how a tissue 

mimicking layer containing HNTs placed between other two 
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Fig. 1. (a) Scheme of the analyzed phantom; (b) B-mode image of a 
control phantom with indication of the chosen Region of Interest (ROI). 
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Fig. 2. B-mode image of a control phantom with indication of the 
HNT-containing layer with automatic detection color maps displayed for 3 
and 5 mglmL, as indicated. 

layers of the same material in a pure state can be automatically 

and selectively detected in the corresponding echographic 

images. Results obtained by applying a specific custom

developed optimized configuration at 7 MHz within the 

software RULES are qualitatively illustrated in Fig. 2. 

To quantitatively evaluate the performances of the adopted 

methodology, sensitivity and specificity were calculated. Our 

results denote that sensitivity values increased from the lowest 

to the highest employed HNT concentration, whereas 

specificity decreased of a considerably smaller amount (Fig.3). 

Specifically, average specificity (94.36%) was very high with 

reduced dependency on HNT concentration, while sensitivity 

showed a proportional increase with concentration with an 

average of 46. 78%. 

IV. DISCUSSIONS 

Feasibility of ultrasound molecular imaging at clinical 

frequencies employing commercially available echographs and 

inorganic nanoparticles and nanocomposites have been 

demonstrated showing their diagnostic suitability as UCAs 

[19], [28], allowing harmonic ultrasound imaging [29] and 

multimodal imaging combining ultrasound and magnetic 

resonance imaging [29]-[31]. Nonetheless, the diagnostic 

potential of HNT employment in conjunction with echographic 

imaging techniques is still underexplored [32]. Our in vitro 

experiments documented the feasibility of enhanced tissue 

typing through HNTs with conventional echographic systems 

and represent to date the first evidences of the possibility of 

such application. 

From the qualitative evaluation of the automatic detection 

performances of our methodology, both employed HNT 

concentrations appeared to allow satisfactory tissue 

discrimination. In fact very few areas of FP are identifiable 

outside the portion of the images occupied by the HNT 

containing layer. The corresponding quantification of the 

performances of the automatic detection of HNTs confirmed 

these findings with satisfactory values of specificity and 

sensitivity. The present study identified the value of 3 mg/mL 

as the best of the two tested HNT concentration to be 

employed for ultrasound targeted imaging purposes. This 

specific concentration, in fact, offers the opportunity of 

reducing the HNT dose at the expenses of detection sensitivity 

but still preserving segmentation accuracy on conventional 

echographic images, since the HNT characteristic "signature" 
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Fig. 3. Performances of the automatic HNT detection algorithm quantified in 
sensitivity and specificity as function of HNT concentration. Values are 
calculated over 300 frames corresponding to the central portion of each 
imaged phantom and averaged over the triplicate samples per concentration. 
(Error bars represent standard deviations). 

in the corresponding RF signal is extremely detectable and 

comparable with the other value of concentration used. 

Nonetheless further studies are needed to document the 

biocompatibility profile of HNTs in this dose range and to 

possibly extend the automatic detection methodology to lower 

levels of concentration. 

V. CONCLUSIONS 

The automatic detection features of HNTs in conjunction 

with conventional echographic system have been preliminarily 

evaluated in this work. The methodology was tested in vitro 

and resulted feasible for the concentration range 3-5 mg/mL 

investigated with an ultrasonic frequency of 7 MHz. Both 

employed concentrations demonstrated satisfactory diagnostic 

performance, although 3 mg/mL is the value that better 

compromise with safety issues possibly arising from future 

employment of this tissue typing technique in vivo. In fact, 

whereas cellular and animal studies of HNT tolerability are 

available, future work will be devoted to further characterize 

HNT as UCA and theranostic vector for clinical application. 
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