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Abstract

:

Surface-enhanced Raman scattering (SERS) tags have proven to be excellent labels for tissue bioimaging because of their low interference from biological matrices, high photostability, and possibility for using as theranostic agents. Although SERS tags are widely used for the imaging of tumors in vivo, in practice, the low contrast of the tag accumulation in the tissue and strong light scattering can significantly affect their detectability. In this work, we studied these effects by using a phantom of tumor tissue with incorporated SERS tags. The phantom is a 2 mm sphere of calcium alginate with incorporated SERS tags at a concentration of 0.625 × 108–2 × 109 cm−3. To simulate the surrounding medium with differing turbidities, the phantom was placed in a 4 mm thick agarose gel containing intralipid at a concentration of 0–1%. SERS bioimaging was carried out using standard backscattering geometry with different light focusing conditions. We found that shielding the phantom with a turbid medium led not only to a decrease in detectability but also to a decrease in the apparent size of the imaging object. Our results can help develop more accurate algorithms for processing SERS data for bioimaging.
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1. Introduction


Existing bioimaging technologies provide various opportunities for application in oncology through different imaging modalities, such as computed X-ray tomography [1], magnetic resonance imaging [2], ultrasound [3], positron emission tomography [4], and optical imaging [5]. Among other methods, SERS imaging provides an ultrastable and specific spectral signature, high signal-to-noise ratio, multiplexing capabilities, and excitation in NIR region within the biotissue transparency window [6]. The basic component of label-based Raman technique is the SERS tag [7]. This label consists of a plasmonic metal nanoparticle with adsorbed [8] or embedded [9] Raman active molecules, covered with protective layer or biospecific molecules (antibodies, peptides, DNA, etc.). Compared with traditional fluorescent labels, SERS tags provide several advantages, including greater photostability and the excitation of different labels with a single laser wavelength. On the other hand, there are several important disadvantages related with need for powerful laser excitation, nanoscale size of labels and low imaging speed. To overcome these difficulties, the rational design of plasmonic nanoparticles for higher SERS response is an active area of research. Many types of plasmonic nanoparticles have already been reported as labels for in vivo tumor bioimaging including colloidal gold [10,11], nanorods [12], nanostars [13], gap-enhanced Raman tags [14,15,16] and others [8,17]. Recently, a novel type of nanoparticle called petal-like gap-enhanced Raman tags [18] have been suggested as ultrabright labels that can overcome the current bottleneck in the field of SERS-based bioimaging.



Regardless of the type of labels used, a typical in vivo cancer bioimaging experiment includes the following main stages. First, the rational design of SERS tags for high signal and biocompatibility. The second stage is intravenous administration of a colloidal solution of tags. It is assumed that due to biospecific binding [19] (in the case of targeted delivery) or due to the enhanced permeability and retention effect [20], it will be possible to achieve a contrast of the accumulation of SERS tags in the tumor compared to healthy tissue. Finally, a preoperative [11] or intraoperative [16] scan of the tumor in a Raman microscope is performed. Using the characteristic spectral lines of the SERS tags, the image of the tumor is reconstructed and its borders are determined. For the successful application of this approach, it is necessary to accurately calculate the dose of injected particles. Insufficient SERS tags accumulated in the tumor will not provide a high signal-to-noise ratio to clearly define the boundaries. Too many injected particles will lead to non-specific accumulation and side effects. In this regard, the first question to which we give an answer in this work is how many particles must accumulate in a tumor to be able to detect them using a conventional Raman microscope?



The second important factor affecting the detectability of SERS tags is the shielding of the tumor by a biotissue layer. Biological tissues have a relatively high scattering coefficient even in the tissue transparency window. Depending on the type of biological tissue, the scattering coefficient of light at a wavelength of 785 nm can vary from 1 to 20 cm−1 [21]. Although SERS response is an important factor of detectability, optical throughput and setup geometry also can play a major role. Indeed, in a turbid medium the exciting light will be weakened and the Raman photons will scatter. All this leads to a significant decrease in the depth of possible imaging up to hundreds of microns. Several approaches have been developed to overcome these difficulties including spatially offset Raman spectroscopy (SORS) [22], timeresolved Raman spectroscopy (TRRS) [23] and transmission Raman spectroscopy (TRS) [24]. In contrast to conventional backscattering Raman microscopy, deep Raman techniques are able to acquire the SERS signal from a depth of up to several centimeters [25]. Despite this conventional backscattering, Raman microscopy still holds a leading position in SERS bioimaging in vivo due to the simplicity and availability of equipment. In this paper, we developed a tumor phantom with incorporated SERS tags (petal-like gap-enhanced Raman tags). By using this phantom we evaluated the performance of the conventional backscattering Raman microscopy in biologically relevant turbid medium.




2. Materials and Methods


2.1. Reagents


Cetyltrimethylammonium bromide (CTAB, 96%; Fluka), cetyltrimethylammonium chloride (CTAC; 25% water solution), l-ascorbic acid (AA, >99.9%), 4-nitrobenzenethiol (NBT), hydrochloric acid (HCl, 37 wt.% in water) and sodium borohydride (NaBH4, 99%), sodium alginate, calcium chloride (CaCl2, 99.99%), agarose and intralipid (IL, 20% solution) were purchased from Sigma–Aldrich. Hydrogen tetrachloroaurate trihydrate (HAuCl4, 99.99%) was purchased from Alfa Aesar




2.2. Petal-Like Gap-Enhanced Raman Tag Synthesis


Petal-like gap-enhanced Raman (p-GERTs) tags were obtained by using a template based two-step protocol according to a previous paper [26]. Briefly, at the first stage 20-nm spherical Au cores were prepared according [27]. After synthesis, 20-nm Au nanoparticles were centrifuged at 12,000× g 30 min and resuspended in 50 mM CTAC to have an optical density 4 at 521 nm in cuvette with 1 cm optical length. This value corresponds to the number concentration of particles 1.8 × 1012 mL−1.



The obtained Au cores (10 mL) were mixed with 300 μL of NBT ethanol solution (2 mM) for 20 min. The modified cores were centrifuged at 12,000× g for 30 min and dispersed in 10 mL 50 mM CTAC. The p-GERTs was prepared by mixing 4 mL 50 mM CTAC, 50 µL of cores, 5 µL of 2 mM NBT solution, 50 µL of 100 mM AA and 50 µL of 10 mM HAuCl4. After 1 h of incubation, the resulting p-GERTs were centrifuged (6000× g, 10 min) and resuspended in 4.5 mL of water. According to our protocol the number concentration of p-GERTs was 2 × 1010 mL−1




2.3. Incorporation of p-GERTs into Calcium Alginate Spheres


Samples of 100 µL of p-GERTs colloid with concentrations of 2 × 1010 mL−1, 1010 mL−1, 5 × 109 mL−1, 2.5 × 109 mL−1, 1.25 × 109 mL−1, 0.625 × 109 mL−1 were mixed with 900 µL of 1% sodium alginate. After mixing, 20 µL of the above solutions were dropped into 0.1% calcium chloride solution under vigorous stirring. Sodium alginate immediately reacted with calcium ions followed by formation of calcium alginate (CA) spheres with incorporated SERS tags. These spheres were solid with a diameter of about 2 mm. The concentrations of p-GERTs in the CA spheres were 2 × 109 cm−3, 109 cm−3, 5 × 108 cm−3, 2.5 × 108 cm−3, 1.25 × 108 cm−3, 0.625 × 108 cm−3. Finally, gel spheres were washed and stored in water before use.




2.4. Phantom


A measure of 1 mL of hot 1% agarose was added to the wells of 6-well plastic plate. After cooling a 2-mm agarose layer formed in each well. Six CA spheres containing SERS tags at different concentrations were placed on the agarose surface. Then 2 mL of hot 1% agarose containing intralipid with concentrations of 0, 0.25, 0.5 and 1% were added to the wells. After cooling the phantoms were transferred from wells, washed with water and used for further characterization and study.




2.5. Characterisation and SERS Study


Extinction spectra were measured with a Specord 250 spectrophotometer (Analytik, Jena, Germany). Transmission electron microscopy (TEM) images were recorded on a Libra-120 transmission electron microscope (Carl Zeiss, Jena, Germany) at the Simbioz Center for the Collective Use of Research Equipment in the Field of Physical–Chemical Biology and Nanobiotechnology, IBPPM RAS, Saratov. SERS spectra in colloids were measured with a Peak Seeker Pro 785 Raman spectrometer (Ocean Optics) in 1 cm quartz cuvettes under 785 nm irradiation (30 mW). Raman map of phantom-containing p-GERTS was made by using Renisaw inVia Raman microscope (785 nm, 30 μW, 50× objective, NA = 0.5, working distance 8 mm, 1 s per point). The scanned area inside the test zone was 6 × 10 mm, the step size was 100 μm (in total 6000 pixels were recorded). Data acquisition time at each pixel was 0.1 s, and the total image acquisition time was about 15 min. The SERS images were analyzed using Gwyddion software (Czech Metrology Institute, http://gwyddion.net) and the characteristic peak of p-GERTs at 1331 cm−1 was analyzed.





3. Results


3.1. Synthesis and Characterisation of p-GERTs


We used a petal-like gap-enhanced Raman tag as a model SERS label. The protocol of p-GERTs synthesis consisted of three main steps. First, the monodisperse Au spherical particles served as seeds were synthesized. Then, these seeds were functionalized with 4-nitrobenzenethiol molecules. At the final step, the petal-like Au shell was grown on the surface of the modified core by reduction of Au ions with ascorbic acid in the presence of CTAC and 4-nitrobenzenethiol.



Figure 1a shows the TEM image of p-GERTs. The nanoparticles were relatively isodisperse and had an average size of about 70 nm. The magnified image allowed the evaluation of the internal structure of the particle. The p-GERTs had a uniform 20 nm Au core, a petal-like shell with a continuous interior nanogap and multiple external nanogaps. Note, all these nanogaps were filled with Raman reporter 4-nitrobenzenethiol and the thickness of the nanogaps of 0.7–1 nm was optimal for the formation of hot-spots under 785 nm laser excitation. From the optical point of view, the p-GERTs had a broadband plasmonic peak in the range of 600–620 nm and the colloid was a blue color (Figure 1b, blue curve).



The broadening and redshift of the extinction peak compared with the one for 20 nm Au cores (Figure 1b, red curve) was due to a large number of electromagnetic hot spots formed in the petal-like shell of p-GERTs. We further measured the SERS spectra from the colloid of nanoparticles (Figure 1c). In agreement with previously reported data [28], the SERS spectrum had characteristic Raman bands dominated by the strongest mode of ν (NO2) at 1331 cm−1 and several minor modes at 723, 854, 1083, 1575, 359 cm−1. The intensity of the strongest Raman line was about 16,000 counts (30 mW, 10 s) which was in line with our previous study [26]. We chose the p-GERTs as the SERS tag because they have the strongest SERS response and photostability compared with such tags as Au Nanorods, Ag nanocubes, Au nanostars and gap-enhanced Raman tags with a solid shell [26].




3.2. Characterisation of Phantom


In a typical Raman imaging experiment, it is assumed that particles accumulate in the tumor in a larger amount than in the surrounding tissue. From this point of view, the simplest tumor phantom should be a certain volumetric object with incorporated SERS tags. In this work, we proposed to use 2 mm calcium alginate spheres with p-GERTs included. To determine the concentration threshold of detection, we synthesized 6 types of such CA spheres with SERS tag concentrations ranging from 0.625 × 108 to 2 × 109 cm−3. These concentrations are in agreement with the values that would be expected for non-specific accumulation of gold particles in solid tumors after intravenous injection [29]. To simulate the surrounding biological tissue with a different turbidity, we placed CA spheres in agarose containing intralipid. The scheme of the resulting phantom is shown in the Figure 2a.



The phantom bottom layer consisted of a 2 mm thick agarose support. On top of this support were placed spheres with incorporated SERS tags. The upper layer of the phantom was either 1% agarose gel (transparent medium) or a suspension of intralipid with concentrations 0.25, 0.5, 1% (turbid medium). The thickness of the top layer was 4 mm. Taking into account the size of the spheres, the distance from the top of the sphere to the beginning of the top layer was about 2 mm.



The first question that needs to be answered before studying a phantom with incorporated particles is related to the SERS tags colloidal stability in calcium alginate. The aggregation of particles during gel formation or their nonuniform distribution can significantly affect their optical and SERS properties. We measured the extinction spectra of p-GERTs in water and in calcium alginate (Figure 2b). Taking into account the difference in particle concentration by 10 times and the difference in the optical path length by 5 times, we concluded that both the position and the half-width of the spectral maximum remained unchanged. The SERS spectrum of p-GERTs dispersed in calcium alginate at a concentration of 0.625 × 108 is shown in the Figure 2c. The spectral signature of the p-GERTs in CA was similar to that measured in water. However, we observed a slight decrease in the SERS intensity, which may be associated with a change in the local dielectric environment of the particles. Optical microscopy of the CA alginate spheres with embedded SERS tags (Figure S3, Supplementary Materials) showed an absence of the “coffee ring” effect. In general, the spectral measurements together with optical microscopy allowed us to conclude that the particles were distributed uniformly, did not aggregate, and retained their SERS properties.



Finally, to characterize the phantom, we measured the scattering coefficient for the upper layer of the turbid medium. The spectrum of the scattering coefficient for various concentrations of intralipid is shown in the Figure 2d. Of greatest interest to us were the wavelength of laser radiation at 785 nm and the spectral range of Raman photons of 800–850 nm. For pure agarose gel the scattering coefficient was close to zero. With an increase of the intralipid concentration in the gel, the scattering coefficient µs = 5 cm−1 for 0.25%, reached 10 for 0.5%, and 16 cm−1 for 1%. These values cover the range of scattering coefficients for most biological tissues [21]. Thus, we developed a tumor phantom with incorporated SERS tags and placed it in a tissue-mimicking medium of different turbidities.




3.3. SERS Study


Because the laser focusing conditions affect the detectability of the SERS tags inside the tissue, we decided to find the optimal parameters. The laser could be focused on the surface of our sample, on the surface of the tumor phantom inside the model biological tissue, inside the phantom or deeper than it. Based on the simplest considerations, we can assume that focusing the laser inside the phantom leads to the irradiation of the maximum number of p-GERTs and, consequently, to the highest SERS response. However, defocusing conditions have been shown to significantly increase the probing depth of Raman microscopy [30]. We used the phantom with the highest concentration of SERS tags and measured the intensity of the SERS signal under different focusing of the laser beam from top to bottom with 100 µm Δz-step (Figure 3a).



The study was carried out for the phantom with the highest concentration of incorporated SERS tags and placed in media with different turbidities. We used the SERS intensity at 1331 cm−1 as a quantitative parameter of detectability. Figure 3b shows the dependences of SERS intensity on the depth of the laser focusing for different scattering coefficients of the upper layer. When focusing the laser on the sample surface, the SERS signal intensity was at the noise level (about 18 counts). The signal fluctuated around the noise level for all focusing depths until the focus was on the phantom surface. Upon reaching this limit, the signal rose sharply. Note that the signal intensity directly depended on the turbidity of the medium in which the phantom with incorporated SERS tags was placed. So for a transparent environment the maximum signal corresponded to 320 counts while in the case of the highest turbidity it reached only about 30 counts. A further increase in the depth of focus inside the phantom led to a gradual decrease in the signal. Two important differences should be noted between detection in transparent and detection in turbid media. First, in a transparent medium, the signal is detectable along the entire depth of the phantom. Due to the overall lower signal value in a turbid environment it decreases quickly enough to the noise level. Thus, for a phantom placed in a medium with a scattering coefficient µs = 5 cm−1, the detection depth is 700 µm from the phantom surface while and for a phantom in a medium with a turbidity of 16 cm−1 it is only 100–200 µm. Second, upon detection in a transparent medium, we observed an increase in the signal when focusing near the far boundary of the phantom. We assumed that this was simply the effect of the imperfection of our sample. The increase in the signal in this case occurred due to the reflection of light from the border of the two agarose layers. However, the observed effects were reproducible from sample to sample. For example, the Figure S2 (Supplementary Materials) shows SERS intensity distributions similar to those shown in the Figure 3b, but measured for a different series of phantoms.



The experiment carried out on a simple phantom allowed us to draw a number of conclusions related to real in vivo experiments on SERS bioimaging. It is advisable to carry out a z-scan to determine the distribution of the SERS signal because to obtain the high-contrast Raman image the laser should be focused not on the surface of the sample but on the surface of the tumor inside the biological tissue. When working in turbid environments, focusing errors of even hundreds of micrometers can lead to completely false negative results. This is especially important when working with real samples, when the curvature of the surface can reach several millimeters in the scanned area.



Next, we performed Raman mapping of the phantoms. The main tasks were to elucidate the dependence of the phantom detectability on the amount of SERS tags and the turbidity of the environment. We used the following laser excitation parameters: wavelength 785 nm, laser beam spot 3 μm, power 30 µWatts, signal accumulation time 0.1 s per point, focusing on the phantom surface, imaging area 6 × 10 mm, step 100 μm. The choice of the power and time of irradiation was dictated by the need to match the values used in real, in vivo experiments. An increase in the power density above 100 W / cm2 can lead to nonspecific photothermal damage of biological tissues during imaging. The minimum accumulation time per point was chosen to have a total imaging time above 15 min.



Figure 4a shows Raman maps of the tumor phantoms with incorporated Raman reporters placed into medium with a scattering coefficient of 0 (top), 5 (middle) and 10 cm−1 (bottom). In the transparent medium the phantoms were clearly seen for all concentrations of embedded SERS tags. The intensity of the strongest Raman line at 1331 cm−1 gradually decreased with decreasing tag concentration. Figure 4b shows typical SERS spectra from points in the center of the phantoms. Under our measurement conditions, the signal reached 400 counts for the phantom with the highest concentration of particles (phantom i) and about 30 counts for the lowest concentration (phantom vi). A further decrease in the concentration of particles in the phantom led to a decrease of the signal to the noise level. In this case, the Raman image was not contradictory. Thus, for visualization of a tumor by Raman microscopy in an optically transparent medium the accumulation of at least 0.5 × 108 SERS tags per cm3 is needed. The turbidity of the environment significantly affects the detectability of the phantom. For example, with the scattering coefficient µs = 5 cm−1, we could obtain images of only the first two phantoms with particle concentrations 2 × 109) and 109 cm−3 (Figure 4a, middle). For more turbid media, phantom detection using our Raman mapping parameters became impossible (Figure 4a, bottom). We found another important point: in a transparent medium, the size of the phantoms, determined by Raman mapping, coincided with the real size of the samples (about 2 mm).



However, in a turbid environment, this size decreased significantly (about 1.2 mm, µs = 5). An explanation of this phenomenon is shown schematically in Figure 4c. The phantom is a sphere and has a curvature of the surface. The distance from the top of the phantom to the edges of the turbid medium and air is less than this distance from the edges of the phantom. Raman photons emitted from the edges of the sample are diffusely scattered and do not enter the objective. This leads to a decrease in the apparent size of the phantom. Thus, the lack of accounting for light scattering in Raman mapping can lead to significant errors. This issue is very important when using Raman microscopy to define tumor boundaries in pre- and intraoperative bioimaging.



Finally, we demonstrated that alginate spheres with incorporated SERS tags could be used as a phantom in a real sample. To do this, we implanted CA sphere (2.2 mm diameter, p-GERTs concentration 2 × 109 cm−3) under a chicken skin ex vivo. The thickness of the coverage layer of skin and fat was about 1 mm. An image of the sample is shown in Figure 5a. The localization of the sphere was visible to the naked eye, but defining its boundaries was problematic. We performed Raman mapping of the implantation area (indicated in the Figure 5a by a blue square). To reduce the scanning time, a scanning step of 200 µm was chosen. The Raman image is shown in the Figure 5b. The overplayed optical and Raman image allowed the identification of the location of the phantom under the layer of skin and subcutaneous fat. The size of the object, determined using this mapping, also turned out to be slightly smaller than the real one. In particular, the Raman map showed the CA sphere size of 1.6 mm instead of the actual 2.2 mm.





4. Conclusions


We have developed a solid tumor phantom to study the parameters required for contrast Raman bioimaging in turbid medium. The phantom consists of SERS tags integrated in a 2-mm calcium alginate sphere placed in a medium with different turbidities. We have shown that using this simplified model we can determine important parameters, such as the minimum concentration of particles in the tumor required for bioimaging and the depth of focus of the laser beam. An interesting finding was the decrease in the apparent size of the phantom when imaged through a layer of turbid medium. Although we have demonstrated the use of a phantom to determine the optimal parameters for backscattered Raman microscope, we believe that our phantom could be used for a wider range of deep Raman imaging methods, including spatially offset Raman spectroscopy, time resolved Raman spectroscopy and transmission Raman spectroscopy.
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The following are available online at https://www.mdpi.com/article/10.3390/photonics8050144/s1, Figure S1. False-color Raman maps of the CA spheres with incorporated Raman reporters placed into medium with scattering coefficient 0 (a), 2 (b) cm−1. Color decoding bar is shown on the right. Concentrations of incorporated SERS tags are 2 × 109 mL−1, gel thickness is 6 mm. Figure S2. The dependence of SERS strongest peak intensity at 1331 cm−1 on the deepness of laser focusing. Δz = 0 corresponds to top of the agarose gel while Δz = 6 mm corresponds to bottom of the sample. The data for different scattering coefficients of the upper layer from µs = 0 to 16 cm−1. Figure S3. Optical image of the CA spheres with incorporated Raman reporters under 50× (a), 100× (b) magnification. Concentrations of incorporated SERS tags are 2 × 109 cm−3.
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Figure 1. (a) TEM image of p-GERTs. The insert shows the magnified image of single p-GERT; (b) extinction spectra of 20-nm Au seeds (red curve) and p-GERTs (blue curve) the insert shows photoimages of seed and p-GERT colloids; (c) SERS spectra of p-GERTs in colloid. 
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Figure 2. (a) Scheme of the tumor phantom incorporated in the turbid medium; (b) extinction spectra p-GERTs colloid in water (2 mm optical length, red curve) and in calcium alginate (1 cm optical length, blue curve); (c) SERS spectra of p-GERTs in calcium alginate; (d) measured scattering coefficient of intralipid in agarose. 
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Figure 3. (a) Scheme of the z-scan measurement of SERS intensity. (b) The dependence of SERS strongest peak intensity at 1331 cm−1 on the depth of laser focusing. Δz = 0 corresponds to the top of the agarose gel while Δz = 6 mm corresponds to the bottom of the sample. The data for different scattering coefficients of the upper layer from µs = 0 to 16 cm−1. 
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Figure 4. (a) False-color Raman maps of the CA spheres with incorporated Raman reporters placed into medium with scattering coefficient 0 (top), 5 (middle) and 10 (bottom). Color decoding bar is shown on the right. Concentrations of incorporated SERS tags were 2 × 109 cm−3 (sphere i), 109 cm−3 (sphere ii), 5 × 108 cm−3 (sphere iii), 2.5 × 108 cm−3 (sphere iv), 1.25 × 108 cm−3 (sphere v), 0.625 × 108 cm−3 (sphere vi).; (b) Typical SERS spectra obtained from different tumor phantoms; (c) Scheme of the decrease in the apparent size of a phantom in Raman mapping in a turbid medium. 
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Figure 5. (a) Image of chicken tissue with CA sphere implanted under skin (left). Blue square indicated Raman mapping area. False-color Raman maps of the CA spheres with incorporated Raman reporters implanted under chicken skin and fat layer with thickness of 1 mm. Color decoding bar is shown on the right. (b) Overplayed image and Raman map. 
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