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Methods in the detection of microorganisms by Raman
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Abstract: Rapid and accurate identification and characterization of microorganisms is essential
for the research in environmental science, food quality, and medical diagnostics. Raman
spectroscopy has been shown to be a new technique that enables rapid microbial diagnosis,
providing microbial fingerprinting information while enabling rapid, non-labeled,
non-invasive, and sensitive detection of microorganisms at the single-cell level in both solid
and liquid environments. This paper briefly introduced the basic concepts and principles of
Raman spectroscopy and focused on a review of the sample handling methods and spectral data
processing methods in the application of Raman spectroscopy for microbial detection. Besides,
this paper outlined the application of Raman spectroscopy in bacteria, viruses, and fungi,
among which the application of Raman in rapid bacterial identification and antibiotic drug
sensitivity detection was outlined separately. Finally, this paper described the challenges and
prospects of Raman spectroscopy in microbial detection.
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Figure 1

Flow of Raman microbial detection. A: Microbial sample processing. Including filtration,

centrifugation, extraction, immunoassay, optical tweezers and microfluidic methods. B: Raman spectral
acquisition. C: Spectral data analysis. The spectral analysis and rapid identification of microorganisms are
achieved by statistical, machine learning and deep learning methods.
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Figure 2 Flow of Raman spectroscopy data analysis.
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Table 1  Spectral data processing methods in the application of Raman microbe detection
Research objectives Spectral pre-processing Feature Model building Model Reference
selection evaluation
Identification of Gram-positive Nor PCA / / [50]
bacteria
Identification of bacteria and fungiin  / PCA LDA Accuracy [51]
blood culture media ANN
Improves spectral signal-to-noise ratio Nor, SG, Wavelet transform, PCA SVM ROC, [52]
and identifies bacteria FIR- Filtering, Factor Accuracy,
Analysis, Weighted spectral Sensitivity,
reconstruction Specificity
Identification of bacterial surface CRR, BC, Filtering PLS DA / [53]
markers
Identification of Burkholderia mallei  CRR, BC, Nor PCA SVM Accuracy [54]
Detection of pathogens at the Filtering, BC, Nor PCA / Accuracy [55]
single-cell level
Individual bacterial identification Filtering, Nor / SVM Accuracy [56]
Identification of Acinetobacter SNV, SG PLS DA Accuracy [57]
Identification of pathogenic BC, Nor, Filtering PCA DFA Accuracy, [58]
Escherichia coli PLS DA Sensitivity,
Specificity
Identification of foodborne pathogens SG, SNV, MSC, SG 1st Der / DT, ANN, ROC [59]
FDA
Identification of urinary tract BC, SG, CRR PCA LDA K-value [60]
pathogens
Detection of drug-resistant Nor PCA KNN, DT, RF, Accuracy, [61]
Staphylococcus species GB, SVM, Recall rate,
AdaBoost, F1-score,
GNB, QDA, MCC,
CNN, LSTM  KAPPA
Rapid identification of pathogenic Nor / CNN-Resnet  Accuracy [49]
bacteria
Classification of marine bacteria CRR, BC, Nor PGGAN CNN-Resnet  Accuracy [36]
Rapid diagnosis of bacterial pathogens CRR, BC, Nor, DAE PCA LDA Accuracy [46]

/: The relevant method is not mentioned in the study. ANN: Artificial neural network; AdaBoost: Adaptive boosting; BC: Baseline
correction; CRR: Cosmic ray removal; CNN: Convolutional neural network; DFA: Discriminant Function analysis; DT: Decision
Tree; FIR: Finite Impulse Response; FDA: Fisher Discriminant analysis; GB: Gradient boosting; GNB: Gaussian Naive Bayes;
DAE: Denoising autoencoder; KNN: K-nearest neighbor; LSTM: Long short-term memory; MCC: Matthews correlation
coefficient; MSC: Multivariate scattering correction; Nor: Normalization; QDA: Quadratic discriminant analysis algorithm; RF:
Random forest; PGGAN: Progressive growing of generative adversarial networks; SNV: Standard normal variate transform; SG

1st Der: First derivative of SG algorithm.
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Table 2 Applications related to Raman microbe detection

Research objectives Spectral acquisition technology Analysis method References
Single-cell level study of 12 bacterial clinical Raman+IR PCA, Clustering [62]
isolates

Distinguish between bacteria and biofilm that Raman+Optical Coherence / [63]
cause otitis media Tomography (OCT)

Effect of microbial factors on SERS spectra  SERS PCA [64]
Rapid diagnosis and drug sensitivity testing Raman Spectroscopy+Excited CNN [65]
of pathogenic bacteria in urine Raman Scattering Microscopy

Increase the speed of single cell Raman / Conditional generation of [66]
spectroscopy analysis adversarial networks

Distinguish surface imprints of E. coli and B. Raman+Scanning Probe PLS-DA [53]

cereus Microscopy
Rapid determination of Mycobacterium SERS
tuberculosis infection and drug resistance

Detection of stx2 from Shiga toxin-producing SERS
Escherichia coli (STEC)

Identification of foodborne pathogenic /

bacteria

Phenotypic convergence of bacterial

adaptation to sublethal antibiotic therapy

Flow Cytometry+Raman

CNN, GRU, LSTM, MLP, RF, [67]

SVM

/ [68]
PCA, DT, ANN, FDA [59]
PCA, DA [69]

/: The relevant method is not mentioned in the study. GRU: Gate recursive unit; MLP: Multilayer perceptron.
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Table 3 Advantages and disadvantages of Raman spectroscopy applied to microbial detection research!®®!

Advantages

Disadvantages

Fast and sensitive

Non-destructive, non-invasive

Simple sample preparation

Suitable for non-culturable microorganisms
Allows single cell analysis

Uncovering bacterial metabolism

No standard database

Relatively expensive equipment

Poor universality of recognition models

Need to incubate when sample concentration is low
High interference level

Semi-quantitative research
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