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Combining deep machine learning with silver nanoparticle (Ag NP)-based surface-enhanced Raman 

spectroscopy (SERS), we have developed a novel method for whole blood analysis for cancer detection ap-
plications. The whole blood was collected from two groups: one group of patients (n = 26) with lung cancer 
and another group of healthy volunteers (n = 45). The logistic regression (LR), k-nearest neighbor (KNN), 
decision tree (DT), and random forest (RF) algorithms were employed to develop a diagnostic model using 
the same spectral data. The results show that the diagnostic accuracy of LR, KNN, DT, and RF models was 
87, 66, 77, and 83%, respectively. LR is superior to other algorithms in the SERS spectra classification of 
whole blood. We therefore believe that this proposed strategy will have great clinical potential for SERS 
technology combined with LR and act as a complementary method for the detection of lung cancer. 
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На основе объединения глубокого машинного обучения с поверхностно-усиленной  
КР-спектроскопией (SERS) наночастиц серебра (NP Ag) разработан новый метод анализа цельной 
крови для обнаружения рака. Цельная кровь собрана у двух групп — больных (n = 26) раком легкого и 
здоровых добровольцев (n = 45). Для разработки диагностической модели с использованием одних и 
тех же спектральных данных применены алгоритмы логистической регрессии (LR), k-ближайшего 
соседа (KNN), дерева решений (DT) и случайного леса (RF). Диагностическая точность моделей LR, 
KNN, DT и RF составила 87, 66, 77 и 83 % соответственно. Логистическая регрессия превосходит 
другие алгоритмы в классификации спектров SERS цельной крови. Предложенная стратегия имеет 
высокий клинический потенциал для технологии SERS в сочетании с логистической регрессией и дей-
ствует как дополнительный метод для обнаружения рака легких. 

Ключевые слова: поверхностно-усиленное комбинационное рассеяние, цельная кровь, рак легко-
го, диагностическая модель. 
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Introduction. Lung cancer poses a serious threat to human health with high morbidity and mortality [1]. 
Although the incidence of lung cancer has gradually decreased, the 5-year survival rate of patients is approx-
imately 13–15% [2]. Besides, imaging and histopathologic characteristics are considered to be the gold 
standard for diagnosing lung cancer, but these methods are likely to lead to the risk of false-positive and un-
necessary treatments or diagnostic interventions for patients [3]. Therefore, there is an urgent need to seek 
more convenient diagnostic methods to carry out early diagnosis and treatment of lung cancer. Effective 
non-invasive early screening is a promising strategy for reducing lung cancer mortality. 

Liquid biopsy has a great potential as a viable alternative diagnostic approach for cancer because of its 
characteristics of easily accessible samples [4], non-invasive, high reproducibility, and being unaffected by 
tumor heterogeneity [5]. At present, liquid biopsy is traditionally focused on various body fluids [6], such as 
whole blood, plasma, urine, saliva, and so on, among which plasma and serum are the most widely used in 
applications [7]. Yet, clinically, the acquisition of plasma or serum samples entails the addition of anticoagu-
lants, centrifugation, and other complicated operations, destabilizing the structure and conformation of the 
measured biomolecules, which would severely affect the accuracy of the test, and even cause false-positive 
results in the end. As one of the body fluids, whole blood carries genetic and molecular information [8], in-
cluding DNA, RNA, proteins, and various enzymes and amino acids from its cells of origin [9]. It is estimat-
ed that whole blood consists of a few hundred components [10], but the precise composition and content are 
still unknown, especially some lipids, polypeptide growth factor, hormones, etc., which poses many difficul-
ties for current research efforts [11]. 

Raman scattering technology, a nondestructive and non-invasive molecular spectroscopy technology, 
has fingerprint characteristics, thus providing a large amount of information for molecular architectures of 
probe substance [12]. In effect, given this limitation of weak scattering of single and high background fluo-
rescence [13], Raman spectroscopy is disadvantageous to practical applications. However, SERS can com-
pensate for the deficiencies of traditional Raman; therefore, SERS has become as a great potential technique 
for biological detection. The technique has the unique advantages of non-invasiveness, high sensitivity, good 
selectivity, fast analysis speed, and little water interference, making it highly promising for clinical examina-
tion [14]. Recently, developing cancer diagnostics based on SERS has been a topic of intensive research in 
the field of biomedical research. SERS has been applied successfully in the diagnostics and identification of 
various diseases such as breast cancer [15], cervical cancer [16], colon cancer [17], and stomach cancer [18] 
via detecting serum, saliva, urine, and other bodily fluids [19]. Lin et al. [20] presented PCA-LDA, a ma-
chine learning algorithm, combining it with SERS technology for the diagnostics of nasopharyngeal cancer 
at different tumor stages. E. Vargas-Obieta et al. [21] used SERS technology to analyze the serum of breast 
cancer patients and healthy people and PCA-LDA to develop a diagnostic model.  

At present, domestic and foreign scholars have already reached a mature stage in the application of the 
SERS technology in cancer, but further research is still required. On the one hand, given that the analysis of 
the types of cancer is not comprehensive enough, the SERS technology in whole blood has not yet been ap-
plied to some cancers with high morbidity and mortality, such as lung cancer. On the other hand, the applica-
tion of SERS technology in whole blood has rarely been combined with a variety of machine learning meth-
ods to make differential diagnostics and comparison of its spectrum, so as to obtain a more suitable model 
for whole blood SERS spectrum diagnostics. 

Not only is the whole blood SERS spectrum very sophisticated but the difference spectrum is often very 
small and difficult to identify too [22]. For this reason, machine learning methods, such as deep learning, can 
be employed to overcome the complexity and heterogeneity [23]. In particular, deep learning algorithms can 
classify large and complicated data based on patterns submerged inside. These algorithms have been used for 
a wide range of applications, such as medical images [24], audio data [25], tissue images, biological data and 
signals [23–26]. They have shown promising performance for analyzing spectroscopic signals, including 
Raman spectroscopy in complex samples, for example, biological samples [27]. SERS datasets are high-
dimensional with small samples and multiple indices. Therefore, logistic regression (LR), k-nearest neighbor 
(KNN), decision tree (DT), and random forest (RF) are suitable for such analysis. 

This article is intended to explore efficient approaches to the early diagnostics of lung cancer using the 
combination of SERS with machine learning approaches. SERS technology was employed to detect 26 lung 
cancer patients and 45 healthy volunteers. LR, KNN, DT, and RF were used to establish the diagnostic model. 
The performance of the four models was compared to get a more suitable model for whole-blood SERS 
spectrum diagnostics. 
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Experimental. Silver nanoparticles (Ag NPs) were fabricated by Nicolae Leopold’s deoxidation meth-
od [28]. In brief, 4.5 mL of 9.99×10−2 M sodium hydroxide solution was mixed with 5 ml of 6.04×10−2 hy-
droxylamine hydrochloride solution. Subsequently, the mixture was poured into 90 ml of 1.11×10−3 M silver 
nitrate solution. The resulting mixture was stirred rapidly until the solution became homogeneous and turned 
milky gray (about 20 min). 

Whole blood was collected from 45 healthy volunteers and 26 patients with lung cancer who had a con-
firmed clinical and histopathological diagnosis, according to the research approved by the Fujian Provincial 
Hospital ethics board. All participants signed a written informed consent permitting the use of whole-blood 
samples in this study. Prior to the whole-blood collection, all participants had fasted overnight to avoid inter-
ference caused by food consumption. Whole-blood samples of 3 ml were obtained from the subjects, stored 
at room temperature, and tested within 3 h. 

The SERS spectra were recorded with a confocal Raman spectrometer (Renishaw in Via, UK) with  
a 785-nm laser excitation operating at 10% power, within the range 400–1800 cm−1 with a resolution  
of 2 cm−1. Each Raman spectrum was captured by a ×20 lens with an integration time of 10 s. The above-
prepared Ag NPs were centrifuged for 10 min at 10,000 rpm at room temperature (RT), and the supernatant 
was discarded, leaving concentrated Ag NPs. Immediately after, the concentrated Ag NPs were transferred 
to new EP tubes to be mixed thoroughly with an equal volume of whole blood at RT for 5 min. Last, SERS 
spectra were recorded by applying 2 μL of the solution mixture onto an aluminum sheet. Each sample was 
measured three times. 

Data analysis. LR [29] is a classic algorithm, which can treat one-dimensional classification and multi-
variate classification to depict the relationship between the independent variable X and the dependent varia-
ble Y. The dependent variable is the result that we hope to obtain, and the independent variable is the poten-
tial factor that affects the result. 

KNN [30] is one of the simplest machine learning algorithms. The classification of new sample points is 
predicted by identifying data points that are divided into several classes. DT [31] is an effective decision-
making method. A set of hierarchical rules is inferred from a group of cases without order and rules, and the 
probability distribution of all possible outcomes is expressed in a tree diagram to generate a DT, so as to 
achieve the purpose of accurate prediction or correct classification of the research object. 

RF [32] is a classifier containing multiple decision trees. The RF algorithm builds a DT on  
a random subset. The classification results of all trees are collected for classification, which can effectively 
prevent the deviation of a single tree and over-fitting caused by a tree depth that is too high. 

The diagnostic model of lung cancer was established based on LR, KNN, DT, and RF machine learning 
utilizing whole-blood spectral data. Briefly, by randomly splitting the data into a training set and a test set, 
we train the KNN, LR, DT, and RF classifier using the training set. After completing the training, the trained 
classifiers were tested using the test set. Then, the confusion matrix, containing the information of the actual 
category of the sample and the predicted category of the sample, was created by comparing the predicted re-
sults of the classifier with the real labels of the test set. Finally, we further calculated the sensitivity and 
specificity of the model through the confusion matrix. 

Results and discussion. Figure 1 shows the schematic workflow of using the SERS technology com-
bined with machine learning algorithms to analyze whole blood. The Ag NPs were successfully fabricated 
and concentrated as a SERS enhanced substrate. Then, after mixing the concentrated Ag NPs and whole 
blood, the resultant mixture was dropped on the Al sheet for drying. Then, the SERS technology was em-
ployed to analyze it. To finish off, LR, KNN, DT, and RF were used to establish the diagnostics model. As 
shown in Fig. 2, Ag NPs exhibited an absorption maximum at 424 nm. The inset picture shows a transmis-
sion electron microscopy (TEM) photograph of the prepared Ag NPs. 

To assess the enhancement effect of Ag NPs on the whole-blood Raman scattering, we measured the 
regular Raman spectra and surface-enhanced Raman spectra of whole-blood samples from the lung cancer 
patient. Figure 3a displays the SERS spectrum of the whole blood sample with Ag NPs at a ratio of 1∶1 and 
the regular Raman spectrum of the blood sample from the same patient without Ag NPs. By comparing curves 
1 and 2, it can be clearly seen that no characteristic Raman peaks were visible for the regular Raman spectra 
of the whole blood sample whereas Raman bands were enhanced significantly by adding Ag NPs to the sur-
face of the sample. The reason why there was a dramatic increase in many dominant vibration bands is that 
the biochemical substances of the whole-blood sample were absorbed closely on the surface of silver particles. 
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Fig. 1. Schematic diagrams of the detection procedure. 
 

Fig. 2. UV/Visible absorption spectrum of the Ag NPs. Inset: TEM micrograph of Ag NPs. 
 

Fig. 3. (a) SERS spectrum of the whole-blood sample from a lung cancer patient by mixing the whole blood 
with Ag NPs at a ratio of 1∶1 (1), the regular Raman spectrum of serum sample from the same patient with-
out Ag NPs (2); (b) normalized mean SERS spectrum for the lung cancer whole-blood samples: n = 26 (1) 

and the normal whole blood samples n = 45 (2), and their difference spectrum (3). 
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For a better comparison of the spectral shape differences between the two groups, the 5th order poly-
nomial fitting with Vancouver software was performed to remove the fluorescence background of the origi-
nal SERS data yielding the whole-blood SERS spectrum alone. Next, the spectral range 400–1800 cm−1 was 
normalized for batch processing by LabVIEW software to avoid the interference caused by minor differ-
ences in experimental conditions such as laser power fluctuation or aggregation difference, etc. Figure 3b 
displays the mean spectrum and difference spectrum of the whole blood of 45 healthy people and 26 lung 
cancer patients. As can be seen from the normalized spectrum in Fig. 3b, the patients and healthy people 
share most of the same Raman vibration peaks, such as 477, 645, 681, 720, 906, 968, 1016, 1126, 1210, 
1335, 1437, 1579, and 1628 cm−1. Among them, the three relatively strong characteristic peaks are 477, 
1210, and 1437 cm−1. Although the peak locations do not differ greatly, the differences in peak intensity ex-
ist, which is also a rationale for subsequent classification. As a result, we assigned the characteristic peak in 
the whole-blood spectrum as reported in Table 1 [33]. By comparing the average SERS spectra of the two 
kinds of whole-blood samples, it can be found that the corresponding Raman signals at 647, 681, and 720 
cm−1 of lung cancer patients were significantly stronger than those of healthy people. Of these, the Raman 
characteristic peaks located at 647 and 720 cm−1 in the whole-blood SERS spectra of lung cancer can be as-
signed to the C-C twisting mode of phenylalanine (proteins) and DNA respectively. Compared with the two 
characters Aistic peaks in healthy controls, the relative intensities of the peaks are dramatically stronger in 
the whole-blood spectrum of lung cancer patients. It is illustrated that the content of phenylalanine and free DNA  

 

 
Fig. 4. Comparison of diagnostic performance of the four models based on healthy volunteers  

and lung cancer patients. 
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in the whole blood of patients is higher. However, the intensities of the peak at 1210 and 1434 cm−1 of the 
whole-blood SERS spectra of healthy people were stronger than those of the lung cancer whole blood. The 
Raman characteristic peaks located at 1210 and 1434 cm−1 in the whole-blood SERS spectrum of lung can-
cer can be ascribed to tyrosine and lipid. Knowing that tyrosine plays an important role in human metabo-
lism, we presumed that the tyrosine levels of patients may be associated with the high consumption in pa-
tients' vigorous metabolism. Also, the lipid content in the whole blood of lung cancer patients was signifi-
cantly reduced compared with that of healthy people, indicating that lipid metabolism is enhanced in re-
sponse to lung injury when lung cancer occurs. The difference in the relative intensity of the spectrum peak 
means that SERS technology on whole blood has great potential in the diagnostics of lung cancer. 

Four algorithms were used to build a diagnostic model of lung cancer, and their diagnostic performance 
was compared. We computed that the sensitivity and specificity of the LR model were 86 and 92% respec-
tively, and for the KNN model they were 33 and 73%. The DT model exhibited 66% sensitivity and 81% 
specificity, whereas the RF model showed 83 and 72%. In addition to sensitivity and specificity as perfor-
mance metrics, the ROC curves that can accurately reflect the relationship between the sensitivity and speci-
ficity were plotted and the area under the receiver-operator characteristic curve (AUC) values that can meas-
ure the performance of machine learning algorithms for binary classification problems were calculated. The 
AUC of LR, KNN, DT, and RF models was 0.93, 0.79, 0.63, and 0.81, respectively. 

However, the vast majority of machine learning algorithms are random algorithms, which can potential-
ly lead to different results. Therefore, 10-fold cross-validation was used to calculate the objective and stable 
accuracy of each classifier. It was employed to access the performance, in order to minimize the impact of 
abnormal circumstances, for example, the imbalance between the proportion of the two types of samples in 
the training set and the test set and a slight decline in the classifier performance index for many outliers in 
the test set. Here, we randomly divided data sets into ten equal parts, each of which was used as the test set 
in turn, and the remaining nine data sets as the training set, so that ten classifiers can be obtained. The accu-
racy of the model can be obtained by averaging the accuracy of the ten classifiers, which can greatly reduce 
the abnormal influence brought about by the random algorithm. In this way, the accuracy rate of the LR, 
KNN, DT, and RF models was 87, 66, 77 and 83%, respectively. 

To sum up, the diagnostic performance of each diagnostic model for lung cancer was compared through 
sensitivity, specificity, accuracy, and area under the ROC curve (AUC). As can be seen from the bar chart in 
Fig. 4, the sensitivity, specificity, and accuracy of the LR model are much higher than those of the KNN, 
DT, and RF models. Meanwhile, the AUC of the LR model has the highest value (Fig. 5). Our results indi-
cate that the LR model has good performance. 

 

 
Fig. 5. ROC curves  for four models  of healthy  volunteers  and lung  cancer patients: 
LR ROC (area = 0.93) (1), KNN ROC (area = 0.79) (2), DTC ROC (area = 0.69) (3),  

and RFC ROC (area = 0.81) (4). 
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Conclusions. For the application requirements of rapid and accurate diagnostics of lung cancer, this ar-
ticle carried out research into differential diagnostics of lung cancer based on whole-blood samples combin-
ing SERS technology and machine learning algorithms. The spectral data of a band measuring 400–1800 cm−1 
wide were extracted to obtain the characteristic peaks of vibration and rotation of macromolecules in whole 
blood, preliminarily constructing the SERS spectrum database of serum samples. One can analyze the char-
acteristics of the SERS spectra of normal individuals and lung cancer patients to obtain the specific changes 
in nucleic acids, phenylalanine, and lipids in whole blood. We need an advanced algorithm to develop and 
build a robust diagnostic system based on the SERS spectrum of whole-blood samples. In this work, LR, 
KNN, DT, and RF are used to build a diagnostic model. After comparing the performance of the four mod-
els, we conclude that the LR model has the best performance of sensitivity and specificity. Developing a 
model by the LR algorithm based on whole-blood SERS may have great application potential in the diagnos-
tics and screening of lung cancer. 
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