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Abstract.   The possibility of visualising the distribution of gold 
nanoparticles in liver by means of the method of optical coherence 
tomography is studied experimentally in model samples of beef 
liver in vitro and rat liver ex vivo. In the experiments we used the 
gold nanoparticles in the form of nanocages with resonance absorp-
tion in the near-IR spectral region. In the model studies the suspen-
sion of nanoparticles was applied to the surface of the sample, 
which then was treated with ultrasound. In the ex vivo studies the 
suspension of nanoparticles was injected to the laboratory rats 
intravenously. The image contrast and the optical depth of detec-
tion of blood vessels and liver structure components are calculated, 
as well as the depth of liver optical probing before and after the 
injection of nanoparticles. It was shown that the administration of 
the nanoparticle increases significantly the imaging contrast of 
liver blood vessels owing to the localisation of the nanoparticles 
therein.

Keywords: optical coherence tomography, gold nanoparticles, 
nanocages, image contrast, liver. 

1. Introduction

The use of nanomaterials as contrasting agents for cell visu-
alisation [1, 2], carriers for delivering drugs and photosensitiz-
ers to the target cells [3, 4], agents that allow implementation 
of hyperthermia of labelled cells without heating the adjacent 
healthy tissue [5, 6] and other applications is a new trend in 
modern medicine. Metal nanoparticles with plasmon reso-

nance are of particular interest for biomedicine because of 
their unique optical and physicochemical properties, since it 
is well known that the resonance absorption of light by a 
metal nanoparticle may be tuned into the desired optical 
range by varying their size, shape, material, and structure 
[6 – 9]. Moreover, the use of gold nanoparticles as patterns 
and nanocontainers allows obtaining multifunction nano-
structures for theranostics (therapy and diagnostics) on their 
base [10 – 12].

In modern medicine an urgent problem is how to provide 
efficient delivery of growth factors and other drugs to the 
liver in order to promote regeneration of this organ [13 – 15]. 
The use of gold nanoparticles for this goal seems well 
grounded. On the one hand, it is well known that, thanks to 
the branched vascular network present in the liver, the 
nanoparticles accumulate in this organ after their peroral, 
intraperitoneal, or intravenous administration [13 – 15]. The 
conjugation of drugs with nanoparticles allows essential 
enhancement of their accumulation and reduce the toxicity 
[6, 7]. On the other hand, the resonance absorption of light by 
gold nanoparticles allows their visualisation in organs and tis-
sues by means of optical (noninvasive) methods [7, 8], which 
make it possible to monitor the accumulation of nanoparti-
cles in the liver and to measure the pharmacokinetic parame-
ters of the process. 

The properties of plasmon nanoparticles may be effi-
ciently used also in laser thermotherapy of tumour neoplasms 
in liver. Usually, in the course of the interstitial laser thermo-
therapy the optical fibre is introduced directly into the tissue 
of the tumour; the irradiation is performed in the near IR 
range [16, 17]. In this case the main problem is the thermal 
damage of healthy cells, surrounding the tumour. However, 
in the case of using the laser radiation with the wavelength, 
corresponding to the plasmon resonance in nanoparticles, it 
becomes possible to perform the local heating of nanoparti-
cles and, therefore, to provide destruction of labelled cells 
without heating of the adjacent biotissue [5, 18]. 

Monitoring of accumulation of gold nanoparticles in liver 
plays an important role in all mentioned applications. Real-
time visualisation of nanoparticles inside the organ allows 
better evaluation of their pharmacokinetics and determina-
tion of localisation in the biotissue. 

Among the variety of optical methods of visualising gold 
nanoparticles in biotissues, the method of optical coherence 
tomography (OCT) is of particular importance [19, 20]. OCT 
is a noninvasive method of visualising the internal structure 
of optically inhomogeneous objects, based on the principles 
of low-coherency interferometry, in which the light of the 
near-IR range (0.75 – 1.3 mm) is used [21 – 23]. The method 
allows investigation of the internal microstructure of biotis-
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sues at the depth up to 2 mm with the spatial resolution 10 – 15 
mm without breaking their integrity [21 – 24]. In a number of 
papers [19, 20, 25] it is shown that the gold nanoparticles, 
introduced into a biological tissue, enhance the contrast of 
the OCT image of this biotissue. In [26] it was also noticed, 
that the presence of metal nanoparticles in blood vessels of 
liver leads to the enhancement of the OCT signal from them, 
which offers an opportunity to visualise them. 

The aim of the present paper is to investigate the possibil-
ity of visualisation of gold nanocages distribution in liver tis-
sues by means of the OCT method both in model experiments 
in vitro and under the preliminary in vivo intravenous injec-
tion of nanoparticles.

2. Materials and methods

Gold nanoparticles used in the experiments were obtained by 
means of the two-stage process, described in detail earlier 
[27]. At the first stage in the course of polyol synthesis reac-
tion induced by sodium sulphide the silver nanocubes were 
obtained with the mean size of ~45 nm, which then played 
the role of a template in the reaction of galvanic substitution. 
As a result hollow and porous gold nanoparticles were 
obtained with the size ~50 nm (in the literature they are 
referred as nanocages) [25, 28].

Figure 1 presents images of the used nanoparticles, obtained 
by the aid of the Libra 120 electron microscope (Carl Zeiss, 
Germany, magnification 40000´), and the optical density spec-
trum of the aqueous suspension of nanoparticles with the con-
centration of gold in the suspension ~100 mg  mL–1, measured 
using the Specord 250 spectrophotometer (Analytik Jena, 
Germany). It is seen that the nanoparticles preferably possess 
the shape of a cube with the size of about 50 mm. The colloid 
demonstrates resonance absorption in the region of biotissue 
transparency window at the wavelength 785 nm. 

For the experiments we used the suspension of nanopar-
ticles in saline (0.9 % aqueous solution of NaCl). The surface 
of nanocages was preliminarily coated with a layer of polyeth-
ylene glycol with molecular weight 400 (PEG400). The con-
centration of nanoparticles in the suspension was 100 mg  mL–1 
and the optical density was 19. This value of the optical den-
sity was obtained by approximating the optical density of the 
colloid diluted by 20 times, measured in the cuvette 1 cm 
thick.

For the series of model experiments we used beef liver in 
vitro. Twenty samples were cut having the size of about 
3 ́  3 ́  1 cm. The samples were not frozen. Ten samples were 
left intact and in ten samples the fibrous tunic was removed. 
The samples were placed in Petri dishes and moistened with 
saline to prevent drying in the process of investigation. The 
experiments were performed at the room temperature 
(~20 °C).

The model samples were divided into three groups: (i) 
control samples; (ii) experimental samples, to the surface of 
which a thin layer of suspension of nanoparticles was applied 
(exposure 30 min), and then the nanoparticles were removed 
from the surface of the sample; (iii) experimental samples, to 
the surface of which the suspension of nanoparticles was 
applied and then the ultrasound (US) treatment of the surface 
was performed.

The US treatment was used to increase the penetration 
depth of nanoparticles and to make their distribution within 
the liver tissues more uniform. As a source of ultrasound we 
used the Dinatron 125 ultrasound transducer (Dinatronics, 

USA). The US frequency was 1 MHz, the power density was 
1.5  W  cm–2 in the continuous-wave regime, and the time of US 
exposure was 10 min.

For the series of ex vivo experiments the liver was extracted 
from four white outbred rats. The weight of each animal was 
about 200 g. The injection of the preparation was done into 
the hip vein; the volume of injected suspension was 2 mL kg–1. 
After 24 hours the liver was extracted from the abdominal 
cavity, but was not cut. From one half of the whole sample 
the fibrous tunic was removed, while the second one was left 
intact.

The samples were divided into two groups: (i) the control 
samples, obtained from the animals not subjected to any 
treatment; (ii) the experimental samples, obtained from the 
animals, to which the suspension of nanoparticles was injected 
intravenously. Each group included two intact regions from 
two samples and two regions with remover fibrous tunic also 
from two samples. 

The monitoring of nanoparticles in the liver tissues was 
implemented by means of the optical Thorlabs Spectral Radar 
OCT coherence tomograph (OCP930, Thorlabs, USA) at the 
wavelength 930 nm. The OCT scanning was performed before 
and after the appropriate treatment (depending on the group) 
of the samples of beef liver in the in vitro studies and directly 
after extracting the liver from the rat in the ex vivo studies. 
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Figure 1.  Images of gold nanocages, obtained using electron microsco-
py (a) and optical density spectrum of aqueous suspension of nanocages 
(b). The concentration of gold in the suspension is ~100 mg  mL–1.
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The contrast C of the image of the liver blood vessels in 
the OCT images was evaluated using the formula

C R R
R R
1 2

1 2=
+
- ,	 (1)

where R1 and R2 are the maximal and the minimal amplitude 
of the OCT signal, averaged over 3 – 5 A-scans in the region of 
inhomogeneity (Fig. 2). In the model experiments in vitro the 
values of the contrast were calculated at the depths 300 and 
500 mm, while in the experiments ex vivo it was determined at 
the optical depth ~200 mm. The contrast was calculated in the 
longitudinal and the transverse direction in the region of 
inhomogeneity, observed in the OCT images. The results were 
averaged, and the root-mean-square deviation (sd) was calcu-
lated.

The optical depth of probing D was estimated as the 
depth, at which the OCT signal is weakened by e times; the 
obtained results were averaged over five A-scans in three 
regions of the image and the value of sd was calculated. The 
optical depth d of object detection inside the tissue was deter-
mined as the distance between the intensity maxima of the 
signals from the sample surface and the most deeply located 
object, which could be seen in the image (Fig. 2). 

3. Results and discussion

As known, the structure of liver is rather nonuniform. By its 
structure the liver is a complex branched tubular gland, pen-
etrated by blood vessels and bile ducts. The basic morpho-
logic and functional unit of liver is a hepatocyte. Hepatocytes 
form lobules of liver, each having the shape of a prism. In the 
centre of each lobule a central vein is located. Between the 
lobules there is a small amount of connective tissue, in which 
blood vessels and bile ducts are located. The volume of a lob-
ule is penetrated by sinusoidal capillaries [29]. Hepatocytes 
make about 60 % of the liver mass [30]. From the outside the 
liver is coated by serous tunic, under which there is a thin and 

dense fibrous tunic. The latter penetrates into the liver depth 
and surrounds the blood vessels [29].

Figure 3 presents the results of OCT scanning of the intact 
liver samples, namely, the control sample, as well as the sam-
ples treated with the suspension of nanoparticles without 
ultrasound and with it. On the surface of all presented sam-
ples the fibrous tunic is well-seen (shown by the short arrow), 
and in the samples, treated with the suspension of nanoparti-
cles, blood vessels are visualised. 

The indistinguishability of the blood vessel network in the 
OCT image of the intact liver sample (Fig. 3a) is due to the 
fact that the mean refractive indices of the liver tissue (1.38 
[31]) and the walls of the blood vessels penetrating the liver 
(1.36 – 1.39 [31]) at the OCT scanning wavelength practically 
coincide. Although in the case of in vivo experiments the 
blood vessels in the OCT images are seen relatively well [32], 
which is due to higher refractive index of blood (1.4 [31]), in 
the case of in vitro measurements the vessels, especially at the 
surface of the sample, are hollow, due to which their images 
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Figure 2.  Averaged A-scan of the liver OCT image (R1 and R2 are the 
maximal and the minimal amplitudes of the OCT signal at the boundar-
ies of the inhomogeneity, respectively; D is the optical depth of probing; 
d is the optical depth of detection).
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Figure 3.  OCT images of the intact liver samples: the control sample 
(a); the sample, exposed to the suspension of nanoparticles during 30 
min (b); the sample with the suspension of nanoparticles, applied to the 
surface, treated with ultrasound during 10 min (c). 
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remain non-contrast. It follows from the analysis of Fig. 3a 
that the optical probing depth in the intact liver is 353 ± 
59 mm. 

In Figs 3b and c it is clearly seen that the nanoparticles are 
distributed along the boundaries of the tunic and penetrate 
into the blood vessel (pointed by the long arrow), which is 
seen by the OCT signal increase. Since the specific absorption 
and scattering of light in the IR spectral range for nanoparti-
cles is hundreds of times greater than those of the surround-
ing biotissues [25], the reflection of light from the boundary 
between the biotissue and the particle makes it possible to 
observe the images of objects, in which nanoparticles are 
located, in particular, blood vessels. The mean values of the 
contrast of blood vessels image in these samples are similar; 
however, the depth of their detection differs by nearly two 
times. At the same time, from Fig. 3b it is seen that surface 
application of nanoparticles leads to essential decrease (to 
235 ± 29 mm) of the optical depth of liver tissue probing, which 
is due to the screening effect produced by the nanoparticles 
applied to the biotissue surface because of their high reflectiv-
ity that hampers the penetration of the probing radiation into 
the biotissue. The estimates of the contrast values and the 
optical depth of probing and detection for all samples are 
summarised in Table 1.

As seen from Fig. 3c, the US treatment results in a more 
uniform distribution of nanoparticles in the tissues of the liver 
and promotes their penetration into the tissue depth via the 
blood vessels. In this case the concentration of nanoparticles 
in the tunic is reduced, which is seen by the reduction of the 
image contrast the increase in the mean optical depth of bio-
tissue probing up to 412 ± 59 mm, and the mean optical depth 
of blood vessels detection up to 617 ± 54 mm (see Table 1).

Figure 4 presents the results of OCT scanning of liver 
samples with removed fibrous tunic, the control sample and 
the samples treated with suspension of nanoparticles without 
ultrasound and with it. The mean values of the depth of prob-
ing of the intact sample (353 ± 59 mm, Fig. 3a) and the one 
with removed fibrous tunic (357 ± 46 mm, Fig. 4a) are nearly 
equal. The detected objects in this case were located in the 
region of probing. However, in the absence of fibrous tunic 
the depth of detection of blood vessels in the liver after the 
introduction of nanoparticles increased in comparison with 
intact samples (see Table 1) by almost two times, from 358 ± 21 
to 630 ± 93 mm. Thus in the images of some samples the blood 
vessels and lobules of the liver were visualised at the depth 
greater than 700 mm (see Figs 4b and c, labelled with letters). 
The use of ultrasound facilitated the increase in the image 
contrast of deeply located liver blood vessels in comparison 
with both intact samples and the ones not treated with ultra-
sound (see Table 1); in this case the number and detailing of 
the observed structure elements (Fig. 4c) in the OCT images 
also increased. This is explained by the fact that the fibrous 
tunic serves as a certain filter for nanoparticles, introduced 
into deeper layers of the liver tissue, and the number of par-
ticles, penetrating into blood vessels, in insufficient for pro-
ducing their high-contrast image.

Figures 5a, b present the OCT images of control samples 
of rat liver ex vivo, the intact one and the one with removed 
fibrous tunic, and in Figs 5c, d we can see the OCT images of 
the rat liver samples in 24 hours after intravenous in vivo 
injection of the suspension of nanoparticles in the cases of 
non-removed and removed fibrous tunic. In the image of the 
intact liver sample ex vivo (Fig. 5a), in contrast to the images 
of the in vitro samples (Fig. 3a), the structure of the fibrous 

Table 1.  Contrast of imaging the inhomogeneities in A-scans of the OCT liver images and optical depths of probing the samples and of detection 
of contrast objects in the volume of the samples.

		  Number-	 Mean value and root-	 Mean value and root-	 Mean value and root- 
		  of samples	 mean-square deviation 	 mean-square deviation 	 mean-square deviation Series

	
Description of samples

		  (±sd) of the image	 (±sd) of the optical 	 (±sd) of the optical
			   contrast at different	 depths of probing/mm	 depths of detection/mm	
			   optical depths		

		  Intact	 2	 0/0	 353 ± 59	  205 ± 66 
	

Control
	 Fibrous				  

		  tunic	 2	 0.03 ± 0.01/0	 357 ± 46	 265±47 
		  removed

	 Topical	 Intact	 4	 0.07 ± 0.02/0	 235 ± 29	 358 ± 21		

In vitro*

	 administration	 Fibrous				  
	 of nanoparticle	 tunic	 4	 0.05 ± 0.02/0.07 ± 0.02	 353 ± 46	 630 ± 93
	 suspension	 removed

	 Topical	 Intact	 4	 0.07 ± 0.04/0.02 ± 0.01	 412 ± 59	 617 ± 54 
	 administration	 Fibrous				     
	 of nanoparticle	 tunic	 4	 0.15 ± 0.04/0.1 ± 0.04	 353 ± 46	 679 ± 73 
	 suspension	 removed				     
	 and US treat- 					      
	 ment

		  Intact	 2	 0.07 ± 0.02	 431 ± 59	 147 ± 59 
	

Control
	 Fibrous				  

		  tunic	 2	 0	 235 ± 93	 – 

Ex vivo**
		  removed

	 Intravenous	 Intact	 2	 0	 462 ± 94	 – 
	 injection	 Fibrous				     
	 of the suspen-	 tunic	 2	 0.11 ± 0.02	 353 ± 53	 235 ± 23 
	 sion of nano-	 removed 
	 particles

*The contrast is calculated for the optical depths 300 and 500 mm; **the contrast is calculated for the optical depth 200 mm.
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tunic (marked with the short arrow) is not visualised. Possibly, 
it is due to both the difference in the liver structure (the fibrous 
tunic of the rat liver is much thinner than that of the beef 
liver) and the time of keeping the samples in air before the 
beginning of experiments (at longer keeping the samples in 
open air the tunic could become denser because of dehydra-
tion, which enhances the contrast of imaging). However, in 
Fig. 5a the inhomogeneities in the form of shaded regions are 
well seen (marked with long arrows), which may correspond 
to the cross sections of blood vessels, filled with blood. 
Nevertheless, the contrast of the image of these inhomogene-
ities is essentially lower than the contrast of the image of a 
vessel containing nanoparticles (see Table 1), which is due to 
significant reflectance of nanoparticles. In Fig. 5d the blood 
vessel (marked with an arrow) is visualised rather distinctly, 
with a high degree of contrast. 

In Figs 5b and c no significant inhomogeneities are visu-
alised, and integrally in the images of the samples (control, 
with removed fibrous tunic, experimental intact) it appeared 
impossible to determine the contrast values. 

From the analysis of the obtained results it is possible to 
conclude that gold nanoparticles are efficiently accumulated 
in liver tissues and enhance the contrast of the blood vessels 

image, which allows visualisation of their distribution in the 
biotissue.

4. Conclusions

Thus, the model experiments on introducing nanocages into 
the liver tissues have shown that, when the suspension of 
nanoparticles is applied to the surface of intact samples, the 
nanoparticles mainly spread along the surface of the liver 
fibrous tunic and penetrate into larger blood vessels. Under 
the action of ultrasound the high-contrast visualisation and 
object detection may be performed at the optical depth up to 
700 mm at the wavelength of the probing radiation 930 nm. In 
the absence of fibrous tunic we managed to increase the con-
trast by more than two times at the depth of 300 mm and by 
five times at the depth 500 mm, as compared with the intact 
samples, and to attain a 10 % increase in the biotissue probing 
depth.

As a result of the OCT investigation of the ex vivo liver 
tissue in 24 hours after intravenous injection of the suspen-
sion of nanoparticles we obtained high-contrast images of 
liver blood vessels at the depth ~200 mm due to localisation of 
gold nanoparticles in them. The contrast of blood vessel 
images was increased by more than 1.5 times.

The results of the present study may be used for control-
ling the delivery of nanoparticles into the liver aimed at 
hyperthermia of neoplasms or therapy of such liver diseases 
as cirrhosis, hepatitis, etc.
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the control sample (a); the sample, exposed to the suspension of 
nanoparticles during 30 min (b); the sample with the suspension of 
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