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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Gliomas present one of the most preva-
lent malignant tumors related to the 
central nervous system. 

• A new method for the analysis of brain 
tissue was developed. 

• The method is based on Au@ZrO2 plas-
monic nanosensor. 

• This method allows them to distinguish 
between central and peripheral parts of 
the tumor tissue.  
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A B S T R A C T   

Gliomas present one of the most prevalent malignant tumors related to the central nervous system. Surgical 
extraction is still a preferred route for glioma treatment. Nonetheless, neurosurgeons still have a considerable 
challenge to detect actual margins of the targeted glioma intraoperatively and correctly because of its great 
natural infiltration. Here we evaluated the possibility of using surface-enhanced Raman spectroscopy to analyze 
freshly resected brain tissues. The developed method is based on the application of Au@ZrO2 nanosensor. The 
plasmonic properties of the sensor were first tested on the analysis of Rhodamine 6G, where concentrations down 
to 10-7 mol/L can be successfully detected. We also compared the performance of the nanosensor with silver 
plasmonic nanoparticles, where similar results were obtained regarding the reduction of the fluorescence 
background and enhancement of the intensity of the measured analytical signal. However, application of silver 
nanospheres led to increased variations in spectral data due to its probable aggregation. Applied ZrO2@Au 
nanosensor thus dramatically lowers the fluorescence present in the Raman data, and considerably improves the 
quality of the measured signal. The developed method allows for rapid discrimination between the glioma’s 
periphery and central parts, which could serve as a steppingstone toward highly precise neurosurgery.  
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1. Introduction 

Gliomas of astrocytic, oligodendroglial, and ependymal origin 
represent more than 70 % of all intracranial tumors, marking them as 
one of the most prevalent malignant tumors related to the central ner-
vous system. The total occurrence is six newly diagnosed patients per 
100,000 each year, which leads to a considerable mental and, so also, 
economic impact on our society. [1] In the last years, primary malignant 
brain tumor incidence has been increasing, with an annual growth rate 
of more than 1 %. Gliomas preferably affect the elderly and middle-aged 
population, as recent reports suggest. [2–3] According to the World 
Health Organization, gliomas are classified into four grades. [4] The first 
two grades are considered low-grade gliomas, and the last two are 
labeled as advanced gliomas, respectively. Despite the recent advances 
in therapeutic strategies, which also include new substances for 
chemotherapy and new procedures in radio-chemotherapy, and intelli-
gent approaches in the operative resection using MRI (Magnetic Reso-
nance Imaging), fluorescence labels, electrostimulation, or confocal 
microscopy, the prognosis continues to be unsatisfactory, with a median 
for the survival of newly diagnosed gliomas around 41 weeks (about 
nine and a half months).[5] Developing a more advanced strategy for 
precise detection of low-grade gliomas is thus demanding. Diagnosis and 
consecutive classification of gliomas rely on tumor histopathologic 
properties, which supply only limited information on the response to a 
follow-up therapy or further patient’s prognosis. [6] The decision about 
the treatment of patients diagnosed with glioma is usually based on the 
analysis of tissue, including the evaluation of the presence of selected 
molecular markers, which are relevant for the diagnosis. Upfront sur-
gery is thus commonly performed for both diagnostic and therapeutic 
purposes. Based on 2016 WHO classification and cIMPACT-NOW rec-
ommendations, respectively, the following molecular biomarkers play 
vital roles in the categorization of diffuse gliomas in adults: histone H3.3 
G34R/V mutation, histone H3 K27M mutation, IDH mutation, 1p/19q 
co-deletion, TERT promoter mutation, amplification of the EGFR gene, a 
combination of the Chromosome 7 gain and chromosome 10 loss, and 
homozygous deletions on 9p21 involving the CDKN2A and CDKN2B 
gene loci. [7] The use of techniques of molecular spectroscopy, partic-
ularly Raman spectroscopy in diagnosing gliomas has been fruitful and 
led to valuable research data. Raman spectroscopy has been used in both 
scenarios, statistical analysis of data acquired from the whole brain 
tissues and analysis of molecular markers, including nucleic acids and 
proteins in various clinical samples. Works presented by Uckermann [8] 
and Sciortino [9] aimed at analyzing IDH1 mutation by means of Raman 
spectroscopy. Uckermann reported an increased signal of DNA and 
decreased signal of lipids in samples, where a mutation of IDH1 was 
reported next to alterations in protein band signatures. Sciortino re-
ported similar data on detecting IDH1 mutations related to altered levels 
of lipids, collagen, DNA, cholesterol, and phospholipids. Zhou spectrally 
analyzed brain tissue samples to recognize new molecular markers, and 
concentrations of ATM and lactic acids were reported in this work as 
potential markers. [10] Livermore published a paper covering gliomas’ 
fast and genetic classification. [11] Research papers aimed at utilizing 
Raman spectroscopy in the analysis of processed or bare brain tissues 
stand for most works involving this spectroscopy in the detection of 
gliomas. [12–18] Published data uses bare tissues and processed tissue 
fluids, and some involve application of surface enhanced Raman scat-
tering. [19–22] However, there is still a considerable scientific challenge 
in developing Raman spectroscopy-based approaches utilizing new 
plasmonic nanomaterials, which would utilize plasmonic nano-
composites to minimize the effect of fluorescence and amplify the 
measured effect of Raman signal to improve the method sensitivity and 
selectivity. 

Here we have developed a new method for analyzing intact brain 
tissue using a surface-enhanced Raman spectroscopy. The technique 
uses a plasmonic Au@ZrO2 nanocomposite to increase the information 
level of the measured spectral data. According to our knowledge, this 

nanomaterial is used in this scenario for the first time. Nanomaterials 
allow amplifying the analytical signal and minimize the adverse effects 
of sample fluorescence. [23–25] Here developed method allows 
discrimination between the central part of the high-grade tumor tissue 
and the surrounding peripheral tissues without any need for a complex 
sample processing. The method potential was evaluated on freshly 
resected samples obtained during neurosurgery. For each patient, two 
samples were collected and labeled P and C. Sample P stands for pe-
riphery and was resected from the peripheral part of the tumorous tis-
sue. C stands for the central part of the tumorous tissue with higher 
variability given by factors including phenotype of the tumor, presence 
of necrosis, presence of blood. 

2. Experimental 

2.1. Chemicals 

The LC-MS Grade water, citric acid (p.a.), and HAuCl4 (p.a.) were 
obtained from Merck (U.S.A.). 5-Ethynyl- 2′-deoxycytidine (p.a., EdC), 
cysteamine (p.a.) and N-hydroxysuccinimide (p.a.) were brought from 
Merck (U.S.A.), ZrO2 nanoparticles were purchased from Merck (U.S. 
A.). CaF2 substrates for Raman measurements were purchased from 
Crystran (U.K.). 

2.2. Resection of the tissues, preparation of samples 

All patients underwent a standard glioma resection. The maximal, 
but safe tumor removal was considered a purpose of this procedure. 
Along with the surgeries were performed sampling in the different sites 
to cover glioma tissues heterogeneity. Part of the obtained biopsy 
specimen was fixed in formalin and embedded in paraffin. By this way 
processed tumor tissue was stained with hematoxylinphloxin-saffron 
and histologically analyzed. The second part of biopsy specimen was 
stored in liquid nitrogen (- 196 ◦C) as a fresh-frozen sample. 

2.3. Synthesis of Au nanoparticles 

The gold nanospheres were synthesized according to a modified 
procedure earlier described by Turkevich, based on a reduction of an 
aqueous solution of chloroauric acid (HAuCl4) by a sodium citrate. 
Briefly, 150 μL of 1 % chloroauric aqueous solution was heated up to the 
boiling point, and consequently, 8 mL of 1 % sodium citrate was slowly 
added under constant stirring at 300 RPM using a magnetic stirrer. 

2.4. Synthesis of Au@ZrO2 plasmonic nanoclusters 

The Au@ZrO2 nanoclusters were synthesized as follows. First, 5 mL 
of a stocked suspension of ZrO2 nanoparticles was mixed with 0.5 mL of 
1 mM EDC and 0.5 mM NHS and shaken for three hours at room tem-
perature. Then, 1 mL of 1 mM aqueous solution of cysteamine was 
added, and the mixture was shaken overnight at room temperature. 
Finally, 0.5 mL of a previously prepared suspension of Au nanoparticles 
was added, and the system was shaken overnight at room temperature. 
The excess of EDC and cysteamine were removed using dialysis through 
a 10 nm pore-sized cellulose membrane (Merck, U.S.A.). 

2.5. Characterization of Au@ZrO2 nanocomposite 

Firstly, the as-prepared nanomaterial was characterized using 
transmission electron microscope LVEM5 (Delong., Brno. Czech Re-
public) using 3 kV acceleration voltage to obtain information on the 
chemical composition of the prepared nanoclusters. Next, Raman mi-
croscopy (Witec alpha 300R+, Witec, Germany) was applied in the 
characterization of the nanomaterial. Laser working at 532 nm and 
power of 1 mW on sample was used with 1 s exposition time. In total 32 
spectra were averaged to obtain one data point. For the evaluation of the 
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plasmonic properties, aqueous samples holding the Au@ZrO2 and 
Rhodamine 6G at defined concentration levels (range 0 – 1x10-3 mol/L, 
according to description in the Results and discussion section) were 
deposited in 2 μL droplets on a surface of CaF2 microscopy glass, let dry 
and measured in the center of the deposited sample. Spectral back-
ground in the raw data was corrected by a subtraction of the polynomial 
function (degree = 5), data were smoothed using Savitsky-Golay 
algorithm. 

2.6. Preparation of tissues for spectral measurement 

Two samples were obtained during the surgery for each patent: 
sample C (central part of the cancerous tissue) and P (peripheral part of 
the cancerous tissue). The position of the sample extraction was based a) 
on 3D MRI navigation, where the respective MRI data were obtained 
before the surgery and correlated to the position of the patient’s head 
during the surgery and b) on the presence of fluorescence of the applied 
ALA (5-Aminolevulinic acid) probe. ALA fluorescent probe can be 
considered as a golden standard for a discrimination between healthy 
and cancerous tissues during the neurosurgery. Brain tissues (P and C 
parts separately) were washed with LC-Grade water, resected to size of 
approximately 2 cubic millimeters, and rinsed in the suspension of 
Au@ZrO2 for 20 min. Samples were then removed and deposited on the 
CaF2 substrate. Next, Raman spectra from ten randomly selected spots 
were collected using the parameters described in section 2.7 on both 
samples. 

2.7. Analysis of the tissues using Raman spectroscopy 

Raman spectrometer was used for spectral characterization of the 
samples. The Raman system was equipped with a green laser working at 
532 nm, running at 1 mW power on the sample. The exposition was set 
to 1 s; spectra are averages of 28 micro-scans. Each sample was depos-
ited on CaF2 microscopy glass (Crystran, U.K.), and measured on ten 
randomly selected spots. This gives in total 560 Raman micro-scans 

obtained for one patient, 280 for sample C, and P, respectively. 
Raman spectra were averaged (28 micro-scans per measured spot into 
one Raman spectrum), sorted according to patient ID and measured 
sample spot and extreme values were removed based on constructed box 
plots, where two spectra were based on the signal intensity identified as 
extreme. Further analysis uncovered presence of abundant signals of the 
carbon-related bands present at 1290 and 1600 cm-1 (D and G bands), 
which indicate a burning process. These two spectra were removed from 
the data set. The statistical analysis is based on the analysis of 178 
spectra of 9 patients, 91C samples, and 87P samples. Rstudio (RStudio, 
Boston, U.S.A.) was chosen for data processing in the ChemoSpec 
package [26]. 

2.8. Computational analysis 

SERS spectra were processed using MATLAB R2016b (MathWorks, 
Inc., USA). First, cosmic rays (spikes) were removed by Whitaker and 
Hayes, a modified Z-score based approach [27]. Then, for smoothing 
and background substruction, iterative automatic baseline correction 
method described in [28] was applied with following parameters: 
Window size 7 points, threshold 0.000021, parameters were determined 
visually. Finally, all data points of each spectrum were mean centered. 

3. Results and discussion 

3.1. Method development 

First, we characterized the prepared Au@ZrO2 nanoclusters using 
transmission electron microscopy to obtain data on their size, distribu-
tion, and morphology. The representative micrograph can be found in 
Fig. 1A. It is shown that the prepared nanomaterial is formed from 
interconnected structures of Au and ZrO2 nanospheres organized in 
heterogeneous clusters. The average size of the Au nanoparticles is 30 
nm, and the respective size of ZrO2 nanospheres is 10 nm (based on 
averaging across 100 identified particles). Next, we characterized the 

Fig. 1. A) Micrograph image of the prepared nanomaterial, B) Raman spectrum of the substrate, C) SERS spectra of R6G at 1x10-6 mol/L, obtained by the application 
of gold (blue) and ZrO2 (red) nanomaterials per se, D) SERS spectra of R6G at 1x10-6 mol/L, obtained by the application of Au@ZrO2 nanomaterial, E) repeated SERS 
measurements of R6G at a concentration level of 1x10-6 mol/L using Au@ZrO2 nanosensor. 
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nanoclusters using Raman microscopy. The resulting representative 
Raman spectrum is shown in Fig. 1B. The Raman spectrum has a broad 
spectral band at 640 cm− 1, characteristic of ZrO2, as previously shown 
by Purohir [29]. Two spectral bands between 280 and 320 cm-1 cans be 
seen as Au-S breathing vibrations according to Varnholt et al. [30], 
indicating cysteamine molecules on the surface of gold nanoclusters. 

Next, plasmonic properties and the ability of the nanoclusters to 
serve as a SERS substrate were evaluated in the analysis of Rhodamine 6 
g. First, plasmonic properties of both Au and ZrO2 nanoparticles were 
evaluated separately on the analysis of Rhodamine 6G at a concentration 
level of 1x10-5 mol/L. Raman spectra are shown in Fig. 1C, where almost 
no SERS effect was seen. The reason can be found in a not perfectly 
suitable position of the plasmon frequency of the used nanostructures. 
Follow-up measurements of Rhodamine 6G using an Au@ZrO2 nano-
sensor can be found in Fig. 1D and 1E. Fig. 1D shows Raman spectra of 
Rhodamine 6G measured at a concentration level of 1x10-6 mol/L. 
Spectra contain characteristic bands for this compound, including 
spectral band at 611 cm− 1 (C–C–C ring in-plane bending), spectral band 
at 1127 cm− 1 (C–H in-plane bending) or spectral band at 1276 cm− 1 (C- 
O-C stretching). Fig. 1E contains five Raman spectra obtained in the 
repeated study of R6G at a concentration level of 1x10-6 mol/L. The 
resulting spectral data are fully comparable. Next, concentration levels 
from 1x10-4 to 1x10-7 mol/L of R6G were measured to evaluate the effect 
of various concentrations. In particular, we selected levels 10-7, 10-6, 10- 

5 and 10-4 mol/L. The SERS signal obtained by the measurement of R6G 
at the concentration level of 10-6 increased considerably, when 
compared to data obtained at 10-7 mol/L (Fig. 2A and 2B). The same 
trend was observed between levels 10-6 and 10-5 mol/L. However, 
almost no increase in the signal intensity was observed between mea-
surement of concentrations 10-5 and 10-4 mol/L. Based on this infor-
mation, it could be stated that the system has no capacity left for the 
binding of additional molecules of analyte. 

The developed nanosensor was evaluated in the analysis of the 

freshly resected brain tissues. The testing brain tissue of the central part 
of the glioma was washed with water and then rinsed for 20 min in the 
suspension of the prepared nanocomposite. Next, the sample was rinsed 
with water and deposited between two microscopy glasses for spectral 
analysis. Microscopy images of one of the analyzed pieces can be seen in 
Fig. 2C. Ten spots were measured to obtain one representative spectrum, 
shown in Fig. 2D in red. The same procedure was also performed 
without adding the nanoclusters, with the result also shown in Fig. 2D in 
blue color. The blue spectrum obtained without SERS is highly influ-
enced by fluorescence. We can state that the addition of plasmonic 
nanoclusters improved the quality of spectral data. Follow up mea-
surements of tissues, namely central and peripheral parts of gliomas, 
were performed using synthesized plasmonic nanosensors according to 
the previously described procedure. 

To further evaluate the application potential of the Au@ZrO2 
nanosensor, we performed a comparative study with the silver nano-
particles, which are commonly used in SERS applications. Silver nano-
material was characterized using transmission electron microscopy with 
results shown in Fig. S1A. It can be seen that the synthesized material 
consists of silver nanospheres with a diameter of approximately 30 nm. 
The comparison was consequently based on the analysis of ten spots on 
the P sample using both nanomaterials. Obtained results are shown in 
Fig. S1B. The average SERS signal is shown as a black trace, red lines 
stand for ± quartiles. The reduction of the fluorescence background and 
increase of the level of analytical signal obtained from the use of silver 
plasmonic nanomaterial is comparable to data obtained from the 
application of Au@ZrO2 nanosensor. However, the spectral variability is 
considerably higher for silver nanoparticles. This phenomenon can be 
caused by a decreased stability of silver nanospheres in biological ma-
trixes, which tend to aggregate into large clusters. This has a consider-
able impact on the present plasmon frequency as well as on the ability to 
perform SERS experiments. Further experiments were thus performed 
using solely Au@ZrO2 nanosensors. 

Fig. 2. A) SERS spectra obtained by the analysis of R6G at a concentration range from 1x10-7 to 1x10-4 mol/L, B detail of Fig. 2A, C: microscopy images of the 
resected and treated brain tissue, D: representative Raman (in blue color) and SERS (in red color) spectrum of the brain tissue. 
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3.2. Analysis of samples of gliomas 

We analyzed SERS spectra from 9 patients. For each patient, about 
half the samples were from the central part of a glioma (C samples) and 
the rest were from the periphery (P samples). In total, we dealt with 178 
SERS spectra, 91 from C samples and 87 from P samples. The analyzed 
spectral range was set from 500 to 1800 cm− 1, dimension of each single 
spectrum was 1 × 311 data points. The measured SERS spectra were 
processed as described in Section 2.8. An example of SERS spectra from 
four different patients is shown in Fig. 3. Even though the variability of 
the spectral data between patients is relatively high; we were able to find 
common spectral bands between samples of one patient (C and P), 
including amide I (1650 cm-1), amide II (1550 cm-1) or bands of 
glutathione (around 1050 cm-1) and trends in these bands between 
patients. Spectra variation between data for one biological sample is 
acceptable, as it can be seen in Fig. 3 and figure S2, which allowed to 
observe significant spectral differences between P and C samples and 
analyze the differences. 

It can be easily seen in Fig. 3. that the behavior of SERS spectra varies 
between selected four patients. This is true also for SERS spectra for the 
remaining five patients (SERS spectra of all nine patients are shown in 
figure S2). Hence, it is not reasonable to sample-pool SERS spectra of 
various patients and look for a general marker standing for either central or 
peripheral parts. However, if we consider only samples obtained from a 
single patient, then the SERS spectra from both kinds of samples are mostly 
distinguishable at first sight. We thus developed the following discriminant 
analysis, which is easily applicable to each patient separately. 

For a given patient, the central part of a glioma is clearly given by C 
samples. Our aim is to distinguish peripheral tissue surrounding the 
glioma. Let us denote the i-th SERS spectrum by xi =

(
xi

1,⋯, xi
311

)
, 

where xi
j means Raman intensity at j-th Raman shift. We can describe the 

typical behavior of SERS spectra from the central part by the mean SERS 
spectrum mC = (m1,⋯,m311) of C samples from the patient, and by the 
vector sC = (s1,⋯, s311) of standard deviations of SERS spectra from C 

samples in each measured Raman shift (we smoothed sC with a moving 
average MA(3) for removing possible zeroes and reducing noise). From 
sC, it can be seen the Raman shifts, in which the SERS spectra of the 
central part differ from each other, and where they have similar 
behavior. Then, for each SERS spectrum xi, the coefficients of stan-
dardized differences from mC in each measured Raman shift are given as 

a vector ki =
(

ki
1,⋯, ki

311

)
, where ki

j =

⃒
⃒xi

j − mj

⃒
⃒

sj
, j = 1, ..., 311. The 

behavior of these differences in the case of selected four patients are 
shown in Fig. 4A (the behavior of differences of all nine patients are 
shown in figure S3). In theory, it is possible that some k values at 
wavenumbers near 0 Raman intensities are very large for either P or C 
samples (this occurs in our data only in several C samples). Therefore, 
we set ki

j = 0, if both xi
j < 0.1 and mj < 0.1, to ensure that in the 

following procedure, the meaningful values of k come from character-
istic Raman peaks only. In Fig. 4B, we show two box plots of maximal 

coefficients ki
max = maxj=1,⋯,311

{
ki

j

}
from all C samples and from all P 

samples over all patients, as shown in the Table 1. In figure S4, it is 
shown the histogram of wavenumbers in which the kmax values for C and 
P samples are located. 

It can be easily seen from Fig. 4B that the maximal coefficients ki
max 

are in case of P samples mostly considerably greater than in case of C 
samples. Hence, we can distinguish P samples from C samples by the 
following simple rule: For some threshold T > 0, if ki

max < T, then the 
i-th SERS spectrum represents a C sample, otherwise, the tissue is clas-
sified as a P sample. The threshold T stands as the trade-off between 
precision Pr = trueP

(trueP+falseP) and recall Re = trueP
(trueP+falseC). The dependence of 

these characteristics on the value of T is shown in Fig. 5A-B. The overall 
performance of the classification can be expressed by F1 score given as a 
harmonic mean of Pr and Re, i.e., F1 = 2PrRe

Pr+Re. In Fig. 5C, we can see that 
the best performance is obtained for T between 4.3 and 4.6. To validate 
this technique, we applied a cross-validation in which we gradually 
excluded all patients one by one from data set and set the T in such a way 

Fig. 3. Processed SERS spectra of the brain tissues of selected four patients. Green spectra – samples from the periphery of a glioma. Red spectra – samples from the 
central part of a glioma. Blue spectrum – mean of spectra from the central part of a glioma. 
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that F1 score for remaining eight patients is maximized. The range of T 
varies between 4.2 and 4.8, thus, the midpoint T = 4.5 is considered 
further. For this threshold, only one P sample would have its ki

max < T, 
and all C samples would be classified correctly (see table 1). The one 
SERS spectrum from P sample that is classified as C sample has very 
similar behavior as the spectra from C samples of patient 8. It can be 
caused by the fact that in this sample, the tumor tissue is present also in 
the peripheral tissue region. 

Interestingly, one of the variations seen in the measured Raman 
spectra (see Fig. 4A, or S4, respectively) is the presence of the spectral 
band at 1040 cm− 1, which could be interpreted as a presence of gluta-
thione, which is often associated with the altered metabolism in 

cancerous cells. [31]. 

4. Conclusions 

We showed that Au@ZrO2 nanocomposite can amplify Raman signal 
using SERS on the example of model compound, Rhodamine 6G. The 
developed method allowed detecting this molecule at the concentration 
1x10-7 mol/L. Next, the prepared nanocomposite was used in the anal-
ysis of central and peripheral samples of gliomas and compared to data 
obtained using silver nanospheres applied in the same experimental 
arrangement. In total, 178 averaged spectra were obtained and pro-
cessed. The developed method, based on computational processing, 
suggests a possibility to discriminate between the central part of gliomas 
and the peripheral tissue surrounding the tumor. The discrimination is 
based on the kmax factor with a threshold set to a value of 4.5 which 
maximizes F1 score. In total, 91 out of 91 SERS spectra originated from 
the central part of the tumor meet this criterium. Importantly, also 86 
out of 87 SERS spectra obtained at the peripheral part are classified 
correctly, which suggests that 1 spectrum has a high similarity to spectra 
obtained from the central part. This assignment could be potentially 
caused by the presence of a higher number of tumor cells in this sample. 

Supplementary materials: 
The following supplementary information can be downloaded: 

Method for the synthesis of silver nanospheres, figure S1: A: micrograph 
of the ag nanospheres, B: SERS spectra of the peripheral tissue obtained 

Fig. 4. A) Behavior of standardized differences ki of selected four patients. Green lines – samples from periphery of glioma. Red lines – samples from central part of 
glioma. B) Box plots of maxima of coefficients k from samples (C = samples from central parts of gliomas, P = samples from peripheries of gliomas). 

Table 1 
Performance of the proposed discriminant technique.  

Patient ki
max < 4.5/C ki

max ≥ 4.5/P ki
max < 4.5/P 

1 10/10 10/10 0/10 
2 5/5 5/5 0/5 
3 11/11 10/10 0/10 
4 11/11 11/11 0/11 
5 12/12 10/10 0/10 
6 12/12 11/11 0/11 
7 10/10 10/10 0/10 
8 10/10 9/10 1/10 
9 10/10 10/10 0/10 
Overall 91/91 86/87 1/87  

Fig. 5. A) Dependence of Precision on the threshold T. B) Dependence of Recall on the threshold T. C) Dependence of F1 on the threshold T.  
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by the analysis using Ag nanospheres and Au@ZrO2 nanocomposite., 
figure S2: Processed SERS spectra of the brain tissues of all nine patients. 
Green spectra – samples from the periphery of a glioma. Red spectra – 
samples from the central part of a glioma. Blue spectrum – mean of 
spectra from the central part of a glioma, and Fig S3: Behavior of stan-
dardized differences ki of all nine patients. Green lines – samples from 
periphery of glioma. Red lines – samples from central part of glioma. Fig 
S4: Histogram of location of coefficients kmax. Green bars – samples from 
periphery of glioma. Red bars – samples from the central part of glioma. 
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