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Abstract 

 

Although tissue staining followed by morphologic identification remains the gold standard for 

diagnosis of most cancers, such determinations relying solely on morphology are often hampered 

by inter- and intra-observer variability. Vibrational spectroscopic techniques, in contrast, offer 

objective markers for diagnoses and can afford disease detection prior to alterations in cellular 

and extracellular architecture by furnishing a rapid “omics”-like view of the biochemical status 

of the probed specimen. Here, we report a classification approach to concomitantly detect 

microcalcification status and local pathological state in breast tissue, featuring a combination of 

vibrational spectroscopy that focuses on the tumor and its microenvironment, and multivariate 

data analysis of spectral markers reflecting molecular expression. We employ the unprecedented 

sensitivity and exquisite molecular specificity offered by Au@SiO2 shell-isolated nanoparticle-

enhanced Raman spectroscopy (SHINERS) to probe the presence of calcified deposits and 

distinguish between normal breast tissues, fibroadenoma, atypical ductal hyperplasia, ductal 

carcinoma in situ (DCIS), and invasive ductal carcinoma (IDC). By correlating the spectra with 

the corresponding histologic assessment, we developed partial least squares-discriminant 

analysis derived decision algorithm that provides excellent diagnostic power in the fresh frozen 

sections (overall accuracy of 99.4% and 93.6% using SHINs for breast lesions with and without 

microcalcifications, respectively). The performance of this decision algorithm is competitive 

with or supersedes that of analogous algorithms employing spontaneous Raman spectroscopy 

while enabling facile detection due to the considerably higher intensity of SHINERS. Our results 

pave the way for rapid tissue spectral pathology measurements using SHINERS that can offer a 

novel stain-free route to accurate and economical diagnoses without human interpretation.  
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Introduction 

Examination of stained histology slides and the corresponding recognition of morphologic 

features remains the gold standard for definitive diagnosis and staging of most cancerous lesions. 

The decision-making relies extensively on a pathologist’s recognition of cell types and their 

morphologic patterns within the stained tissues. Although early detection and useful patient 

stratification impact the likelihood of cancer-free survival, manual morphological determinations 

involve considerable diagnostic uncertainty
1, 2

 and do not elucidate the essential biochemical 

pathyways that lead to the specific pathology. Moreover, such examination is time-consuming 

and expensive. While immunohistochemical approaches offer limited molecular detection, 

significant hurdles still remain in employing them for quantitative, automated pathology.
3
  

In this milieu, considerable attention has been focused on the incorporation of vibrational 

spectroscopic methods, as they directly offer non-perturbing molecular descriptors. Raman 

spectroscopy, for example, provides objective spectral markers for diagnosis of disease and may 

permit disease detection prior to morphologic manifestation.
4
 Studies by us and others

5-14
 have 

sought to exploit this method - due to its wealth of molecular information
15, 16

 and lack of sample 

preparation requirements - in differentiating breast pathology and detecting the presence of 

microcalcifications, an important mammographic marker of breast lesions. While spontaneous 

Raman spectroscopy affords sub-cellular signal localization and provides an ideal in vivo 

characterization tool, its inherently weak signals have impeded its application for extensive 

tissue analysis.  

Surface-enhanced Raman scattering (SERS), which was first observed in the 1970s on 

electrochemically roughened silver electrodes,
17, 18

 has alleviated this drawback with reported 

biomolecular detection limits beyond immunoassay sensitivities.
19

 As a consequence, SERS has 

attracted considerable interest as an ultrasensitive and highly specific tool for non-destructive 

and real-time diagnosis of diseases.
15, 20-28 

However, two problems still hinder the translation of 

SERS for biomedical applications, namely unsatisfactory substrate generality and poor 

measurement reproducibility.
29, 30

 To overcome these drawbacks, shell-isolated nanoparticle-

enhanced Raman spectroscopy (SHINERS), featuring nanoparticles with Au core coated by an 

ultrathin shell (thickness from 2-20 nm) of silica or alumina, was proposed by Tian and co-
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workers at Xiamen University.
31

 While the gold core of the Au@SiO2 shell-isolated 

nanoparticles (SHINs) allows obvious SERS enhancement, the shell is used to protect the gold 

core from degradation of the minutely fabricated nanostructures as well as preclude the 

interaction of the bare gold nanoparticles with the probed adsorbates. By virtue of these 

advantages, SHINERS has been gainfully employed in investigations of live cells
32

 and, recently 

by us, in carcinoma studies using a ratiometric approach.
33

 

Using breast cancer as the paradigm, we report here an approach to concomitantly diagnose 

microcalcification status and local pathological state featuring SHINERS and multivariate data 

analysis of spectral markers reflecting molecular expression. In this article, we seek to exploit the 

heightened sensitivity and intrinsic specificity offered by the Au@SiO2 shell-isolated 

nanoparticles in elucidating the biochemical content of fresh frozen specimen and, thus, in 

differentiating between normal breast tissue, fibroadenoma, atypical ductal hyperplasia, ductal 

carcinoma in situ, and invasive ductal carcinoma. By correlating the spectra with the histologic 

evaluation, our partial least squares - discriminant analysis derived decision algorithms show 

excellent diagnostic power (overall accuracy of 99.4% and 93.6% using SHINs for breast lesions 

with and without microcalcifications, respectively). The performance of this decision algorithm 

is competitive with or supersedes that of analogous algorithms developed using spontaneous 

Raman spectra while offering facile detection owing to the considerably higher intensity of 

SHINERS spectra. Notably, to the best of our knowledge, this is the first SHINERS effort that 

comprehensively assays microcalcifications and tissues of all key pathophysiological conditions. 

Taken together with the substantially higher spectral intensities for the SHINERS data in relation 

to that for the spontaneous Raman spectra, our findings open the door for clinical translation of 

SHINERS as a label-free route to accurate pathological diagnoses without human interpretation.  
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Materials and Methods 

Human subjects and tissue preparation  

Fresh breast tissue was collected from 72 patients who underwent surgical resection or vacuum 

assisted (Mammotome) biopsy at the Department of Breast Surgery, the First Hospital of Jilin 

University. Consent to participate in this study was obtained from every patient and the project 

and methodology were approved by the Ethics Committee of Jilin University. After operating, 

the samples were immediately frozen at -20 to -25℃  and two contiguous sections (6 µm 

thickness) were cut from each specimen using a freezing microtome (LEICA-CM3050S, 

Germany) in the Pathology Department, the First Hospital of Jilin University. For each tissue, 

one of the two adjacent sections was stained with haematoxylin and eosin (H&E) for routine 

histopathological analysis by three experienced breast pathologists. The other section was used 

for acquiring spectra from the diseased regions (identified by H&E staining of the other section) 

by preserving it in liquid nitrogen. Prior to analysis, the frozen section was thawed at 22℃ for 10 

minutes and multiple spectra were collected from each tissue. 

Instrumentation and data acquisition  

A confocal Raman system (LabRAM ARAMIS, Horiba Jobin Yvon, Edison, NJ, USA) with a 

~0.7µm spatial resolution, and a 5 mW, 633nm HeNe laser as excitation source was used for the 

collection of Raman spectra. The detection of Raman signal was carried out with a Synapse 

Thermoelectric cooled charge-coupled device (CCD) camera (Horiba Jobin Yvon, Edison, NJ, 

USA). Raman scattered light was collected with a 50x microscope objective lens (0.50 NA, 

LMPLFLN, Olympus, Japan) that was also used for focusing the excitation laser light. The laser 

beam focused on the tissue formed a spot of 1.5 µm diameter. A 4-notch filter (Horiba Jobin 

Yvon, Edison, NJ, USA) was used to block strong Rayleigh-scattered light. Extended scan 

spectra with a spectral range of 600-1800 cm
−1

 were acquired using an integration time of 60s 

and 3 accumulations. The Raman shift axis was calibrated using characteristic vibration bands 

recorded from silicon wafer. These settings were kept constant for all the spectral measurements 

to enable direct comparison of spectral sensitivity and specificity, especially between 

spontaneous Raman and SHINERS datasets. 
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Locations of lesions and other possible features of interest were determined from the H&E 

sections and the corresponding sites on its frozen contiguous sections were probed using the 

Raman system. About fifteen to twenty spectra were collected from different locations for each 

sample to ensure representative sampling and incorporate spot-to-spot variability in the recorded 

signals. After obtaining spontaneous Raman spectra, SHINs were added to the surface of frozen 

sections and the respective SERS spectra were recorded from the same spots. SHINs having an 

average Au core diameter of 55nm and covered by 2nm silica shells were acquired from 

Professor Tian’s group for use in this study. On each tissue section 10 µL of 100 nM 

concentrated SHINs solution was added uniformly prior to collecting the spectra. Fig. 1 shows a 

representative TEM image of the SHINs used for our study. 

Spectral data analysis 

The spectra were subjected to baseline correction by fitting and subtracting a third-order 

polynomial by NGSLabSpec software (Horiba Jobin Yvon, Edison, NJ, USA) and were 

subsequently smoothed using a 15-point averaging algorithm. These corrected spectra were used 

to determine the peaks characteristic of the class the spectra belong to while the intensity-

normalized spectra were used in the remaining data analysis. The latter were subjected to 

principal component analysis (PCA), a widely used data exploration method, to capture the 

(subtle) spectral variances in a set of abstract orthogonal axes. For every spectrum belonging to a 

different pathological class, PC scores were plotted using Radviz and VizRank, radial 

visualization modules in Orange data mining software.
34

 The nonlinear multidimensional radial 

visualization algorithm, RadViz, maps n data dimensions (PCs) onto two dimensional circular 

space while VizRank, offers a heuristic search technique to guide the ordering of variables and 

evaluating the resulting radial projections by their ability to discriminate between classes. These 

radial visualization plots illustrate the clustering of spectra belonging to same class (assigned 

based on pathological assessment) and how well the classes are separated based on the PC 

scores. In this study, we used only the single best-ranked projection for clustering displays. 

Finally, the spectra belonging to various pathologies were subjected to partial least squares-

discriminant analysis (PLS-DA)
35

 to quantify the diagnostic power of the recorded spectra. A 

PLS-DA derived decision model was built based on training data and the diagnostic power was 

independently tested by invoking an independent set of test spectra. In particular, 60% of the 
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spectra belonging to each class were randomly selected to train the model and the remaining 

40% were tested using the model developed to check the classification capability of PLS-DA in 

identifying the pathology of the tissue. 1000 iterations were performed keeping the same mixture 

of training: test data to obtain a more robust evaluation of the classification performance.  

Results  

The Raman spectral dataset obtained was classified as belonging to one of the following classes 

based on the consensus histological assessment. 17, 9, 11 and 20 tissue sections were diagnosed 

as fibroadenoma (FD), atypical ductal hyperplasia (ADH), ductal carcinoma in situ (DCIS) and 

invasive ductal carcinoma (IDC), respectively. Additionally, 15 normal breast tissue (NB) 

sections were investigated for comparison with benign, premalignant and malignant pathologies. 

Among the diseased tissue sections, some exhibited the presence of type II microcalcifications (3 

FD, 3 ADH, 5 DCIS and 4 IDC tissue sections) and were studied separately as they form an 

important class of pathological indicators in breast cancer diagnosis. 

Spontaneous Raman spectroscopy and SHINERS of tissues without microcalcifications  

Fig. 2 shows the mean spontaneous Raman and SHINERS spectra of breast tissues without 

calcifications belonging to the different classes, i.e. NB, FD, ADH, DCIS and IDC (spectra are 

displayed vertically offset for visual clarity). It can clearly be seen that the Raman features were 

significantly enhanced by using SHINs enabling us to readily characterize the differences in 

spectral profiles of NB, FD, ADH, DCIS, and IDC tissue sections. The characteristic band 

assignments of the breast tissue, performed in our recent publication,
33

 indicate the presence of a 

similar set of chemical compounds, namely lipids, proteins, nucleic acids and β-carotenes. The 

main spectral features of normal breast tissue include peaks around 1300, 1442, and 1745 cm
-1

 

that can be expectedly attributed to lipids
36, 37

 (with the corresponding lack of prominent protein 

or nucleic acid peaks). Fibroadenoma shows similar characteristics as normal breast tissue except 

for the Raman band at 665 cm
-1

 that is characteristic of the C-S stretching mode of cystine.
36, 37

 

In comparison to normal breast tissue, ADH, DCIS and IDC tissues show stronger peaks located 

at 1004, 1033, 1610 and 1658 cm
-1

 from vibrational modes of proteins and at 970, 1090 and 

1157cm
-1

 from DNA. These are indicative of higher concentration of proteins and nucleic acids 

in the diseased state. Closer inspection reveals that the concentrations of proteins and nucleic 

acids increase gradually while lipid content reduces in the pathological transition from ADH to 
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IDC. Additionally, DCIS and IDC tissues feature the blue shifted and broad peak of CH2, which 

suggests fracture of acyl backbone of lipids and proteins.
38

 Also, the sensitive Raman features at 

1090 cm
-1

, characteristic of the phosphate stretching vibration in DNA, shows a perceptible shift 

to 1086 cm
-1

 for DCIS and IDC hinting at the possible rupture of DNA strands with the further 

progression of cancer. A comprehensive list of the spectral features, and the associated peak 

shifts, corresponding to the different pathological classes is provided in our previous report.
33

 

Our next aim was to correlate the spectroscopic measurements in both cases with the histological 

evaluation. Fig. 3 shows a representative set of spontaneous Raman and SHINERS spectra 

recorded from ADH and IDC tissue sections, respectively, with the latter showing the presence 

of microcalcifications. Panel (D) of the figure exhibits the corresponding H&E stained section as 

well as the frozen contiguous sections without the addition of SHINs (Panel (B), from which the 

spontaneous Raman data was recorded) and post the addition of SHINs (Panel (C), from which 

the SHINERS data was recorded). Based on the PCA decomposition, the most significant PC 

scores were then employed to create a radial visualization map to evaluate the clustering of 

spectra belonging to the same pathological class-or the lack thereof. Fig. 4 displays the cluster 

maps for the four types of breast lesions (FD, ADH, DCIS, IDC) using five PC scores for 

spontaneous Raman (A) and SHINERS spectra (B), respectively. (The corresponding PC 

loadings are given in Fig. S1 of Supplementary Information.) From the figure, we observe that 

the sites belonging to a particular class show a tendency to cluster together, although there is 

considerable overlap between few of the classes particularly for (A) (spontaneous Raman 

spectra-based PC scores map). The Raman spectra-derived overlap is consistent with our 

previous report,
12

 where significant segmentation between the pathologies was not observed 

visually-despite the absence of ADH from that dataset. This overlap is significantly reduced in 

Fig. 4(B), which yields reasonably satisfactory (though not perfect) class boundaries. We 

attribute this qualitative enhancement in spectra-based class separation to the enhancement of the 

subtle vibrational mode-specific spectral features by SHINs. 

Quantitative assessment of the diagnostic capability can be obtained from the results of PLS-DA-

derived decision algorithm summarized in Table 1. Using independent training and test sets, we 

computed the overall accuracy of the PLS-DA derived decision algorithms in classifying NB, FD, 

ADH, DCIS and IDC to be 72.8%, 91.0%, 97.2%, 87.4% and 96.9%, respectively using 
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spontaneous Raman spectroscopy. The analogous PLS-DA derived decision models for the 

SHINERS data yielded mean classification accuracy of 82.0%, 92.3%, 97.5%, 92.7% and 91.8%, 

respectively. Despite the extremely challenging cohort studied here (as reflected by the presence 

of ADH, DCIS and IDC sites), Raman spectroscopy (both spontaneous and enhanced) offer 

significant spectral markers of the (downstream) molecular determinants in the epithelial and 

stromal tissue components. Specifically, when used in conjunction with chemometric methods, 

these spectral profiles enable objective disease detection with high diagnostic accuracy. The 

overall classification performance rose for all categories from spontaneous Raman to SHINERS, 

barring IDC, with significant improvements for normal breast tissue and DCIS segmentation. 

The inferior performance of DCIS classification using spontaneous Raman spectra is reflective 

of the large spread observed in Fig. 4(A), while the reduced classification accuracy of IDC for 

SHINERS can also be predicted based on the dispersion of the IDC sites in Fig. 4(B).  

Spontaneous Raman spectroscopy and SHINERS of tissues with type II microcalcifications 

Raman spectroscopy has been previously investigated in formalin-fixed, paraffin-embedded 

sections for detection of type I and II breast microcalcifications as well as for the classification of 

type II microcalcifications related to benign and malignant lesions.
39

 More recently, we have also 

developed Raman spectroscopy algorithms to detect microcalcifications in fresh breast needle 

biopsy tissue cores.
11

 Here, Fig. 5 shows the mean spectra of tissues showing presence of 

microcalcifications with and without SHINs measured from fresh frozen sections of FD, ADH, 

DCIS, and IDC tissue. The major peak at ca. 960 cm
-1

 is a well-known calcium hydroxyapatite 

peak and can be ascribed to the totally symmetric stretching mode of the “free” tetrahedral 

phosphate ion.
39-41

 The other noticeable peaks appear at 1002, 1072, 1156, 1446, and 1663 cm
-1

 

that are attributed to amino acid residue (phenylalanine),
42

 nucleic acids, lipids, carotenoids, and 

amide-I, respectively.
36, 37

 FD and ADH microcalcifications spectra exhibit a peak at 1072cm
-1

, 

which corresponds to the O-P-O stretch of nucleic acids, whereas in DCIS and IDC tissues the 

feature is observed to be red-shifted to 1078 cm
-1

. The spectra belonging to ADH show a 

stronger characteristic amide-I peak at 1657 cm
-1

 while DCIS tissue sites harbouring 

microcalcifications show the presence of relatively stronger peaks corresponding to amino acid 

residue (phenylalanine) at 1003, 1031 cm
-1

 and lipids (CH2 and CH3 bending) at 1301, 1441 cm
-1

. 
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Also, compared to the DCIS sites, the spectra recorded from IDC sites with microcalcifications 

show stronger nucleic acids peaks and weaker lipids peaks. 

Fig. 6 shows the corresponding radial visualization plot employing selected PC scores to depict 

maximum class separation of the four diseased classes. (The corresponding PC loadings are given in 

Fig. S1 of Supplementary Information.) Once again, it is evident that the addition of SHINs 

improves the separation between sites belonging to the same pathological class. A comparison of 

Fig. 4 and 6 reveals that the separation for both spontaneous Raman and SHINERS data is much 

improved for the tissue sites harboring microcalcifications. To quantitatively evaluate the 

diagnostic advantage provided by microcalcifications in classifying the diseased tissues, PLS-

DA was employed to develop decision models, as detailed earlier. The results obtained are 

summarized in Table 2. In this analysis restricted to sites harboring microcalcifications alone, 

classification accuracies of 99.0%, 98.1%, 96.9% and 100% were achieved for the classes FD, 

ADH, DCIS and IDC respectively, using spontaneous Raman spectroscopy. The PLS-DA 

derived decision models for SHINERS, on the other hand, yielded accuracies of 99.9%, 99.9%, 

97.5% and 98.2% for the same pathologies. Clearly, the multivariate analysis corroborates the 

visual findings that the accuracy of classification is higher for tissues harboring 

microcalcifications in comparison with those that show no microcalcifications. Detection of such 

biomineralization processes is of value not only in examining breast pathology but also in 

recognizing mineralized deposits in other organs, including the thyroid
43

 and middle ear.
44
 

Discussion 

The results of the present study demonstrate the ability of label-free Raman spectroscopy to 

differentiate closely related breast pathologies. Furthermore, the improvement of the 

classification results and the class separation in radial plots with the addition of SHINs 

underscores their diagnostic utility in tissue spectropathology. These two label-free approaches 

collectively offer a powerful tool to measure both localized cellular changes (especially in the 

case of SHINERS, since SERS presents a very surface selective method due to the decay of field 

enhancement with r
-3

)
45

 and the tissue microenvironment. While a critical role for the stromal 

environment is acknowledged in the onset and progression of cancer,
46

 existing diagnostic 

methods largely focus on the characterization of epithelial cells-a barrier that can be overcome 

by the employment of the employed photonic tools.  
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Significantly, the developed multivariate decision models were able to exploit the molecular 

structural differences - as indicated by spectral peak shifts, band shapes and relative intensity 

changes occurring across the Raman spectrum - to identify ADH, a benign lesion of the breast 

that indicates an increased risk of breast cancer. This differentiation has represented an 

outstanding challenge for most non-invasive photonic tools, due to its similarity to low-grade 

DCIS - cytologically, architecturally and on a molecular basis. In fact, early and accurate 

detection of ADH and DCIS prior to their progression into invasive disease represents a key goal 

in breast cancer diagnostics 
47

. We observed the spectral markers representative of vibrational 

modes of proteins and nucleic acids increase gradually while those of lipids reduce in the 

pathological progression from ADH to IDC. In addition, the CH2 and the C=O stretching mode 

of phospholipids showed a consistent 2-3 cm
-1

 blue shift in DCIS and IDC tissues, due to lipid 

peroxidation that occurs in the process of canceration.
38

 Based on these findings, this study 

provides a significant extension to the literature by accurately differentiating these closely related 

pathologies (especially ADH and DCIS) in fresh frozen tissues (rather than in deparaffinised 

sections that may introduce spectral artifacts.
48

 Perhaps surprisingly, the accuracy of 

classification for normal breast tissue using both spontaneous Raman spectroscopy and 

SHINERS was found to be lower than diseased tissues (ca. 73% and 82% respectively) in the 

recorded dataset. We attribute this to the probable presence of some uninvolved tissue sites in the 

diseased pathology categories that would then skew the classification model trained on spectra 

originating from such sites.  

We have also discovered the presence of subtle, but reproducible, differences in the chemical 

composition of tissue sites harbouring type II microcalcifications among the four kinds of 

studied lesions. It was observed that the peak of O-P-O stretch of nucleic acids at 1072cm
-1

 in the 

spectra of FD and ADH tissues shifted to 1078 cm
-1

 for DCIS and IDC tissues, as a result of the 

changed calcification compositions of different kinds of diseases. Moreover, the ADH sites 

exhibit a significant amide-I peak at 1657 cm
-1

; in contrast, the same peak loses its intensity in 

DCIS and IDC tissues owing to the process of canceration whereby the protein conformation is 

damaged to varying degrees.  

A further important goal of this work was to compare the diagnostic power of SHINERS based 

decision models to that derived from spontaneous Raman data. We find that, on average, the 
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performance of the SHINERS decision models supersedes that of its spontaneous Raman 

counterpart. This is also reflected in the clearer clustering of the SHINERS based PC scores 

corresponding to the different pathologies in the radial visualization plots. A slight decrease in 

the classification accuracy of IDC sites (with and without microcalcifications) is observed for 

SHINERS in relation to spontaneous Raman measurements. While the precise rationale for this 

is the subject of ongoing investigations in a larger patient cohort, a plausible explanation lies in 

the (sharper) differences in the nature of molecular changes that appear in IDC among different 

patients due to its higher degree of malignancy. Following the enhancement of spectral features 

by SHINERS, these inter-lesion differences are amplified resulting in worse performance of the 

multivariate classification models.  

Finally, the intensity ratios of the key lipid, protein and nucleic acid peaks underscore the 

improvement in signal sensitivity due to the incorporation of SHINs and indicate that a 

significant reduction in SHINERS acquisition time could still result in nearly equivalent spectral 

profiles as obtained in the spontaneous Raman measurements. This has substantive implications 

for Raman spectroscopic imaging, which would overcome the sampling limitations of single 

point recordings, and combine the molecular and spatial information content into a hyperspectral 

dataset. Unlike targeted SERS probes, where the SERS reporters transduce the presence of the 

biochemical analytes of interest into measureable signals, SHINERS allows the enhancement of 

the intrinsic vibrational modes of all the molecular species present in the probed specimen. This 

ensures the retention of the exquisite molecular specificity of spontaneous Raman spectroscopy 

thereby offering a unique combination of signal enhancement with facile readout and extensive 

multiplexing. 
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Fig. 1 Representative TEM image of Au@SiO2 shell-isolated nanoparticles (SHINs). 
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Fig. 2 Average SHINERS spectra (solid line) and spontaneous Raman spectra 

(dotted line) acquired from fresh frozen sections of normal breast tissue (NB) as 

well as those displaying the following breast lesions: fibroadenoma (FD), atypical 

ductal hyperplasia (ADH), ductal carcinoma in situ (DCIS), and invasive ductal 

carcinoma (IDC). 
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Fig. 3 Spectroscopy histopathology comparisons for tissue section exhibiting ADH 

(top) and IDC with microcalcifications (bottom). (A) Mean SHINERS (solid line) 

and spontaneous Raman (dotted line) spectra acquired from the lesions; (B) Images 

of the fresh frozen sections (without SHINs) that were employed in spontaneous 

Raman spectra acquisition. The locations of microcalcifications were highlighted 

by squares; (C) Images of the fresh frozen sections after addition of SHINs. The 

locations of microcalcifications were highlighted by squares; (D) Corresponding 

sections stained with H&E. The images represent an approximate area of 0.8x0.6 

mm
2
. 
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Fig. 4 Multi-dimensional radial visualization plots for principal component (PC) 

scores corresponding to the five most significant PCs. The specific PCs were 

selected using a heuristic search algorithm that enables maximal separation of the 

four diseased groups. (A) Spontaneous Raman spectra; (B) SHINERS spectra. The 

plots highlight the degree of clustering of sites belonging to a specific pathological 

class in the absence of microcalcifications for the two spectral datasets.  
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Fig. 5 Average SHINERS spectra (solid line) and spontaneous Raman spectra 

(dotted line) acquired from tissue sites displaying type II microcalcifications with 

the following breast pathologies: fibroadenoma (FD), atypical ductal hyperplasia 

(ADH), ductal carcinoma in situ (DCIS), and invasive ductal carcinoma (IDC). 
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Fig. 6 Radial visualization map using principal component (PC) scores that 

provide maximal separation between tissues sites belonging to different 

pathologies and harboring microcalcifications. (A) Spontaneous Raman spectra; (B) 

SHINERS spectra. 

 
 
  

(A) (B) 

Page 23 of 25 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

Table 1. Summary of classification accuracies for PLS-DA derived decision 

algorithms featuring spontaneous Raman and SHINERS spectra, respectively. 

Standard deviations are noted in the parentheses. In this analysis, spectra and 

identity labels corresponding to normal breast (NB), fibroadenoma (FD), acute 

ductal hyperplasia (ADH), ductal carcinoma in situ (DCIS) and invasive ductal 

carcinoma (IDC) were included.  

 
 Accuracy of spontaneous Raman 

spectroscopy  
Accuracy of SHINERS  

NB 72.8% (5.7%) 82.0% (5.1%) 

FD 91.0% (4.4%) 92.3% (2.5%) 

ADH 97.2% (1.7%) 97.5% (1.6%) 

DCIS 87.4% (6.0%) 92.7% (3.9%) 

IDC 96.9% (2.0%) 91.8% (4.0%) 
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Table 2. Summary of classification accuracies for PLS-DA derived decision 

algorithms featuring spontaneous Raman and SHINERS spectra, respectively. 

Standard deviations are noted in the parentheses. In this analysis, spectra and 

identity labels corresponding to tissue sites harboring microcalcifications and 

displaying the following pathologies were included: fibroadenoma (FD), acute 

ductal hyperplasia (ADH), ductal carcinoma in situ (DCIS) and invasive ductal 

carcinoma (IDC).  

 
 Accuracy of spontaneous Raman 

spectroscopy  
Accuracy of SHINERS 

FD 
99.0% (1.5%) 99.9% (0.2%) 

ADH 98.1% (6.3%) 99.9% (1.7%) 

DCIS 96.9% (2.6%) 97.5% (2.8%) 

IDC 100.0% (0%) 98.2% (1.8%) 
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