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Abstract

:

The brain takes the vital role in human physiological and psychological activities. The precise understanding of the structure of the brain can supply the material basis for the psychological behavior and cognitive ability of human beings. In this study, a fast molecular fingerprint analysis of mouse brain tissue was performed using surface-enhanced Raman scattering (SERS) spectroscopy. A nanohybrid consisting of flake-like black phosphorus (BP) and Au nanoparticles (BP-AuNSs) served as the novel SERS substrate for the spectral analysis of brain tissue. BP-AuNSs exhibited outstanding SERS activity compared to the traditional citrate-stabilized Au nanoparticles, which could be largely ascribed to the plentiful hot spots formed in the BP nanosheet. Rapid, full-scale and label-free SERS imaging of mouse brain tissue was then realized with a scanning speed of 56 ms per pixel. Fine textures and clear contour were observed in the SERS images of brain tissue, which could be well in accordance with the classical histological analysis; however, it could avoid the disadvantages in the processing procedure of tissue section. Additionally, the SERS spectra illustrated plentiful biochemical fingerprint of brain tissue, which indicated the molecular composition of various encephalic regions. The SERS difference spectrum of the left versus right hemisphere revealed the biochemical difference between the two hemispheres, which helped to uncover the psychological and cognitive models of the left and right hemispheres.
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1. Introduction


Human physiological and psychological behavior is closely related to the brain. The brain has the most complex structure in human body. Different encephalic regions control the activities of human movement, consciousness, spirit, feeling, language, learning, memory and so on. The normal mental activity of a person depends on the normal work of a complete brain, while the psychological abnormal behavior or cognitive deficits are often accompanied by the brain injury. For example, cerebral atrophy is the most obvious feature of an Alzheimer disease (AD) patient. Clinically, AD subtypes can be determined by measuring the ratio of hippocampal volume to cortical volume, which helps to predict the degree of cognitive decline in patients [1]. In the patients with cognitive impairment induced by craniopharyngioma, the structure of white matter in the regions of left ventral cingulum and dorsal cingulum is changed and the hippocampus volume becomes smaller, which can lead to a decrease in patients’ general knowledge and episodic visual memory [2]. The decline of gray matter density in vermis and tonsil of cerebellum has also been measured in early schizophrenia patients accompanied with cognitive deficits [3]. Therefore, the detailed interpretation of the brain structure contributes to unravel the components and functions of various encephalic regions and further provides the physiological basis for the mental behavior and cognitive ability of human beings.



Raman spectroscopy has been widely applied as a powerful non-invasive analytical tool in physics, chemistry and biomedicine. As a molecular vibrational spectrum, Raman can not only provide the fingerprint information about the molecular component and structure, but also realize the label-free spectral imaging of the samples by combining the scanning technique [4]. In the field of neuroscience, Raman spectroscopy has been successfully applied to the component analysis of brain tissue, disease detection and bioimaging [5,6,7,8,9]. Amharref et al. used Raman spectroscopy to distinguish the normal, necrotic and tumor cells in the rat brain tissues [10]. For clinical samples, Kast et al. found that the Raman peak ratio of the 1300 to 1344 cm−1 in gray matter is significantly different from that in white matter, which could be used as the label to separates the boundary between gray matter and white matter [11]. Raman spectroscopy can also be used to assist in the diagnosis of AD. The Raman signals attributed to protein, lipid and cholesterol have been detected to arise obviously in the hippocampus of AD rats compared to that in normal rats [12]. However, the signal of normal Raman scattering is extremely low because of the inherently weak cross sections; thus, acquiring an effective scattering signal often requires a long collecting time or a high laser power, which is somewhat unrealistic for long-term bioanalysis and biomedical imaging. It often takes several hours or more to get a distinguishable Raman image of biological sample [13,14].



Surface-enhanced Raman scattering (SERS) is capable of enhancing the Raman signals of molecules by up to several orders of magnitude [15]. Liquid SERS substrates, such as Au and Ag nanoparticles (NPs), are the effective SERS-active substrates most used in bioanalysis due to their flexibility that can conform to various contours of substrates [4]. Aydin et al. have interpreted the difference between normal tissue and pathological tissue in brain tumor patients using the SERS technique, and revealed that the ratio of nucleic acid to protein was obviously increased in tumor tissue, indicating that SERS would be a rapid and simple technique for the clinical diagnosis of brain tumors [16]. However, traditional metal particles still face a dilemma in relatively low Raman enhancement effect [17]. The development of SERS substrate provides more opportunities for biological applications. Recently, two-dimensional (2D) nanomaterial-based SERS substrates have garnered considerable attention for their excellent SERS activities. 2D nanomaterials can serve as a stable “nano-island” to support the metal nanoparticles in liquid environment. Additionally, an amount of SERS “hot spots” form in the interstices among the fixed nanoparticles that provide fine electromagnetic enhancement effect [18,19]. Moreover, the 2D materials can offer extra chemical enhancement originated from the charge transfer between the nanosheet and molecule [20].



As a novel 2D nanomaterial, black phosphorus (BP) has exhibited promising potentials for theranostic applications [21,22,23,24,25,26]. BP can also serve as a neuroprotective nanomaterial to protect neuronal cells from copper ion-induced neurotoxicity [27]. Recently, we have proposed a facile strategy for the synthesis of BP-Au nanocomposites; the nanohybrids showed outstanding SERS activity, which allowed for real-time in vivo SERS monitoring of the changes in the biochemical components of tumor tissues during the photothermal therapy, indicating the potential for SERS bioanalysis [28]. For neuroscience research, it is valuable to describe the chemical composition of brain tissue in a large region which is difficult to achieve using normal Raman spectroscopy. Herein, label-free, full-scale and rapid SERS imaging of brain tissue section of mouse using the BP-based 2D SERS substrate was carried out for the first time. The Raman spectral lines were also extracted from the Raman images to elaborate the molecular information of biochemical components in various encephalic regions.




2. Materials and Methods


2.1. Materials


The bulk BP crystals were purchased from a commercial supplier (XFNANO, Nanjing, China). Chloroauric acid (HAuCl4·4H2O) and N-methyl-2-pyrrolidone (NMP) were obtained from the China National Medicine Corporation (Shanghai, China). 2-[2-[2-chloro-3-[(1,3-dihydro-3, 3-dimethyl-1-propyl-2H-indol-2-ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-3, 3-dimethyl-1-propylindolium (IR-780) iodide and crystal violet (CV) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Other reagents were of analytical grade and were used as received without further purification. Deionized water (Milli-Q System, Bedford, MA, USA) was used in all experiments.




2.2. Preparation of 2D SERS Substrate


The 2D BP nanosheets were prepared according to the literature with some modification [29]. BP-Au nanosheets (BP-AuNSs) were then synthesized using the self-reducibility of BP nanomaterials [28]. In detail, BP (12.5 μg/mL) and HAuCl4 (75 μM) were added into the boiling ultrapure water for 2 min to allow the formation of BP-AuNSs. The as-prepared 2D SERS substrate was then purified by centrifugation (6000 rpm, 10 min). The citrate-stabilized AuNPs were prepared according to the classical procedure using sodium citrate as the reductant [30].




2.3. Characterization


The ultraviolet-visible-near infrared (UV-vis-NIR) absorbance spectra were acquired by a UV-vis-NIR spectrometer (UV-6100, MAPADA, Shanghai, China). Transmission electron microscopic (TEM) analysis was performed using a FEI Tecnai G2 Spirit T12 (Hillsboro, OR, USA) operated at 120 kV equipped with an energy-dispersive x-ray (EDX) spectrometer (Quad XFlash 5060, Bruker Corporation, Billerica, MA, USA). The Raman features of BP-based nanostructures were analyzed with a Renishaw inVia microspectrometer (Derbyshire, UK) equipped with the excitation source at wavelength of 514.5 nm (grating: 1800 l/mm).




2.4. SERS Activity of BP-AuNSs


The SERS activity of BP-AuNSs was evaluated using two traditional dye molecules as the Raman reporters, IR-780 and CV. 200 μM of BP-AuNSs was mixed with equal amounts of dye molecules (IR-780 (1 μM) and CV (10 μM)); then, the mixture was placed onto the silicon wafer for Raman analysis. Raman spectra were obtained using the Renishaw spectrometer with a NIR laser at 785 nm (grating: 1200 l/mm). A 20× objective was used to focus the laser beam and to collect the Raman signal. The Raman spectra were recorded in static mode over a wavenumber range of 620–1720 cm−1. All experiments were carried out independently at least three times.




2.5. SERS Analysis of Brain Tissue


Three female Balb/c mice (5–6 weeks old) were purchased from Laboratory Animal Center of Sun Yat-Sen University, and performed with protocols approved by South China Normal University Animal Care and Use Committee. Two weeks later, the mice were sacrificed and the brain tissues were excised for fixation with 4% buffered formalin. Then the tissue sections were prepared for routine histological examination and Raman measurement. For histological examination, the sections after fixation were processed into paraffin for hematoxylin and eosin (H&E) staining using standard technique, then examined under the microscope. For SERS analysis, the tissue slides were immersed into the BP-AuNSs solution (100 μM) for 1 h, after which the slides were rinsed with ultrapure water three times. Raman spectroscopic measurements of brain sections were performed using the Renishaw inVia confocal Raman system equipped with the 785 nm semiconductor laser and coupled to a Leica DM-2500M microscope (Leica Microsystems GmbH, Wetzlar, Germany). A 63× water immersion objective lens (NA = 0.9) was chosen for tissue detection. Raman spectral mapping was performed in the streamline mode at wavenumber center 1200 cm−1.





3. Results and Discussion


3.1. Characterization of 2D SERS Substrate


The morphologies of BP and BP-Au nanosheets (BP-AuNSs) were detected by transmission electron microscopic (TEM) analysis. As shown in Figure 1a, the BP nanomaterial showed the typical lamellar structure with several hundreds of nanometers in size. After the reaction with the gold salt, the surface of the nanosheet was attached with the spherical Au NPs with a mean size of 26 nm (Figure 1b). The existence of Au and P elements in nanohybrids could be proved by the EDX pattern of BP-AuNSs (Figure 1c). The ultraviolet-visible-near infrared (UV-vis-NIR) absorbance spectrum of BP nanosheet exhibited a decreasing light absorption from UV to NIR region (Figure 1d). A new absorption peak with the central wavelength of 535 nm was observed in the absorption spectrum of BP-AuNSs, further confirming the formation of Au nanoparticles on the BP nanosheets. Figure 1e displayed the Raman spectra of BP and BP-AuNSs, which revealed the three characteristic Raman peaks of BP nanostructure at about 360, 437 and 464 cm−1, assigned to the one out-of-plane phonon mode (A1g) and two in-plane modes (B2g and A2g), respectively [31]. These three bands in the Raman spectrum of BP-AuNSs experienced a slight blue shift, which could be ascribed to the interaction between BP and the metal nanostructures.




3.2. SERS Performance of BP-AuNSs


To understand the SERS activity of BP-AuNSs, Raman experiments were performed on two typical dyes using BP-AuNSs or citrate-stabilized AuNPs as the SERS substrates. As shown in Figure 2, the normal Raman signals of CV and IR-780 at the concentration of 1 mM were hardly observed under our experimental parameter (1s exposure time, four accumulations). In contrast, the molecular fingerprints of the dyes appeared in the SERS spectra using AuNPs or BP-AuNSs as the SERS substrates. In comparison with citrate-stabilized AuNPs, the traditionally used SERS substrate, the SERS signals induced by BP-AuNSs were remarkably enhanced under the NIR laser excitation. To evaluate quantitatively, the Raman intensity ratios of some characteristic peaks were calculated between the SERS spectra caused by AuNPs and BP-AuNSs. Based on the Raman bands of CV at 1174 cm−1 and IR-780 at 1207 cm−1, the Raman intensities increased about 8~13 times in the BP-AuNSs based SERS nanoplatform compared to that in AuNPs based system. It could be reasonably explained that the Au nanoparticles were almost mono-dispersed in the solution, which resulted in few SERS hot spots. However, for the BP-Au nanohybrids, the BP sheet created a nano-island where a host of gold nanoparticles with various sizes were piled up, leading to plentiful hot spots formed in the nanoscale interstices and junctions among AuNPs. In addition, the charge transfers between BP sheet and the dye molecule may also contribute to the stronger SERS signals induced by BP-AuNSs [32].




3.3. Full-scale SERS Mapping of Brain Tissues


We further investigated the capability of BP-AuNSs for label-free imaging of mouse brain tissues. The normal Raman mapping with a lateral resolution of 200 μm was performed under the Raman microscope in the Streamline mode at a 9 s exposure time. Raman image of the whole brain tissue was acquired by integrating the intensity from 620 to 1720 cm−1, which spend about 4.5 h (~9.3 s per pixel). Despite taking such a long time, the imaging quality of the normal Raman image (Figure 3a, red picture) was still very poor. The contour of the image was blurred and some regions were not displayed. The raw Raman spectral lines extracted from five different tissue regions showed only a small amount of fingerprint information of brain tissue, with high autofluorescence background (Figure 3b). The quality of Raman image became better after AuNPs were deposited onto the mouse brain tissue, which might be attributed to the weakened autofluorescence background induced by the metal nanoparticles (Figure 3c). However, weak Raman signals and fuzzy boundary were still not improved. The full-scale SERS scanning of mouse brain tissue attached with BP-AuNSs exhibited the most unambiguous image. It could be noted that a very short integration time of 1 s (about 33 min for a whole image) was enough to accomplish the mapping, which was several times faster than the Raman imaging without metal nanostructures treatment. In addition, the SERS spectra extracted from five regions demonstrated intense and plentiful chemical component information of brain tissue (Figure 3d), indicating that the promising potential of BP-AuNSs for neuroscience research.



The mean Raman spectra of brain tissues were calculated form more than 100 spectral lines (static scanning, 10 s integration time, central wavenumber: 1200 cm−1). As shown in Figure 4, the normal Raman spectrum displayed the typical molecular vibration signals of brain tissue, for example: 1004 cm−1 (symmetric ring breathing mode of phenylalanine), 1130 cm−1 (C-N stretch in proteins, C-C stretch in lipids), 1200–1310 cm−1 (phenylalanine, tryptophan, amide III, CH2/CH3 deformation), 1400–1500 cm−1 (CH2/CH3 deformation, COO- symmetrical stretching, adenine, guanine) and 1560–1700 cm−1 (amide II, amide I, adenine, guanine, phenylalanine, tyrosine) [6]. Gold nanoparticles only had a slight effect on the brain tissue, whose SERS spectrum was essentially consistent with that without nanoparticles treatment. In contrast, the SERS signals of brain tissue were significantly enhanced by BP-AuNSs, which were about 25 times (integrated intensities from 620 to 1720 cm−1) stronger than the normal Raman signals. Moreover, some new peaks appeared in the BP-AuNSs-based SERS spectrum, such as 780–880 cm−1 (DNA/RNA: backbone O-P-O stretching, tyrosine, proline, C-O-C stretching in carbohydrate), 964 cm−1 (C-C stretching in protein) and 1060–1195 cm−1 (C-N stretching in protein and lipid, C-C stretching in lipid, protein and carbohydrate, O-P-O stretching in DNA, thymine, guanine) [5,6].




3.4. SERS Texture Analysis of Brain Tissue


The excellent SERS activity of BP-AuNSs made the rapid and precise Raman mapping of brain tissue possible. In this issue, we carried out the Raman scanning (step length: 50 μm) of the mouse brain section treated with BP-AuNSs in the Streamline mode for 0.1 s laser exposure. The scanning time of the entire tissue (28842 pixels) took about 27 min, i.e., 56 ms/pixel. The Raman data set was then processed in the WIRE software (version 5.1, Renishaw) with the empty modeling approach. As displayed in Figure 5, an accurate SERS image of the mouse brain section was presented. The interior texture of brain tissue (cerebral cortex, hypothalamus, thalamus and hippocampus, etc.) could be obviously distinguished in this grayscale SERS image. More detailed texture was exhibited in the enlarged region (Figure 5b), including the medial habenular nucleus, corpus callosum and the internal structure of hippocampus (dentate gyrus and Ammon’s horns), which was well consistent with the data measured from the classical histological analysis (Figure 5c). It is well known that the H&E stained tissue section often suffers from multifarious and time-consuming sample preparation protocol. Technical and biological variation is another problem in the tissue processing procedure, leading to false-positive data. Additionally, we observed a part of tissue loss and displacement in the H&E stained section (Figure 5c). In much contrast, the Raman analysis can be directly performed without any sample pretreatment, which allows the gathering of first-hand data. Furthermore, Raman can also provide the chemical component information of biological tissue through the molecular vibrational spectrum. The bright and dark areas in the grayscale image (Figure 5b) indicated the discrepant distribution of molecular components throughout the entire brain tissue. It could be noticed that there was a certain degree of difference in chemical composition between the left and right hemisphere, though the two looked almost identical in the brightfield image (Figure 5a) and H&E stained section. This difference might be the molecular basis that resulted in various physiological and psychological functions of left and right hemispheres. However, there is still a long way from clinical practice: several issues should be considered, such as clinical sample validation, assessment criterion, the standard operation procedure of this method and so on.




3.5. SERS Spectral Difference Among Various Encephalic Regions


To investigate the differences in chemical composition in different encephalic regions, more than 20 SERS spectral lines were acquired from each compartment. Figure 6a showed the mean SERS spectra of four different encephalic regions (cerebral cortex (CTX), hypothalamus (HYP), thalamus (TH) and hippocampus (Hi)) in the left and right hemispheres. It could be seen that the enhanced Raman signals of brain tissues were evidently varied among the major brain structures. The molecular components in CTX and TH demonstrated the most enhanced SERS signals, which might be ascribed to the higher neurocyte density in these encephalic regions, as the perineuronal nets were intensely positively charged that could closely be bonded with the negatively charged SERS substrate [33]. The Raman signals of brain tissues in HYP experienced a weak increase that could be ascribed to the fewer cells in HYP and weak affinity of the biochemical components and BP-AuNSs.



To compare the biochemical deviations between the left and right hemispheres, the normalized SERS spectra as well as the difference spectrum of left versus right hemisphere were obtained (Figure 6b). The mean SERS spectra of brain tissues in left and right hemispheres illustrated the basically consistent pattern, indicating that the distribution of biochemical components were relatively uniform in left and right hemispheres. However, a certain degree of diversity in the content of biochemical molecules existed, as a fluctuation was observed in the SERS difference spectral line. The major Raman bands in the difference spectrum and their biochemical assignments were listed in Table 1 [6,34,35,36], where a differential distribution of the main biomacromolecules (protein, nucleic acid, lipid and carbohydrates) were observed between left hemisphere and right hemisphere. The dominant bands in right hemisphere were located at 1050–1300 cm−1, which represented the amide III, C-N stretching in protein and DNA/RNA, thymine and guanine, respectively. More molecular information was excavated in the left hemisphere in comparison with that in right hemisphere, especially in the Raman shift ranged from 1300 to 1650 cm−1. The Raman signals of protein, DNA/RNA and lipid were more plentiful in left hemisphere, which might reflect the inequitable division of labor between the two hemispheres.



The detail difference spectra in various encephalic regions were displayed in Figure 6c. The SERS spectra collected from HYP showed little difference, which might be attributed to the weak enhancement of BP-AuNSs in this region. The spectral deviations in other three regions (CTX, TH and Hi) were generally similar to that in the averaged difference spectrum. In CTX region, Raman signals of 1105, 1210 and 1230 cm−1 were dominated in the right hemisphere, while the Raman peaks at 1455, 1524 and 1564 cm−1 were predominant in the SERS spectrum of CTX tissue in the left hemisphere. Besides, a new peak at 815 cm−1, assigned to O-P-O stretching in phosphate [35], appeared, mainly distributed in the right hemisphere, also observed in Hi region. However, this band mostly transferred to the left hemisphere in TH region. The SERS spectra in Hi region underwent the greatest change from the left to the right hemisphere, which mainly appeared in the Raman range 1370–1700 cm−1. Moreover, a prominent peak at 1154 cm−1 (C-C stretching in carotenoids, C-C/C-N stretching in protein [6]) was primarily situated in the spectral line of right hemisphere. Therefore, the SERS spectral analysis revealed the different biochemical components among the various encephalic regions, as well as the difference between the left hemisphere and the right hemisphere, which might supply the molecular structural basis to explain the discrepant physiological and psychological functions of these brain structures.





4. Conclusions


In summary, we have developed a rapid, full-scale and label-free SERS analysis of mouse brain based on BP-metal 2D nanoprobe. The 2D SERS substrate was composed of a flake-like BP nanosheet with a large number of Au nanoparticles attached to it. BP-AuNSs exhibited excellent SERS activity, whose Raman enhancement effects on common organic dyes and brain tissues were several times higher than that of traditional citrate-stabilized AuNPs. In view of this, a fast and full-scale SERS mapping of the mouse brain was carried out under the 0.1 s integration time (56 ms per pixel). Subsequent SERS texture analysis showed a distinct interior texture of brain tissue that was well in accordance with the data by classical H&E analysis. The SERS spectral lines also displayed the biochemical molecular information of the various encephalic regions in brain tissue. The variation analysis of the SERS signals unveiled the biochemical composition difference between the left and the right hemispheres, which might be conducive to reply the different physiological and psychological functions of the two hemispheres.
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Figure 1. Transmission electron microscopic (TEM) images of black phosphorus (BP) sheet (a) and BP-AuNSs (b). (c) EDX pattern of BP-AuNSs. (d) Ultraviolet-visible-near infrared (UV-vis-NIR) absorbance spectra of the nanostructures. (e) Raman spectra of BP and BP-AuNSs. 
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Figure 2. Surface-enhanced Raman scattering (SERS) spectra of crystal violet (CV) (10 μM, (a) and IR-780 (1 μM)), (b) under 785 nm excitation. The spectral lines represented the normal Raman spectra of the two dyes at the concentration of 1 mM (1), the SERS spectra induced by citrate-stabilized AuNPs (2), and the SERS spectra induced by BP-AuNSs (3), respectively. 
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Figure 3. (a) Full-scale label-free SERS imaging of mouse brain section. (b–d) Raw Raman spectral lines collected from five pixel points in the brain sections treated without (b) or with nanostructures (AuNPs (c) and BP-AuNSs (d)). 
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Figure 4. Mean Raman spectrum and BP-AuNSs or AuNPs-excited SERS spectra of mice brain tissues, shade areas represented the standard deviations. 
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Figure 5. Accurate SERS texture analysis of brain tissue. (a) Brigthfield image; (b) SERS image induced by BP-AuNSs using the empty modelling approach. (c) Hematoxylin and eosin (H&E) staining of brain tissue section. Enlarged images showed the hippocampus (DG, dentate gyrus; CA, Ammon’s horn), medial habenular nucleus (MHb) and corpus callosum (cc) regions. The asterisk (*) showed the loss and displacement of tissue during section preparation process. Scale bar: 2 mm. 
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Figure 6. BP-AuNSs-based SERS analysis of the different encephalic regions. (a) The mean SERS spectra extracted from four different encephalic regions (CTX, cerebral cortex; HYP, hypothalamus; TH, thalamus; Hi, hippocampus) in left or right hemisphere. (b) The mean SERS spectra of brain tissues in left and right hemispheres, as well as the SERS difference spectrum of left versus right hemisphere. (c) SERS difference spectra of left versus right hemisphere in four encephalic regions. 
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Table 1. The assignments of the Raman bands in SERS difference spectrum of left versus right hemisphere.
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	Raman Shift (cm−1)
	Tentative Assignment





	645 L
	Tyr, COO- bend or C-S str (p)



	730 L
	A (d)



	747 L
	T (d); Trp ring breath (p)



	860 R
	Ribose: C-C str, ring breath, C-O-C str (c)



	964 L
	C-C bk str (p)



	1025 L
	C-H in-plane Phe (p); glycogen



	1109 R
	C-N str (p)



	1176 R
	T, G, C-N str (d)



	1230 R
	Amide III (p)



	1343 L
	CH2 def (p); A,G (d)



	1410 L
	COO- sym str (p)



	1445–1470 L
	CH2/CH3 def (p, l)



	1508–1530 L
	A, C, G (d)



	1546 L
	Amide II, Trp (p)



	1590 L
	Amide II, Phe, Tyr (p); G, A (d)



	1611 L
	Tyr, Phe C=C bend (p)







Abbreviations: L, left hemisphere; R, right hemisphere; p, protein; l, lipid; d, DNA/RNA; c, carbohydrates; Tyr, tyrosine; Trp, Tryptophan; Phe, phenylalanine; A, adenine; T, thymine; C, cytosine; G, guanine; bend, bending; str, stretching; def, deformation; breath, breathing; sym, symmetrical; bk, backbone.
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