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Matrix-assisted laser desorption/ ionization and time-of-flight/ imaging (MALDI-TOF/ 
IMS) mass spectrometry is a label-free technology for biological and chemical analysis 
[1]. However, processing the MALDI-TOF/ IMS data presents challenges, including 
background noise, intensity variations, and precise mass determination for each peak 
[1]. Making the right computational decisions is crucial because a MALDI-TOF/ IMS 
experiment involves a huge number of mass spectra [2]. In order to address this 
challenge, a proper data processing pipeline is essential. 

Our data processing pipeline is structured into two primary stages: pre-processing, and 
analysis. We conduct an initial examination of spectra in the pre-processing phase, 
whereas classification is the primary objective of the analysis section. The pre-
processing workflow consists of the following steps: peak alignment, baseline 
correction, smoothing, peak picking, peak binning, normalization, and dimension 
reduction.   
As the correct choice of pre-processing parameters has a significant effect on the 
performance of further analytical steps, we investigated the effect of binning width on 
classification outcomes. Binning describes the process of reducing the number of points 
in the spectrum by combining neighboring mass-to-charge ratios (m/z) into a single 
same-mass bin [1]. This is motivated by the fact that MALDI peak positions are often 
similar but not identical due to several factors, like instrumental precision (especially 
the TOF detection), isotopic variants, or matrix effects [2]. We have explored both 
fixed-width peak binning (using five bin widths) and adaptive binning together with the 
Gaussian Naive Bayes algorithm. The trained models were validated using leave-one-
patient-out cross-validation. Our initial findings indicate that classification accuracy 
improves as the binning width increases for fixed-width binning, while adaptive binning 
outperforms all fixed binning methods. 
While the classification accuracy may not be exceptionally high, our future research 
will focus on conducting a systematic investigation of classification in the context of 
highly imbalanced MALDI data sets with respect to binning width.  
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Figure 1 Schematic diagram of MALDI data analysis pipeline. The data analysis step is divided into 
mainly two parts. The 1st part is pre-processing, and the 2nd part is analysis. The pre-processing consists 
of several steps to make data more understandable, and these steps are shown in the above figure. 
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Data fusion aims to provide a more accurate sample description than a single data type 
alone and it minimizes the uncertainty of the results by combining data from multiple 
sources. Specific data fusion pipelines usable in the context of the medical and 
biomedical fields depend on the task and the investigated data types. These pipelines 
are designed to combine images, spectra [1], demographic information, clinical values, 
etc. 
 
As a part of our investigation of data fusion, we investigate both instance-level and 
local-level fusion approaches. 
 
For instance-level data fusion, we designed the workflow where different types of data 
(images, spectra, discrete and continuous data) will be combined after the preprocessing 
routine with subsequent feature extraction and weighting. The data weighting step is 
especially important in the case of heterogeneous data types to balance the contribution 
of different sources. The balanced features can then be used to construct the model. 
 
To continue our study on data fusion, we investigated the early detection of sepsis 
combining Raman spectra and clinical data. With plans to incorporate Raman spectra 
and clinical data in subsequent stages of the study, we have currently combined clinical 
data with Raman predictions from the optimal model of individual Raman spectra 
classification(see Figure 1). We performed both combined and single-mode data 
analysis and applied two-level cross-validation (CV) [2] to obtain a realistic estimation 
of the model performance. In the analysis, we optimize our models in the inner CV and 
only test the model in the outer CV. We also investigated the influence of different 
scaling methods in the inner CV. After conducting analyses on combined and both 
single modalities, the results indicate that the combined model significantly 
outperformed the single modalities. 
 
Another important objective is to investigate the potential improvements when 
combining different data sources. We aim to enhance the analysis preciseness by 
incorporating data fusion in more studies. Therefore, we ensured the code reusability 
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for future projects by designing a flexible and user-friendly pipeline compatible with 
various machine-learning methods. 

  
 

 

 
 

Figure 1 Data fusion pipeline for combining photonic and clinical data. The general workflow for early 
detection of sepsis combines Raman spectra and clinical values and here we use Raman predictions 
instead of Raman spectra where Raman predictions are generated from single-mode Raman data analysis, 
and we select the best model’s predictions according to CV. The developed systematic evaluation 
workflow can now also be applied to the analysis of other data such as cellular data. 
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The Surface Plasmon Resonance technique is extremely surface sensitive method that allows 
detecting and examining biological species being attached to the surface of biosensor. It allows 
the real-time and label-free detection and analysis due to the interfacial refractive index changes 
which is associated with binding of biomolecules in the tested substances with biosensor surface.  
Recently, there has been significant progress in the use of graphene as transparent electrodes in 
various optoelectronic devices [1, 2]. In this research, we present a photonic heterostructure device 
for biosensing applications using an electrically controlled liquid crystal (LC). Liquid crystal with 
graphene electrodes controlling the sensory structure properties, as well as the in-plane black 
phosphorus [3] and a distributed Bragg reflector (DBR) for the detection of biological agents in 
the terahertz frequency range are being considered. Based on a previously proposed scheme of a 
photonic device for control of terahertz radiation [4], a new scheme of biosensor for environmental 
analysis is proposed. Modeling of the detection process is been carried out with use the transfer-
matrix method [5, 6]. The transfer matrix method is based on the fact that, according to Maxwell's 
equations, there are simple conditions for the continuity of the electric field across boundaries of 
DBR from one medium to another. If the input electromagnetic field intensity of the layer is 
known, the output electromagnetic field intensity of the layer can be obtained using a simple matrix 
operation. The stack of layers can then be thought of as a system matrix, which is the product of 
the matrices of the individual layers. The last step of the method involves converting the system 
matrix back into reflection and transmission coefficients. As the object of research we consider 
messenger ribonucleic acid (mRNA). The influence of changing the parameters of the photonic 
device and the characteristics of detected biological agents on the spectral properties of the 
photonic device was studied for bioobjects classification. The change in the intensity of the 
radiation transmitted into  the biosensor and reflected from it in the presence  of biomolecules on 
the surface of BP depends on the type and number of biomolecules Nbio on the BP sensoring 
surface (Fig. 1, 2). For example, reflectivity of radiation as a function of wavelength at the Plasmon 
Resonance Phenomena at the detection of some type of biomolecules (mRNA) is presented in 
Figures 1, 2. The characteristics of the reflected electromagnetic wave determination make it 
possible to detect the type of biological agent. 
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       (a) LC director angle 0o                                                           (b) LC director angle 90o 

 
 Figure 1. Reflectance R(%) for two polarizations  p (solid line)  and  s (point line), when mRNA molecules 

are far from the black phosphorus sensoring surface   
 
 
 

        
(a) LC director angle 0o                                                         (b)  LC director angle 90o 

 
Figure 2. Reflectance R(%) for two polarizations  p  (solid line) and  s (point line),  when mRNA molecules are on 
the black phosphorus surface and the number of biomolecules Nbio = 23500 on sensoring surface is close to the 
maximum value   
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Since the advent of the scanning Coherent Anti-Stokes Raman Scattering (CARS) 
microscope in the 1980s, the field of CARS microscopy has diversified, exploiting its 
remarkable capacity for label-free imaging of molecular species distributions. A key 
development in this area is the incorporation of ultra-short pulse lasers, enabling the 
concurrent capture of other nonlinear imaging modalities, such as Second Harmonic 
Generation (SHG) and Two Photon Excited Fluorescence (TPEF). However, the 
adaptation of nonlinear imaging techniques for endoscopic use — positioning them as 
viable in vivo diagnostic imaging tools in clinical settings — requires overcoming 
substantial obstacles. These include minimizing background noise in the delivery fiber, 
refining probe miniaturization, enhancing light transmission efficiency for both 
excitation and detection, and improving data processing across various imaging 
techniques. 
 
In light of these challenges, we developed distinct nonlinear endoscopic systems [1]-
[3], and introduce here mainly two endoscopes as shown in Figure 1 below. The first, a 
multicore fiber-based imaging probe [1], employs proximal remote scanning, obviating 
the need for electro-mechanical moving parts at the distal fiber end. A custom image 
reconstruction algorithm is employed to improve the interpretability of images, which 
are otherwise constrained by the inherent pixelation from the core distribution. This 
endoscope produces multimodal images of bulk tissue samples with a level of detail that 
satisfies the operational demands of clinical applications, offering a comparable 
alternative to images obtained from traditional nonlinear microscopes at a resolution of 
tissue level. 
 
The second system is predicated on a double-core double-clad (DCDC) fiber [2], 
designed for background-free operation and high-efficiency in laser light delivery and 
epi-directional signal collection. The system's all-fiber architecture synergistically 
combines a fiber laser source with a robust coupling unit and a compact endoscopic 
tube, complete with a piezo fiber scanner. This configuration permits the endoscope to 
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deliver high-resolution images, delineating single cells and their sub-cellular 
components, including cell nuclei. 

 

Figure 1 (a) Imaging Fiber Probe: Proximal scanning is transferred to distal end by multicore fiber. The 
figure presents the internal optics design of the probe head, which mimics the conventional laser scanning 
microscope (b) DCDC fiber nonlinear endoscopic imaging probe. The pulse laser and the endoscope with 
the DCDC fiber is set in all-fiber connection by the coupling unit. Due to the separated delivery of two 
pulses (pump / Stokes) into two cores, FWM background (from delivery fiber) free imaging is realized. 
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Head and neck cancer is the seventh most prevalent cancer type globally, with 
approximately 890,000 new cases diagnosed annually, leading to approximately 
450,000 deaths. Traditionally, these malignancies were primarily associated with 
alcohol and tobacco use. However, in recent years, there has been an increase in cases 
linked to human papillomavirus (HPV) for oropharyngeal cancer. Surgical resection is 
a predominant treatment modality, with the primary objective of achieving complete 
tumor removal while minimizing morbidity and preserving functional and aesthetic 
aspects [1]. 
Head and neck cancer originates from epithelial tissues, and their location on internal 
body surfaces allows for direct visual, endoscopic, or microscopic examination. The 
conventional methods involve white-light inspection, which lacks the capacity to 
reliably distinguish between tumorous tissue, precancerous lesions, benign alterations, 
and inflammation. In the context of surgery for head and neck squamous-cell carcinoma 
(HNSCC), the successful outcome heavily depends on complete tumor excision. The 
standard approach involves biopsies and subsequent histological examination, which is 
both time-consuming and subjective for intraoperative decision-making [2]. 
Biophotonic techniques, including Raman spectroscopy, a non-invasive, non-ionizing, 
and contrast agent-free technique, have demonstrated the ability to differentiate between 
tumorous and non-tumorous tissues ex vivo [3, 4, 5].  
The primary objective of this prospective monocentric clinical trial RAMAN-HNSCC 
(DRKS00028114) is to assess the feasibility of utilizing Raman spectroscopy for a real-
time in vivo tumor differentiation and comparing the results with histopathological 
findings. Secondary objectives encompass validating measurement properties, ensuring 
safety, and assessing ease of use. Furthermore, the study aims to evaluate the accuracy 
and precision of Raman spectroscopy as a diagnostic method, providing insights into its 
overall efficacy. 
This study has the potential to improve intraoperative tumor diagnostic in head and neck 
cancer, addressing the pressing need for an objective, real-time assessment of tumor 
margins during surgical procedures. The findings could positively impact patient 
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outcomes by improving the precision of tumor resection and preserving critical 
functional and aesthetic elements.  
 

  

Figure 1. Workflow for the clinical study RAMAN-HNSCC  
 

 
 

Figure 2. Recording Raman spectra in an oropharyngeal carcinoma using the Raman probe developed at 
the Leibniz Institute of Photonic Technology, Jena, Germany 
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Surface-enhanced Raman scattering (SERS) spectra of nanoparticle-protein aggregates are 
valuable in characterizing the interaction of proteins with nanomaterials1. The structure and 
interaction of proteins in aqueous environments and in particular, their interaction with 
nanostructures is difficult to probe. Proteins are large molecules with a variety of functional 
groups, and their structure can be affected also by the slight changes in local microenvironment. 
Since the spectral information from SERS is affected already by small changes in the 
interaction of proteins with the nanostructures, brought about by slight variation in properties 
of the system such as concentration or changes in surface potential, it is important to compare 
the SERS spectra of proteins collected under different experimental conditions. Moreover, it is 
known that the amino acid sequence of proteins influences their secondary structure in 
biological and artificial environments. 

We collected SERS spectra of different proteins using the same plasmonic substrate in an 
aqueous environment, so that we can observe the variations in SERS solely due to differences 
in protein structure and conformation. Thereafter, we performed a statistical analysis of a large 
number of spectra of different proteins and relate it to protein size, amino acid content and 
sequence2, as well as concentration. The results can provide insight into obtaining details of 
protein structure and protein-nanoparticle interactions in biological and/or biomimetic systems, 
which in turn can pave the way for better nanostructure fabrication as well as interpretation of 
SERS variations. 
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The human microbiome plays a crucial role for human health and predisposition to a variety of 
diseases. Early identification of life-threatening pathogens as well as understanding their 
interactions with the microbiome will enable the development of novel treatments, potentially 
overcoming limitations by multi-resistant strains. However, static culture of nasal microbiome for 
in vitro testing remains challenging and conventional readouts to study host-microbiome 
interactions such as gene and protein expression requires time-consuming and destructive sample 
preparation. 

Therefore, we used Raman generated spectral fingerprints to i) show the progression of bacteria-
host interaction at the example of an infection with the opportunistic pathogen C. aurimucosum 
and to ii) investigate the potential of microbiome editing by adding competitive strains. 
Combined with machine learning approaches, Raman imaging was implemented to discriminate 
different bacteria strains and to characterize their metabolites as well as subcellular components 
of the mucosal cells. A support vector machine classification identified the different strains in a 
complex 3D environment with high accuracy. 

With this work, we aim to contribute to solve the growing problem of antibiotic resistance by 
combining label-free live-imaging with machine learning approaches to investigate microbiome-
host interactions. The data shows that Raman microspectroscopy is a versatile method, enabling 
quick targeted readouts at high spatial resolution. 
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Ergothioneine, a natural amino acid, has gained recent prominence due to its unique 
properties and roles in various health conditions. This poster presentation presents its 
relevance in the context of label-free Surface Enhanced Raman Scattering (SERS). 
Intense SERS spectra of ergothioneine are achieved using near-infrared excitation on 
various Ag and Au substrates. A distinctive spectral pattern, characterized by a 
prominent band at 480-486 cm-1, remains consistent across diverse substrate types [1].  
 
This same spectral pattern is observed in SERS spectra of filtered erythrocyte lysates, 
affirming the presence of this metabolite within these cells. The presence of 
ergothioneine bands in label-free SERS spectra of serum and plasma, as documented by 
multiple authors in the literature, is examined, underscoring the significance of this 
amino acid in the interpretation of SERS spectra from these biological fluids [2]. 
Furthermore, results from a SERS quantification study of this metabolite in serum are 
reported. 
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The growing consumer desire for safe, authentic and high-quality food products is 
increasing the demand for analytical methods to verify these properties. For this reason, 
numerous approaches based on various analytical techniques have been developed. All 
of these approaches, however, only focus on a specific part of the complex composition 
of food. To obtain a more comprehensive view, it can therefore be useful to combine 
different data sets in data fusion approaches.  
 
Data fusion can be performed in a variety of ways depending on the use case and the 
available data to improve prediction performance or to better understand the complex 
data of individual approaches. In general, the different approaches can be divided into 
three different groups [1,2]: The first group is called low-level fusion. Here, the data 
sets are preprocessed individually and combined immediately afterwards.. Mid-level 
data fusion combines only relevant information of the individual data sets determined 
by an additionally applied selection method, while high-level fusion combines models 
that have been  trained on the individual data sets.  
 
Here we present a review on the state of the art of data fusion for food profiling using 
data from spectroscopic and other analytical techniques. The applied approaches will be 
compared and critically analyzed, and their applicability and feasibility will be 
evaluated.  
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Label-free imaging techniques are valuable tools in biomedical research for minimally-
invasive monitoring of biological processes without the need for exogenous labels. In 
the field of cancer research, it is crucial to differentiate between healthy and dying cells, 
as cancer therapies aim to induce apoptosis only in cancer cells while minimizing harm 
to healthy cells. However, current imaging methods often rely on exogenous labels that 
can interfere with cellular processes. 
 
This study applies the label-free imaging technique stimulated Raman scattering for 
monitoring of cell death in MCF7 breast cancer cells. SRS detects intrinsic molecule 
specific information. Cell death was induced using the drug staurosporine, typically 
used in preclinical research to induce apoptosis and as a lead compound in drug 
discovery. Our novel SRS imaging setup rapidly acquires multispectral datasets with 
high chemical specificity by scanning the spectral range of 700-3100 1/cm in just 100 
ms, providing a tenfold increase in acquisition speed over state-of-the-art systems. 
Therewith, it enabled clear visualization of changes in the shapes of the nucleus and 
cytoplasm during cell death. A spectral phasor analysis additionally revealed spectral 
changes and facilitated the differentiation of lipid droplet types based on their chemical 
composition.  
 
Taken together, label-free imaging with SRS contribute to a deeper understanding of 
cell death in cancer research by minimally-invasive monitoring while preserving 
cellular integrity and minimizing interference from exogenous labels. The novel system 
offers new applications for SRS in high throughput screening of drug induced cellular 
effects. 
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A major challenge in modern medicine is the effective prevention, 
diagnosis and treatment of cancer. However, diagnostic and surgical 
tools for early detection and minimally invasive treatment are still 
lacking. Laser-based endoscopy is among the most promising 
technologies to improve cancer diagnostics. Endoscopic probes allow 
the implementation of non-invasive imaging modalities into compact 
platforms and can potentially integrate laser systems for tissue ablation. 
Incorporating molecular selective spectroscopy in endoscopy allows to 
image besides the tissue morphology also its molecular composition. 
To assess the tissue chemical composition, we combine several 
nonlinear imaging techniques, as coherent anti-Stokes Raman 
scattering (CARS), second harmonic generation (SHG) and two-photon 
excited fluorescence (TPEF) in a single rigid endomicroscopic system 
for head and neck cancer diagnosis. The use of multiple imaging 
modalities allows the detection of molecular changes at early stage of 
disease progression and enables distinguishing cancer from healthy 
tissue. Alongside the imaging capability, we integrate the system with 
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a high-power femtosecond laser to implement fs-laser ablation and 
remove tumorous parts of tissue. 
A complete endomicroscopic system featuring a wide field of view 
(FOV) of approximately 650 µm and a lateral resolution of 1 µm has 
been developed and investigated [1]. The device has been tested with 
ex-vivo measurements on head and neck tissue slices from 13 patients, 
using multimodal nonlinear microscopy to diagnose cancer. The 
measurements have demonstrated high signal quality and the ability to 
distinguish various tissue compositions. Machine learning methods are 
being developed to quantitatively validate the device's diagnostic 
capability in comparison to standard histopathology methods (H&E). 
Furthermore, the device has demonstrated robustness in transmitting 
the high-energy ultrashort pulses required for tissue fs-ablation. 
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Dipicolinic acid (DPA), bound to calcium (Ca), is a main component of bacterial 
endospores. CaDPA enhances the spore resistance to dry heat and desiccation and plays 
a role in the photoprotection of the spore DNA [1]. CaDPA is released from the spores 
during germination and conversion to fully active cells. Due to its large concentration 
in the spores, constituting up to the 20% of the dry-weight of spore core, DPA is among 
the main biomarkers for bacterial spores, with applications spanning from imaging to 
biohazard detection. The most common optical detection method for DPA relies on the 
formation of strongly fluorescent species upon complexation with lanthanide ions or 
lanthanide-based compounds, in particular based on Terbium (Tb) or Europium (Eu). 
Upon excitation of the DPA moiety, energy transfer takes place and fluorescence from 
the lanthanide ion is observed. Lanthanide complexes with DPA (and other bio-
molecules) are also extensively used as luminescence labels in cell imaging applications 
[2]. 
 
In this contribution, we investigate deeper the fluorescence dynamics of TbDPA 
complexes. It was previously reported [3] that DPA can form different complexes in 
presence of Tb, namely TbDPA+, Tb(DPA) 2¯and Tb(DPA)33-, all characterized by high 
fluorescence yields. The three compounds have different excited state lifetimes, being 
0.66 ms, 1.4 ms and 2.0 ms, respectively [3]. Interestingly, contradicting reports are 
present in the literature regarding the rise-time of Tb fluorescence in these species. 
Hindle and Hall [4] could not detect a rise of the fluorescence in Tb(DPA)+ on a 
timescale of some tens of µs, Rosen and coworkers reported a fluorescence risetime of 
a few hundred µs in Tb(DPA)33- [3], while Makoui [5] reported a 0.4 ms risetime of 
fluorescence in TbDPA+. While the risetime of fluorescence is not the measurable on 
which most applications are based, a precise knowledge of the dynamics of the ligand-
to-metal energy transfer process can enable more appropriate DPA detection schemes. 
 
Here we report on measurements of the fluorescence risetime in TbDPA+ and 
Tb(DPA)33- with a sub-100 ns time resolution upon photoexcitation of DPA at 266 nm. 
The sample was photoexcited by the fourth harmonic of a Nd:YAG laser (Polaris, New 
wave photonics), providing 6 ns pulses at 266 nm with a repetition rate of 20 Hz. Due 
to the overlapping signal of the buffer and pure DPA signal (green curve in the inset of 
figure 1), data were evaluated after approximately 70 ns. The sample was flushed 
through a 3x3 mm flow cell to minimize photodamage. Due to the photolability of DPA, 
which can form several photoproducts upon UV illumination, a very large sample 
quantity was used to ensure virtually single-pass detection during the measurement 
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time. The collected fluorescence was focused onto an avalanche photodiode (Thorlabs, 
APD430A2) and read-out by an oscilloscope (LeCroy Wavepro 7ZI).  
Results for the TbDPA+ and Tb(DPA)33- complexes are shown in Figure 1. Both species 
decay monoexponentially with a decay time that depends on the concentration of the 
complex and on the ionic strength of the buffer, as previously described [3]. For both 
species, and independent of the concentration of the complex, fluorescence appears 
within the first 70 ns, showing no additional rise. 
Our results show that the energy transfer between the photoexcited DPA and the Tb3+ 
fluorophore occurs on timescales more than 1000 times faster than previously believed.  
 
Our results have practical implications in the field of DPA sensors and cell imaging. In 
particular, they show that such applications can benefit from employing time-resolved 
fluorescence detection, particularly by time-gating the fluorescence collection over 
much shorter timescales as previously believed, opening the way towards faster and 
more sensitive endospore detection and cell imaging schemes.  
 

 

Figure 1 Time-resolved fluorescence of TbDPA+ (black) and Tb(DPA)3
3- (red) in pH 8 Trizma buffer 

with a concentration of 50 µM DPA, including their exponential fit. The blue curve shows the 
fluorescence decay for Tb(DPA)3

3- at higher DPA concentrations (600µM).The inset shows time traces 
recorded over the first 500 ns for the 50µM samples. The green curve shows the signal from the DPA in 
buffer.  
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Artificial Intelligence (AI) has become an indispensable tool in classification tasks due 
to its enhanced capabilities. However, the opacity inherent in its decision-making 
processes remains a significant challenge, particularly when encountering inputs 
beyond its training space. This is often observed in models based on Raman spectra due 
to the pronounced variability across biological samples and measurement setups. 
 
This research presents a methodology that combines the Monte Carlo Dropout (MCD) 
method [1]-[2] with deep neural networks (DNNs). MCD integrates a dropout 
mechanism, typically used during DNN training, into the inference phase. This allows 
for a generation of diverse predictions, thus quantifying model uncertainty. Our analysis 
of the prediction distributions assesses the model confidence and reliability, 
emphasizing a balance between decision accuracy and outcome confidence.  
 
The proposed methodology clusters unseen data based on prediction certainty using 
established thresholds, the significance of uncertainty quantification becomes evident. 
Data characterized by low uncertainty showcases a much higher balance and overall 
accuracy than those with elevated uncertainty values as shown in Figure 1. Our results 
underscore a distinction between the predicted classification's confidence levels and 
traditional probability scores. With high certainty in 40.7% of the data, correct decisions 
range from 79.10% to 95.31%.  
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Figure 1 Balanced Accuracy vs. Uncertainty Threshold. A representation of the relationship between 
various uncertainty thresholds and the balanced accuracy of data segmented as ‘Certain' and ‘uncertain’. 
As the threshold is reduced, there's an improvement in the accuracy of the 'Certain' group.  
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Uneven illumination is an artifact affecting all measurements acquired by optical 
microscopes. It is a non-uniform illumination of the field of view (FOV) due to 
misalignments in the optical path and aberrations, that impacts multicolor and nonlinear 
imaging techniques. Uneven illumination generates vignetting in single FOVs and 
mosaicking structures in composite images of large samples.1,2 Various algorithms have 
been developed2,3 to reduce uneven illumination artifacts that can prevent correct 
interpretation of the measurement and reduce the performance of analysis algorithms. 
However, determining the quality of the corrected images is not trivial, and an 
established workflow for the evaluation of raw and processed images is not available in 
the literature.1 

 
To optimize the evaluation of raw and corrected images, we implemented a method for 
the quantitative assessment of different correction methods and the selection of the best 
processed result. We inspected the removal of the mosaicking structure and the 
reduction of vignetting in single FOVs. In addition, we evaluated the overall image 
quality through the estimation of resolution, contrast, and presence of smoothing and 
noise. We tested the evaluation method on the multimodal measurements of human head 
and neck tissue slices composed of three different channels: Coherent Anti-Stokes 
Raman Scattering (CARS), Second Harmonic Generation (SHG) and Two Photon 
Excited Fluorescence (TPEF)4. Each raw channel has been corrected with different 
custom algorithms and evaluated with no-reference quality metrics. Then, the best 
combination of corrected channels was selected to generate the best enhanced 
multimodal image for further analysis tasks. 
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Our method enables the quantitative evaluation of raw and processed images and the 
selection of the best correction algorithm without manual inspection of the images. In 
the presence of multiple channels, the evaluation can be utilized to obtain an improved 
multimodal image by selecting the best correction algorithm for separate channels. In 
addition, automatic generation of the best corrections can be exploited to improve 
further processing and analysis tasks, such as image registration, segmentation, and 
classification. 

 

Figure 1 Example workflow for the evaluation of correction methods for multimodal images affected by 
uneven illumination. The raw acquisition of a head and neck tissue slice is split into individual channels 
and each image is corrected with three different methods (BaSiC3, CIDRE2 and Fourier1 corrections). The 
final corrected RGB image is generated with the corrections selected after automatic quality evaluation.  
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Abstract 

Biofilms are complex community systems with high cell density, consisting mainly of 
aggregated microorganisms and the extracellular polymeric substances (EPS) they 
secrete. EPS mainly consists of polysaccharides, eDNA, proteins and lipids. The 
composition of EPS varies from species to species. There is currently no way to 
attribute specific components of EPS to a particular species in the community, nor is it 
possible to effectively control the amount and composition of EPS[1]. 
 
The development of biofilms can be divided into three phases at least: attachment, 
maturation, and detachment[2]. Compared to planktonic microorganisms, members in 
the biofilm have stronger antibiotic resistance that disappears when the cells are 
detached from the biofilm. Biofilms formed by pathogens are a common clinical cause 
of infection. Although compounds with in vitro anti-biofilm activity have been reported, 
there are still no clinically efficient solutions for biofilm infections. Therefore, in situ 
investigation of pathogenic biofilms is necessary to propose effective clinical treatment 
options. 
 
Raman spectroscopy is a label-free optical detection tool with potential for clinical 
applications. Vibrational information of biological macromolecules can be detected at 
the single-cell level by Raman spectroscopy. Compared to other techniques, Raman 
spectroscopy in microbiology has many advantages including high resolution, low 
sample demand, non-destructive[3]. Confocal Raman spectroscopy has better axial 
spatial resolution, enabling the acquisition of Raman signals in a specific volume[4]. 
Hence, Raman spectroscopy is one of the ideal techniques for studying the overall 
structure and formation details of biofilms. 
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Figure 1. Confocal Raman spectroscopic analysis of pathogen biofilms 
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In medical imaging, image registration is crucial for aligning images from different 
sources to make meaningful comparisons. Color transformation is a vital part of this, 
ensuring consistent and accurate color reproduction for tasks like image analysis and 
diagnostics. This study examines various color transformation methods, focusing on 
their stability in preserving color accuracy for hematoxylin and eosin (H&E) stained 
and multimodal images [1, 2]. 
 
The assessment of color transformation methods involves multiple steps. First, data is 
collected, followed by color transformation. Then the images are registered by the 
Lucas-Kanade method, extracting two windows. Keypoint detection is then used to 
identify and match keypoints. This is the second keypoint detection instance, also used 
during image registration. Finally, we plot the  distances between matched keypoints, 
calculate mean, standard deviation (SD), and median absolute deviation (MAD) 
distances. 
 
To tackle color discrepancies between H&E and multimodal images, an extra step 
inverts all multimodal images. Color transformation is performed bidirectionally for 
each method, using H&E as the source and inverted multimodal as the target in one 
direction, and vice versa in the other. The five methods under scrutiny include Reinhard, 
Vahadane, Macenko, CycleGAN, and StainNet. 
 
The comparison of stability among these methods uses box plots based on SD and MAD 
distances. A lower SD means that matched keypoints are closely grouped around the 
mean distance, indicating stable matching. Similarly, a lower MAD suggests most data 
points are near the median, showing consistency around a central value and indicating 
stability. Results show that CycleGAN is the most stable, while Reinhard is the least 
stable. 
 
In conclusion, this study provides insights into color transformation method stability, 
improving our understanding of their suitability for maintaining color accuracy in 
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different image tasks. The structured workflow becomes a foundational resource for 
future research, especially in multimodal image registration. These findings contribute 
significantly to advancing methodologies in medical image processing and analysis, 
enhancing the reliability and accuracy of diagnostic procedures and quantitative 
assessments. 
 

 
Figure 1 This figure outlines the study's workflow, which thoroughly examines color transformation 
methods for H&E and multimodal images. The analysis centers on stability and involves six crucial steps: 
data collection, color transformation, image registration, keypoint detection, and distance calculation. 
Five methods are compared, and box plots based on Std and MAD distances are used for stability 
comparison. CycleGAN stands out as the most stable method, with Reinhard identified as the least stable. 
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In the field of healthcare, AI-powered image analysis has arisen as a groundbreaking 
technology, holding promise for enhancing diagnostics and patient care. Precise 
evaluations of medical images, including X-rays, MRIs, and Optical Coherence 
Tomography (OCT) scans, play a pivotal role in assisting healthcare professionals in 
disease detection, anomaly identification, and treatment planning. Yet, the medical 
imaging domain presents challenges related to inherent noise and visual inconsistencies 
during image acquisition. These issues can adversely impact image quality, rendering 
them less suitable for robust AI-driven decisions. 
 
A variety of strategies can be employed to tackle the challenges in medical image 
analysis. Notably, image pre-processing techniques are exceptionally effective 
solutions. These methods encompass adjusting pixel values to enhance image quality 
and mitigate noise, revealing vital information concealed within the images. As a result, 
with improved image data quality and, most importantly, the extraction of essential 
features, AI-assisted healthcare decisions can attain higher levels of accuracy, 
resilience, and dependability. 
 
This study thoroughly analyzes the impact of image pre-processing on the performance 
of binary classification models, utilizing three distinct datasets: hematoxylin and eosin 
(H&E)-stained tissue images, chest X-ray images, and retina OCT images. Our primary 
objective was to underscore the key role of pre-processing methods in model 
performance and emphasize the importance of selecting and optimizing these steps. The 
careful selection of the pre-processing techniques markedly improved the mean 
sensitivity across all three image modalities, highlighting the essential contribution of 
these methods in elevating model accuracy and reliability. 
 
Furthermore, we explored two distinct pre-processing sequences for the execution of 
pre-processing steps. One followed the sequence of consecutive adjustment, filtering, 
and normalization, while the other featured an altered sequence where filtering took 
place before adjustment and normalization. This approach allowed us to assess the 
impact of pre-processing and investigate the influence of the order in which these steps 
were applied. Notably, these modified sequences resulted in minimal effects, 
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highlighting a consistent performance improvement, irrespective of the selected 
sequence. 

 
Figure 1 Exploring the impact of pre-processing combinations and sequence on model performance. (a) 
Shows how pre-processing selection can positively affect the performance of binary classification models 
to increase mean sensitivity from 0.8 to more than 0.96. This observation also holds true for the other 
investigated image modalities, including the Chest X-ray and OCT datasets. Considering 0.95 as a critical 
threshold for making diagnostic decisions in practical applications, fine-tuning of the pre-processing 
combinations led to an exceptional outcome: 92 models surpassed this crucial threshold, signifying an 
outstanding observation. (b) Offers a summary of the findings derived from the H&E, Chest X-ray, and 
OCT images through the application of two different pre-processing sequences, referred to as Sequence 
1 and Sequence 2. This comparative analysis demonstrates that the selection of the pre-processing 
sequence has minimal influence on the overall performance of the classification models. 
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The critical role of the interaction between prokaryotic and eukaryotic microorganisms 
in ecosystem functionality is well recognized, yet our understanding of the mechanisms 
underlying these microbial community interactions is limited. Polyketides derived from 
arginine, known as arginoketides, are produced by Streptomyces species and play a key 
role in mediating cross-kingdom microbial interactions with Aspergillus fungi, leading 
to the production of natural products. These arginoketides can either be cyclic, such as 
monazomycin and desertomycin A, or linear, like lydicamycin and linearmycin A, all 
of which produced by Streptomyces iranensis and have been found to stimulate the 
orsellinic acid gene cluster in Aspergillus nidulans.1 The characterization and detection 
of natural products by surface-enhanced Raman spectroscopy (SERS) is expected to 
shed light on how they are released and transported through the environment, and how 
they trigger responses in other microorganisms.2 

 
SERS measurements were carried out using a dendritic silver substrate fabricated on a 
silicon wafer by means of galvanic replacement of silver and sulfur ions. At the 
nanoscale, the branches of the tree-like structure form sharp angles and narrow gaps that 
are supposed to turn into “hot spots” where the Raman signal of the target molecules 
should be enhanced. 
 
Raman and SERS spectra of the bacterial secondary metabolites monazomycin, 
desertomycin A, lydicamycin, and linearmycin A and the fungal products orsellinic and 
lecanoric acids were characterized in terms of assigning marker modes, thus enabling 
their detection and identification in the microbial culture. 
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In complex biological systems, detection accuracy can be hindered by the overlap of 
Raman bands between typical reporters and interfering molecules. Alkynes provide a 
solution as they display a distinct and strong Raman scattering peak in the 1800–2800 
cm–1 silent region, which minimizes signal overlap with cellular components. Despite 
their potential, the weak Raman scattering response of alkynes restricts their widespread 
use. Furthermore, the vibrational modes of alkynyl groups fluctuate depending on 
substitution patterns, thus providing versatility in applications [1]. This approach 
enhances the applicability of alkyne tags in biological analyses, addressing challenges 
associated with weak Raman responses [2]. 
 
 
 
  
 
 
 
 
 
 
 

Figure 1 (a) Mapping of time-dependent SERS response of Alkyne tagged DNA, (b) SEM image of 
silver dendrite 

 
Silver sulfate acted as a precursor for generating silver dendrites, which possess 
outstanding properties for use in SERS applications owing to their large surface area 
and distinctive plasmonic behaviour [3]. Synchrotron-based XPS was employed to 
discover the oxidation states of nanostructures, which shed light on their chemical 
composition. Silver structures evaluated as SERS substrates using 4-mercaptobenzoic 
acid (4MBA) as a model molecule showed excellent performance. This evaluation was 
subsequently extended to include SERS evaluation of alkyne-labelled DNA strands. 
This demonstrates the versatility of our fabricated substrates. 
 

ICOB-P-19



We studied the evolution of the alkyne mode (-C≡C-) in alkyne-labelled DNA as 
function of time by recording SERS spectra every second. This temporal analysis 
provides valuable insights into the dynamics of DNA and its interaction with plasmonic 
structures. Our investigation provides a solid foundation for the design and preparation 
of SERS substrates with enhanced stability, sensitivity and flexibility, opening up 
opportunities for diverse applications in chemical and biological sensing and the use of 
alkynes in complex biological matrices. 
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Vibrational spectroscopy provides a robust and efficient means of analyzing the 
chemical composition of molecularly complex samples. Although widely applied in 
research and practical domains, the prospects and limitations of the molecular 
fingerprinting approach are yet to be fully understood. The challenge is that a variety of 
technical and data acquisition aspects impact measured spectra. At the same time, any 
analyzed sample matrix may exhibit an inherent level of molecular variability, further 
challenging the success of an application of interest. Characterizing the impact of 
diverse sources of measurement variability is critical for interpreting the informational 
content of spectra and understanding the practical limitations of the analytical approach. 
 
To this end, we introduced an in silico model that generates synthetic spectra that model 
varying experimental paradigms [1]. With the flexibility to fine-tune simulation 
parameters, our approach offers a versatile and time-efficient means to explore how a 
range of experimental setups may lead to improved measurement sensitivity. Focusing 
on infrared spectroscopy of cell-free blood-based samples, our applications of the model 
address different clinical questions, such as cancer detection and the prospects of 
personalized medicine. Our work presents a new platform to strengthen our 
understanding of spectral fingerprinting and expose opportunities to advance its 
applications. 
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Raman microscopy is an emerging bioanalytical tool for the characterization and 
imaging of different types of specimens, such as cells and tissues, and it is a non-
destructive and label-free approach. Tyrosine kinase receptors are one of the major 
targets in cancer therapy. They play an essential role in the modulation of growth 
factor signaling and can induce cell proliferation and growth. Targeting epidermal 
growth factor receptor (EGFR) is one of the effective strategies to suppress tumors in 
advanced stages. Tyrosine kinase inhibitors (TKIs) bind to tyrosine kinase receptors 
and exhibit anti-tumor activity. However, little is known about their detailed cellular 
uptake and metabolism. 
 
Imaging the uptake, distribution, and metabolism of drug candidates in living systems 
can measure the physicochemical properties of drug candidates and provide a 
mechanistic understanding of the observed biological response.1-3 Here, we follow the 
uptake, intracellular spatial distribution, and metabolism of several TKIs within 
different cancer cells using label-free spontaneous Raman micro-spectroscopy. The 
strategy follows the previous published research on neratinib,3 where the uptake and 
distribution of the cyano group was monitored by Raman microscopic imaging as 
shown in Figure 1. New metabolites were detected and a combination of Raman 
microscopy and density functional theory calculations was used to identify the 
chemical structure of these metabolites.  
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Raman imaging of SK-BR-3 cells treated with 5 μM neratinib for 8 h. Raman images 
reconstructed from the C−H deformation (A) and C≡N stretching (B) intensities. C) Overlay of Panels 
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A and B. E–G) Cross-section Raman images of the same cell measured along the x–z axis. Scanning 
positions are indicated by the white line in Panel A. D,H) HCA results based on the Raman data shown 
in Panels A and E.3  
 
We have also monitored the distribution and metabolism of alkyne- and cyano-based 
drug candidates with the optical photothermal IR microscope (O-PTIR) with its 
submicrometer spatial resolution and simultaneous Raman measurements. This 
method delivers information on cellular molecular composition and drug–cell 
interaction, showing the potential of O-PTIR in drug development. 
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Digital Pathology (DP) image analysis is a process that involves detecting, segmenting, 
labeling, and classifying elements present in tissue samples using computer algorithms. 
Currently, DP images are acquired through Whole Slide Imaging (WSI) scanners, which 
provide complete whole slide images with very high resolution1. Early WSI systems 
only produced bright-field microscopy images, but new WSI systems can be used with 
more microscopy modes, such as fluorescence and spectroscopic imaging2. 
 
Analyzing DP images is a complex task due to several challenges. These challenges 
include significant sample variability, encompassing biological, pathological, and 
technological variations, making the interpretation of tissue images difficult3. 
Additionally, the resolution of digital pathology images, often reaching gigapixel 
dimensions, poses storage and analysis complexities. A critical challenge is the scarcity 
of high-quality annotations, which are crucial for advanced analysis methods. However, 
obtaining such annotations is difficult and expensive, as it requires expertise, and the 
sensitivity of histopathological images often prevents their public release. 
 
To address these challenges, we have developed a flexible system that facilitates the 
integration of specialized algorithms through plug-ins, tailored to specific scenarios. 
This cloud-based system comprises three key components, as depicted in Figure 1. The 
first component, an Archive and Indexer, serves as a repository for storing and indexing 
images in the DICOM format. The second component, a Whole Slide Image Viewer, 
empowers users to navigate through images and create manual annotations as needed. 
Lastly, the third component, a Data Analysis Provider, enables the management of 
various algorithms for image analysis. Notably, we have designed and tested a couple 
of artificial intelligence algorithms for tasks such as nuclei detection and classification. 
In Figure 2, an example showcases the detection of lymphocytes using one of these 
algorithms. 
 
In summary, our innovative cloud-based Digital Pathology (DP) image analysis system 
represents a significant advancement in addressing the complex challenges of this field. 
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Comprising three key components, including an Archive and Indexer for image storage, 
a Whole Slide Image Viewer for manual annotations, and a Data Analysis Provider for 
managing specialized algorithms, our system offers a comprehensive solution. 
 
 

 
Figure 1. Representation of the cloud-based digital pathology image analysis system 
 

 
Figure 2. AI algorithm example: Lymphocyte detection in a tissue stained with Hematoxylin and Eosin. 
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Traditional methods for head and neck cancer diagnostics, which include clinical 
examination, white light endoscopy, radiological imaging, and fine-needle aspiration 
cytology, for example, may have a limited diagnostic accuracy. Gold standard for proof 
of malignancy is a histopathological examination of tissue biopsies. Taking into 
consideration that such investigations generally are performed when the tumor is 
already clinically obvious, and are not reliable for head and neck cancer screening, 
novel, non-invasive, rapid diagnostics, especially to detect early cancer in a point-of-
care (POC) setting are warranted. The analysis of body liquids (urine, serum, sputum) 
by Raman spectroscopy offers great potential as non- or less invasive approach for a 
rapid screening of cancer markers in an early stage. Here, we report about the 
development of spectral acquisition protocols for Raman spectroscopic measurements 
of body fluids to detect head and neck cancer markers. 
 
One crucial point in investigating body liquids via Raman spectroscopy is the 
development of appropriate sample preparation methods. Thus, to reach the 
aforementioned goals, we develop standardized sampling approaches leading to 
reproducible Raman analysis of body liquids. In order to enhance the intrinsic weak 
Raman signal, surface enhanced Raman spectroscopy (SERS) can be applied by 
employing powerful plasmonic-active nanostructured sensing surfaces. 
 
The recorded SERS spectra of the body fluids (urine, serum, sputum) are dominated 
by the contribution of well-known medical target molecules as lysozyme, phenylalanine 
and tryptophan in saliva or hypoxanthine, urea and xanthopterine in urine. [1] In Fig. 1, 
the workflow for the SERS-based detection of salivary tumor markers in combination 
with molecular dynamic simulations is illustrated. The researched spectral acquisition 
protocols will be implemented in an automated POC measuring protocol. Further goals 
of this study are the development of custom-made chemometric data evaluation 
protocols, involving the most innovative and efficient machine learning algorithms. 
This will result in standard operating procedures (SOPs) for the POC Raman 
spectroscopic analysis of body fluids to detect tumour markers, leading to an improved 
personalized treatment of patients. Additionally, the potential for early cancer detection 
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will be evaluated, even before the onset of symptoms, with just a few drops of body 
fluid.  

Figure 1. SERS/ Molecular dynamic (MD) simulation combined workflow for identification of salivary 
tumor markers. 

ACKNOWLEDGMENTS 

The authors acknowledge financial support from European Union’s Horizon 2020 
research and innovation programme under the Marie Sklodowska-Curie grant 
agreement No 860185 (PHAST = Photonics for Healthcare: multiscAle cancer 
diagnosiS and Therapy) 

REFERENCES 

1. Farnesi, E., Rinaldi, S., Liu, C., Ballmaier, J., Guntinas-Lichius, O., Schmitt, M., Cialla-May, D. & 
Popp, J. (2023). Label-Free SERS and MD Analysis of Biomarkers for Rapid Point-of-Care Sensors
Detecting Head and Neck Cancer and Infections. Sensors, 23(21), 8915.



Exploring analytical parameters in profiling of liquid human 
biofluids with infrared molecular fingerprinting  

Frank Fleischmanna,b, Tarek Eissaa,b, Guanting Guoa, Jacqueline Hermanna and Mihaela 
Žigmana,b 
a Faculty of Physics, Ludwig-Maximilians Universität München (LMU), Am Coulombwall 1, Garching, Germany; 
b Max Planck Institute of Quantum Optics (MPQ), Hans-Kopfermann-Straße 1, Garching, Germany. 

We are developing and applying infrared spectroscopy as a new strategy for quantitative probing of liquid human 
biofluids at the molecular level. Our previous work has demonstrated the stability of infrared fingerprinting within 
individuals over time1, the feasibility of using this approach to capture common cancers2, and an exploration of 
the impact of biological noise versus measurement variability3.  

In the current presentation, we are conducting a thorough and robust investigation of potential sources of 
variability that could potentially limit the application of the approach for the analysis of human blood serum and 
plasma in the context of in vitro diagnostics. Our goal is to devise an efficient way to probe human health and 
disease. To achieve this, we are leveraging the analyses of infrared spectroscopic fingerprinting of variety of 
measured samples collected across several experiments and studies conducted in our laboratories. This 
examination allows us to explore the diverse parameters and settings that can contribute to and standardize 
relevant variables. 

Our investigation encompasses several key areas. Firstly, we are delving into the effects of clinical peripheral 
venous blood sampling and standard operating procedures for preparing and managing serum and plasma samples, 
respectively. Secondly, we are evaluating pre-analytical effects of differences in sample preparation, sample 
storage, the number of freeze-thaw cycles and the consumables applied, all of which could play a role in infrared 
molecular fingerprinting.  

Furthermore, we are investigating how various Fourier transform infrared spectrometer-related aspects impact the 
captured spectral measurements. This analysis includes examining potential measurement drifts and variations 
due to factors like the measurement cuvette and path length. 

Altogether, we show that several analytical parameters and minor sample handling variations have a direct impact 
on measured spectra. This, in turn, may impact the applications of machine learning models – from masking away 
useful information to introducing dataset bias. The discussion will center around the clinical, pre-analytical and 
analytical parameters and protocols that hold implications for the future design and performance of cell-free 
blood-based infrared molecular fingerprinting platform. This platform offers a promising avenue for multi-
molecular in vitro profiling, enhancing our understanding and diagnostic capabilities in the field of analytics in 
healthcare. 
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Abstract 

Wastewater from healthcare facilities is a significant reservoir of nosocomial infectious 
agents, including facultative pathogenic Gram-negative bacteria like E. coli, 
enterococci, and Pseudomonas aeruginosa, which can lead to persistent outbreaks [1-
3]. Monitoring hospital wastewater is therefore useful as an additional strategy for 
infection outbreak prevention and control. Meanwhile, conventional microbiological 
techniques for identifying bacteria in wastewater are labour-intensive and time-
consuming, and the microbial species composition in samples can vary depending on 
sampling methods or location [4]. In addition, only a fraction of the bacteria in the 
overall diversity of nature are cultivable in the laboratory [5, 6]. Consequently, there is 
a need for culture-free identification methods that do not limit the wide range of bacteria 
strains that may be identified. 

 

Raman spectroscopy is a powerful, non-destructive analytical technique that offers 
rapid, precise, and label-free identification of microorganisms by exploiting the 
interaction between their molecular vibrations and light. However, because wastewater 
is a complex and diverse medium that is constantly changing, this has an influence on 
bacterial cellular adaptations in response to environmental fluctuations, thus 
consequently on the Raman spectra [2]. Moreover, wastewater varies from day to day 
and from one house to the next, which adds more complexity to the bacterial 
identification process. Therefore, it is essential to develop robust and reliable methods 
for isolating and identifying bacteria from wastewater. In this work, we present an 
approach for isolating single bacterial cells from wastewater and a subsequent 
identification using Raman spectroscopy. 
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Figure 1: Raman spectra of E. coli cultivated in different simulated wastewater media using different 
suspended matter. 
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Antibiotic resistances are a growing problem in modern medicine. Treatment of 
infectious diseases is thereby becoming more complicated and sometimes impossible 
having serious medical and financial implications. [1] A crucial way to counteract the 
spread of existing resistances and stop the evolution of new resistances is rapid 
antimicrobial susceptibility testing. Raman spectroscopy is a powerful tool for probing 
pathogens phenotypical response to antibiotic treatment [2]. Vital bacteria, Escherichia 
coli and Staphylococcus aureus, isolated from positive blood cultures were exposed to 
appropriate antibiotic concentrations and analyzed by On-Chip Raman spectroscopy. 
Spectroscopic changes are detectable after only 90 min of bacteria-antibiotic interaction 
while total test duration is ≤ 3 h. Using photonic data analysis, the spectral signals are 
translated into antibiograms.  
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Figure 1 Difference Raman-spectra of Escherichia coli treated with Ciprofloxacin (left) and 
Staphylococcus aureus treated with Oxacillin (right) in various concentration below and above minimal 
inhibitory concentration. Distinct variations in difference spectra of sufficiently treated (blue and green 
spectra) in comparison to insufficiently treated (red and black spectra) are visible due to molecular 
changes caused by the antibiotic after only 90 min of bacteria-antibiotic interaction time, respectively. 
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The investigation of pathological tissue changes in the myocardium is crucial due to a wide 
range of possible causes, including ischemic and non-ischemic cardiomyopathies, as well as 
infiltrative and inflammatory diseases. Accurately understanding these changes is essential for 
precise diagnosis and effective treatment planning. Currently, endomyocardial biopsy (EMB) 
is the gold standard for diagnosing myocardial alterations. However, this method is associated 
with significant risks, such as the potential for cardiac tamponade, arrhythmias, and tricuspid 
valve damage. Additionally, its invasive nature and the need for specialized clinical facilities 
limit its widespread use. 

Optical modalities have become well-established in clinical practice, encompassing 
everything from visual inspection of structural tissue changes and high-resolution microscopy 
to in vivo endoscopy for diagnosing a variety of pathologies. Emerging optical modalities, 
including optical coherence tomography, UV-excited autofluorescence, and near-infrared 
spectroscopy, have been applied broadly for tissue characterization and in enhancing the 
diagnosis of pathological tissue changes. However, there are currently only a limited number 
of clinical studies that investigate optical techniques for cardiac tissue characterization. 

In this research, we investigate optical modalities suitable for non-invasive, marker-free, and 
non-destructive characterization of structural changes in the myocardium, regardless of the 
underlying pathology. Our study aims to assess the potential of these modalities, particularly 
through dedicated multimodal endoscopic imaging, to identify specific tissue changes in the 
myocardium. This technology could greatly assist healthcare professionals in cardiac 
diagnostics, enabling more targeted therapy and adherence to the guidelines of the European 
Society of Cardiology regarding the diagnosis of the cause and severity of pathological tissue 
changes in the myocardium. 
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By indirectly detecting molecular vibrations, Raman spectroscopy provides the unique 
fingerprints of molecular components under measurement [1]. Together with machine 
learning techniques, which translate the spectral fingerprints into interpretable 
knowledge, Raman spectroscopy has obtained more and more attention in biological, 
medical, and clinical investigations. Its broader application, however, is by large 
hindered by the substantial variations between devices and over time [2, 3]. A machine 
learning model built on one device is often inapplicable on the other. A systematic 
investigation of such variations is in urgent need.  
 
In this study, we measured weekly 13 substances as quality control references over 10 
months on one Raman setup to investigate the instrumental variations and its time-
dependence. The 13 substances were selected to be stable and span a broad range of 
solvents, lipids, and carbohydrates. From each substance 50 Raman spectra were 
acquired every measurement day. All spectra were preprocessed to remove spikes and 
fluorescence baselines. Thereafter, we characterized the spectral variations of each 
substance over the measurement period based on the correlation coefficient, the peak 
position shift of well-defined Raman bands, as well as the peak intensity ratios. As a 
comparison, the analysis was conducted in cases of with and without wavenumber 
calibration [4]. According to Figure 1, the spectral variations are substantial even after 
the wavenumber calibration. We also observed that the variations are different among 
substances and for different Raman bands. This study aims to explore the hidden pattens 
of these spectral variations as a guide for better setup calibration. 
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Figure 1 (a) peak position drift of each substance over the measurement days. (b) peak intensity ratios 
calculated from Cyclohexane between three Raman bands (1028.3, 1266.4, 1444.4 cm-1) and the fourth 
(801.3 cm-1). 
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Monocytes function as part of the immune system by patrolling the 
bloodstream for invading pathogens. They sense infection using receptors, 
e.g. Toll-like receptors (TLRs), that identify components of bacteria and 
viruses, so-called pathogen-associated molecular patterns (PAMPs). Upon 
activation, signaling pathways are triggered and the cellular metabolism 
changes. The activation state of monocytes can be investigated using 
Raman spectroscopy [1]. The objective of this study is to detect and 
characterize the activation states induced by different stimuli and to 
establish Raman microscopy as a biophotonic technology for distinguishing 
between the non-activated and activated cells as well as between the 
stimuli. 
 
In this work, we stimulated THP-1 monocytes with receptor-specific stimuli 
for four hours. We used stimuli which are characteristic for Gram-positive or 
Gram-negative bacteria or for viruses. ELISA was performed to assess the 
activation of the cells. Single cell and High Throughput Raman microscopy 
indicated the spectral differences between non-activated and activated 
monocytes and the different TLR activation profiles. Unsupervised and 
supervised learning algorithms were used for differentiation between stimuli. 
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Research and application of cold atmospheric plasma (CAP) for therapeutic 
purposes established the field of plasma medicine. CAP emerged as a 
promising tool in the treatment of hard-to-heal and infected wounds. Other 
fields like cancer treatment are under investigation. Biological CAP effects can 
be attributed to reactive oxygen and nitrogen species (ROS/RNS) that in turn 
react readily with cellular structures. So far, the anticipated protein 
modifications were studied in vitro both with amino acids (e.g. cysteine) and 
model proteins (e.g. ovalbumin) (1-3). 
The aim of this study was to visualize CAP-caused oxidative protein 
modifications directly in biological tissue (in situ). Therefore, tissue samples 
from porcine ear skin were treated with the argon-driven atmospheric 
pressure plasma jet kINPen® (neoplas med, Greifswald, Germany) for 
different time intervals and with different gas admixtures to vary its ROS/RNS 
content. In addition, the outermost protective skin layer (stratum corneum) 
was removed to ease species penetration into deeper tissue layers. Redox 
modification was visualized by labelling oxidized cysteine residues with 
immune fluorescence technique. This method allows for semi-quantitative 
detection and localization of CAP-caused protein modifications within different 
skin layers.  
Previously, it has been demonstrated that spectroscopic methods, such as 
CARS, FLIM, SHG etc. and particularly combinations of them are powerful 
tools to visualize plasma triggered changes in skin sections without any label 
(4). The labelling technique presented here will be used to establish and 
further optimize this label-free visualization of redox-based protein 
modifications with temporal and spatial resolution in situ (i.e. skin or wound 
tissue). The future aim is to upgrade CAP treatment devices to treatment 
systems including a continuous and real-time monitoring of the target that is 
treated to enhance the molecular understanding and help to improve the 
outcome and effectiveness of CAP-based therapies (5). 
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Localized surface plasmon resonance (LSPR) based sensorics is an elegant method for 

label-free testing in future bioanalytics. In these, plasmonic nanostructures such as 

nanoparticles form the optical signal transducers. Depending on the surrounding 

refractive index, they show a spectral response in the visible wavelength region, which 

can be used as sensoric principle for the presence of molecules. By arranging not just 

one spot of nanoparticles modified with selectively binding receptor molecules, but an 

array of spots, multiplexed testing can be realized. To spectroscopically readout the 

array, we decided to use imaging spectrometry methods [1]. Here, we describe a setup 

using a liquid crystal tunable filter (LCTF) [2] in order to expose the particles 

subsequently with light of different wavelengths, the resulting image stack is then 

utilized to reconstruct a spectrum for each image pixel, and allows to monitor the 

spectral behavior of the nanoparticle spots. 

A common method to determine the optical signal of a single transducer spot is to use 

spectrometer in transmission. The advantage of this setup is a high measurement 

accuracy and fast measured value acquisition, whereby binding kinetics can be also 

detected. However, a position-dependent resolution of LSPR signal is not possible. To 

meet the ever-increasing demands of bioanalytics, an imaging system for spatial and 

multiplex detection of LSPR were developed [3]. Since both experimental setups rely 

on different optical readout´s for LSPR detection, the main challenge is to develop an 

adapted evaluation to compare both methods. Another challenge is the selection of a 

suitable light source. This should have the broadest possible spectrum with sufficient 

intensity, long-term stability and low heat generation. Because different nanoparticles 
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can be used as transducers, it is necessary to ensure that the resonance lines are situated 

within the spectrum of the light source in order to detect it.  

In general, for an optimal sensor setup all these factors have to be considered to establish 

a reproducible detection technique for future diagnostic issues. 

  

 

Figure 1 Prototype of the measurement device for plasmonic micro arrays   
 
 
 

 
 
Figure 2 Sensing principle for pathogens using plasmonic micro array analyser 
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The investigation of cellular processes poses a significant challenge due to their inherent 
complexity. High throughput systems (HTS), based on fluorescence labeling in 
combination with imaging microscopy offer promising solutions in this context. HTS 
has received considerable attention in biomedical research and drug discovery, 
providing comprehensive data about complex biological systems, such as eukaryotic 
cells [1]. Moreover, HTS can be used as an in vitro tool to prioritize compounds for 
toxicological and mechanistic studies [2]. However, there are also label-free modalities, 
which have significant potential to provide complementary information, allowing 
multiple properties of the sample to be probed simultaneously. Therefore, a multimodal 
high-throughput system has the potential to address complex biological questions in 
many aspects of research and clinical studies.  
 
We present the development of a fully automated multimodal optical system for high-
throughput analysis of cells that incorporates phase-contrast (PC) microscopy, 
fluorescence microscopy, and brightfield (BF) microscopy with Raman spectroscopy. 
The integration of multiple modalities into a single system can extend possible 
applications for single cell analysis, as each modality provides a complementary type 
of specific information. Our system is controlled by a custom-written LabVIEW 
program, which enables high-throughput imaging and spectra collection by utilizing 
image processing methods to detect cells and obtain spectroscopic information on those 
indicated locations. The integration of Raman spectroscopy, phase-contrast 
microscopy, and fluorescence microscopy holds significant potential for the 
noninvasive examination and real-time tracking of the physiological processes within 
individual cells [3].  
 
Simultaneous detection of Raman spectra and imaging with several microscopy 
methods enable detailed spectral and spatial information of the samples. Molecular 
specific information can be obtained by fluorescence microscopy, while phase-contrast 
microscopy provides images with high contrast to facilitate identification of internal 
cellular structures along with brightfield imaging. Finally, Raman spectroscopy 
provides the composition of molecules in the samples and the results can be validated 
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from the individual cells in combination with fluorescence microscopy. Moreover, the 
combination of Raman spectroscopy and phase-contrast microscopy could provide 
changes in refractility to specific molecular changes [3]. The data acquisition process is 
shown in figure 1.  
 

 

Figure 1 Workflow of the automated measurement 
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Microbial pathogens have consistently prompted a significant threat to human health by 
causing severe diseases. As a consequence of the rising needs to more rapid, convenient 
and high throughput microbial detection applications, droplet-based microfluidic assays 
have been implemented as one of the most promising techniques [1]. Droplet-based 
microfluidics is a unique tool focusing the generation of uniformly-sized droplets as 
microreactors that brings together point-of-care diagnostics and biotechnological 
applications. These systems make achievable to precisely and automated handle of 
minute volumes of liquids [2]. In addition to the increasing sensitivity, not only multiple 
experiments in parallel can be conducted, but also the reaction time is diminished. 
Within the scope of this study, the specialized reader system combining of colorimetric 
and fluorometric imaging will be utilized for the detection and characterization of 
pathogenic bacteria which metabolize reporter substrate. Here we report on the 
implementation of a reader for this class of assays and give examples on measurements 
and data processing workflow. The reader is optimized for the readout of chip devices 
as given in Figure 1. A readout example for a chromogenic reporter assay is shown in 
Figure 2. 
 
 

 

Figure 1 Chip device with droplet generator and incubation channel.  
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Figure 2 Droplets in incubation channel as (1) empty droplets, (2) cell growth without colour change, 
(3) cell growth with colour change. 
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Hyperspectral imaging (HSI) has become a highly sensitive and cost-effective technology in 
biomedical research, offering non-invasive, detailed spectral analysis of biological tissues. This 
method, capturing a broad spectrum of light beyond primary colors, enables identification and 
analysis of materials through their spectral signatures. HSI is particularly effective in detecting 
and delineating tumor tissues, identifying tumor margins, and providing insights into wound 
healing. It assesses tissue oxygenation and perfusion, measuring oxygen saturation levels 
crucial in evaluating blood circulation efficiency during surgeries and in critical care. 

Recently, augmented (AR) and mixed reality (MR) technologies, propelled by the gaming 
industry, have made significant strides in advanced data visualization, especially in medicine. 
Mixed reality merges physical and digital realms, creating an interactive environment for 
medical professionals to visualize and interact with complex data intuitively and immersively. 
In medical imaging and diagnostics, MR transforms two-dimensional images into three-
dimensional models, enhancing surgeons' ability to examine anatomical structures and plan 
surgeries more precisely and safely. 

This research explores the integration of HSI data on perfusion with mixed reality to enhance 
diagnostic accuracy and patient care. We're developing a multisensor platform that combines 
biomedical sensors with mixed reality visualization through Microsoft HoloLens 2. This 
platform enables real-time vital data exchange between microcontrollers connected to 
biosensors and mixed reality glasses, using the Open Sound Control network protocol for data 
transmission. Designed to be transportable and largely independent of the internet or servers, 
and operating on rechargeable batteries, this system is particularly valuable in emergency 
medicine scenarios, offering a novel approach to medical diagnostics and treatment planning. 
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Raman spectroscopy and surface enhanced Raman spectroscopy (SERS) are widely 
utilized in the detection of drugs and metabolites aiming its application in a clinical 
environment. [1] However, due to the strong competition in high complex matrices for 
free binding sites on the surface of SERS-active sensors, customizing the sample 
preparation strategy to reduce the interference of the Raman marker modes of the target 
analytes with them of the matrix molecules for successful SERS applications is 
essential. 
 
In the case of the detection of the antibiotic ciprofloxacin (CIP) in pharmaceutical 
formulations i.e., eye drop, ear drop, dextrose and sodium chloride infusion solution, 
the SERS-based quantification of CIP is impeded by the presence of matrix components 
such as benzalkonium chloride, mannitol or similar ingredients. Raman spectroscopy 
can be performed directly when the spectral background of the pharmaceutical 
formulations does not overlap with the spectral marker bands of the analyte molecule. 
For formulations with strong Raman background, we mixed the entire sample with 
water employing a ratio of 1:5000. Moreover, SERS as analytical tool is applied and 
due to the dilution, less competition for SERS-active sites is achieved for the target 
analyte CIP. Thus, the developed workflow has a high potential in quality control 
approaches in pharmaceutical technology or pharmacies. [2]  
 
Moreover, in real clinical sample applications, such as whole blood or blood plasma 
samples, the hotspots of the SERS substrate are expected to be blocked by a protein 
corona due to its high affinity to nanostructures. Using the example of the antibiotic 
ceftriaxone (CRO) and its detection in blood plasma, the requirement for precipitation 
of the proteins became evident, which is achieved by the application of acetonitrile. 
Thus, protein-bound drugs are released and accessible for detection allowing the 
estimation of the whole drug plasma concentration. On the other hand, the application 
of microdialysis to separate the free fraction of antibiotics from the blood plasma with 
subsequent SERS-based detection illustrates the potential of this method in clinical 
settings such as intensive care units.  
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Finally, functionalized SERS-active nanostructures are applied to selectively enrich the 
metabolite pyrazinoic acid (POA) from a matrix containing its pro-drug pyrazinamide 
(PZA) administered to patients in case of tuberculosis. The schematic diagram was 
shown in Figure 1. Here, POA is interacting with iron(II) ions of the Prussian blue 
functionalization layer and is detected via SERS, allowing its estimation down to the 
relevant concentration range to distinguish between sensitive and resistant M. 
tuberculosis strains. [3] 
 

 
Figure 1 Illustration diagram of SERS-based detection of POA using gold nanoparticles (AuNPs) 
adorned with a Prussian blue (PB) coating. 

ACKNOWLEDGMENTS 

We thank the funding of the project InfectoGnostics (13GW0096F) by BMBF, 
Germany, as well as the project 465289819 by German Research Foundation (DFG). 

REFERENCES 

1. Liu C, Weber S, Peng R, Wu L, Zhang W-s, Luppa PB, et al., TrAC Trends in Analytical 
Chemistry, 2023, 164, 117094. 

2. Liu C, Müller-Bötticher L, Liu C, Popp J, Fischer D, Cialla-May D. Talanta, 2022, 250, 123719. 
3. Liu C, Jiménez-Avalos G, Zhang W-s, Sheen P, Zimic M, Popp J, et al., Talanta, 2024, 266, 

125038. 



Deep Learning based 3D Raman Spectral Data 
Analysis for Colorectal Tissue Diagnosis 
  
Ruihao Luoa,b, Shuxia Guoa,b, Thomas Bocklitza,b,c 

 

a Institute of Physical Chemistry and Abbe Center of Photonics, Friedrich-Schiller-Universität Jena, 
Helmholtzweg 4, Jena, Germany 
b Leibniz Institute of Photonic Technology, Albert‑Einstein‑Straße 9, Jena, Germany 
c Institute of Computer Science, Universität Bayreuth, Universitätsstraße 30, Bayreuth, Germany 

 
The rise of artificial intelligence has lead to deep learning algorithms playing an 
increasingly important role in various traditional fields of research. In recent years, they 
have also become popular tools in the field of   data analysis for Raman spectroscopy 
and especially Raman imaging[1]. However, most current methods only use 1-
dimensional (1D) spectral data for classification, instead of considering any spatially 
neighbouring information. Despite some successes, these of methods does not use the 
3-dimensional (3D) structure of Raman imaging scans to their advantage. 
 
Therefore, to investigate the feasibility of containing the spatial information of Raman 
imaging for data analysis, we have applied 3D deep learning algorithms to a murine 
colorectal tissue dataset [2]. This dataset contains Raman scans of normal & 
hyperplastic tissue as well as adenoma and carcinoma tissue samples. Firstly, a network 
modified from the 3D U-Net [3] is utilised for segmentation; secondly, another CNN 
network using 3D Raman patches is utilised for classification. Both methods are 
compared with the conventional 1D CNN method, which serves as baseline. 
 
Based on the experiments of both segmentation and classification, it is shown that using 
the spatial information of 3D Raman scans can increase the performance of deep 
learning models, although it might also hugely increase the complexity of network 
training. 
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Figure 1 Overall dataflow of this study. With the input Raman scans, an external K-fold cross-validation 
loop was implemented based on a mouse-level dataset split. The training subsets were sent to 3 deep 
learning networks (1D CNN, 3D CNN and 3D U-Net). Afterwards, the validation subset was used to 
evaluate the trained models based on the 2D segmentation outputs. 
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In the realm of spectroscopic analysis, the limited availability of pre-trained networks 
hinders the rapid classification of diverse datasets. Addressing this challenge, our study 
introduces an innovative approach to convert spectral data into image form using spider 
plots as shown in Figure 1. After pre-processing the collected Raman data, each spectral 
variable is mapped to a radial line on the plot. The line's length is determined by the 
intensity on the respective wavenumber position. When interconnected, these lines form 
a spider or radar plot reflecting the sample's spectral signature. To enrich the image 
representation, the inner sections of the spider are also color-coded based on their 
intensities, adding another dimension of information to the image. With these converted 
spectra, it is possible to leverage image-focused pre-trained networks originally 
developed for traditional image datasets by adapting them to classify diverse Raman 
data sets ranging from bacterial to oil signatures.  
 
In our approach, we utilized seven different pre-trained networks for classification. 
Among them, EfficientNetB7 showed the highest performance. To evaluate our 
method's effectiveness, we assessed it using a Raman data set containing six classes of 
bacteria, by comparing its performance against the traditional spectral classification 
method PCA-LDA applied directly to spectra. Preliminary findings showed 
EfficientNetB7 achieved a balanced accuracy of 0.88±0.01. In contrast, PCA-LDA 
registered a balanced accuracy score of 0.90±0.024. These results show that our image 
transformation technique performs on par with traditional approaches. Expanding on 
this, we evaluated our method on a separate Raman dataset containing eight different 
classes of oils. In this rigorous evaluation using 10-fold cross-validation, our approach 
using EfficientNetB7 achieved a balanced accuracy of 0.99±0.02 while PCA-LDA 
achieved a value of 0.94±0.02. Here, our approach notably outperformed the PCA-
LDA. 
 
   Our findings underline the potential of image-based spectral data representations and 
highlight the adaptability of deep learning architectures in spectroscopic applications. 
This research offers a promising alternative for spectra, opening up the possibility of 
repurposing the wide field of existing image processing neural networks across diverse 
scientific fields. 
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Figure 1 Adapting pre-trained networks for spectra classification. In a basic analogy, consider various 
vehicles being classified using pre-trained networks: Given an image, the network can determine, for 
instance, that the image depicts a car. Using a similar rationale, to classify bacterial Raman data, we first 
transform these data into an image representation. Then, leveraging the pre-trained networks, we can 
identify the specific bacterial type represented by the input.   
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Pattern recognition methods can be used for identification of substances from their 
Raman spectrum. However, most pattern recognition methods require pre-processing of 
the data like cosmic ray removal, smoothing and baseline correction [1]. In contrast, it 
was shown that convolutional neural networks (CNNs) are successfully used in Raman 
spectra classification without the need for pre-processing as CNNs have inherent pre-
processing abilities. A CNN without additional pre-processing showed higher 
classification accuracy than conventional machine learning algorithms with pre-
processing. However, CNN models need large training sets and retraining to detect and 
classify targets not represented by the training data set, which is time-consuming and 
bothersome [2,3]. 
 
In comparison, a Siamese neural network (SNN) does not need retraining to work on 
untrained targets. This architecture consists of two CNN networks with the same 
structure and a final network that acts as a distance metric between the CNNs. Therefore, 
in a Siamese network the classification problem is converted into a similarity problem 
and the issue of limited available data for training is CNN is solved.  
 
We explored this architecture on a Raman dataset including six bacterial species, 
cultivated in nine independent biological replicates (9 batches), totaling 5420 single 
bacteria spectra. Using two batches as a test set and applying a 70/30% 
training/validation split to the other batches, we examined the data set by PCA-LDA, 
CNN (2 models) and SNN (2 models). The models achieved test accuracies of 79.41%, 
84.13%, 82.80%, 82.65% and 83.61% respectively. These results show that CNNs and 
SNNs outperform the classical method PCA-LDA and that the Siamese network 
performs on par with a “normal” CNN, while it offers the additional advantages 
mentioned above. SNNs therefore present a promising approach for spectral analysis of 
biological data sets. 
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Raman hyperspectral imaging (HSI) has long been known to be capable of imaging cells 
using vibrational contrast from the molecular composition of the sample. While Raman 
HSI is frequently used for single cell phenotyping and spatio-chemical analysis, the 
application of this technique is time consuming, and HIS data is typically recorded at a 
rate of 5-10 minutes per cell [1]. The application of broadband coherent anti-Stokes 
Raman scattering (BCARS) circumvents slow acquisition times, with the drawback of 
requiring a specific treatment of the nonresonant background (NRB). We have shown 
that deep learning can remove the NRB and denoise single spectra simultaneously [2]. 
Here, we show this approach when applied to BCARS HSI datasets, permits an 
unsupervised and label-free chemical imaging of cells and tissues. 

 

 
Figure 1 BCARS image of a buccal cell on a coverslip, left: total intensity, right: cars spectrally unmixed 
3-band pseudocolor. 
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Today, there is a continuous battle worldwide against antimicrobial resistance 

and alongside there is the need for methods that can adequately and quickly 

detect transmission chains in outbreaks. Molecular typing methods like 

deoxyribonucleic acid (DNA) microarray technology are, therefore, important 

for these purposes and just as was previously demonstrated for Staphylococci, the 

focus in this study is the use of the same technology in detecting resistance, 

virulence and other target genes in Enterococci. Bioinformatic analysis was 

initially performed to select target genes and to design target-specific 

oligonucleotide sequences. This involved the collection of high-quality 

annotated sequence data of Enterococcal strains, and the creation of an in-house 

database from which individual target genes were selected, manually analyzed 

and aligned. Using these oligonucleotides, microarrays were manufactured by an 

industrial partner. Genomic DNA from VRE strains was isolated, followed by a 

primer extension reaction that labelled amplicons with biotin. DNA – DNA 

hybridization was performed in which labelled sample DNA can bind to the 

specific probes immobilized on the array surface. The incorporated labels 

triggered a dye precipitation at those probes where hybridization occurred. This 

resulted in visible spots on the array and its image was analyzed for the presence 

or absence of target genes using a dedicated reader and software. Validation 

involved obtaining the genome sequence data of the strains used in the actual 

experiments. Probe sequences were then searched for within the genome in 

order to check whether the target genes were present or not. Comparison 

between these theoretical results and the practical data from the microarray for 

all experiments confirmed that this was the case, so that the system can 

henceforth be used for typing “unknown” strains. In conclusion; DNA 

microarray technology can be used to fast and economically detect resistance, 

virulence and other target genes in Enterococci, as well as obtain genetic 

signatures for typing purposes. 
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The further development of droplet microfluidics in the past decades has 
opened up a wide range of applications, covering life sciences, biomedical 
analysis, material sciences, biology and chemistry. However, many of these 
applications have a very small-time frame related to inline analysis, which 
makes imaging challenging. 
 
To open the time window for multimodal imaging, we have developed an 
image-based feedback algorithm that allows targeted positioning of picolitre 
droplets in a microfluidic chip for a few seconds. The algorithm can be 
tailored to different chip layouts, channel width as well as droplet size. 
 
The method of operation is as follows: The regions of interest are imaged by 
a monochrome camera. A threshold is applied to the grayscale images, and 
the generated binary images are used to detect droplet contours. The 
shapes, velocities and positions are extracted from the contour information. 
These parameters are passed to a fuzzy logic control, which calculates the 
input and output pressure for the pressure controller which is connected to 
the microfluidic chip. 
 
Once the droplet is placed, a full range of imaging techniques can be 
applied. As an example, a hyperspectral snapshot image is acquired and a 
corrected three-dimensional data cube is generated. In the next step, the 
microscope switches from brightfield to confocal laser scanning mode to 
acquire multimodal nonlinear coherent anti-Stokes Raman scattering 
(CARS) and two-photon excited fluorescence (TPEF) images. The 
microscope returns to brightfield mode and the cycle begins again. 
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Antimicrobial resistance (AMR) is a major medical challenge. Due to the extensive time 
required by routine laboratory diagnostic methods to deliver results, physicians are 
forced to administer empirical treatment, without any information about the pathogens 
AMR. Thus, a need exists for the development of fast and inexpensive clinical 
laboratory methods that provide physicians with strain-specific AMR-information, 
allowing the administer of proper antibiotic treatment shortly after infection diagnosis. 
Label-free Raman spectroscopy can be an important player in this field, since it provides 
an overall biochemical profile of the bacterial cells, including AMR-related information 
[1, 2].   
 
This is the first attempt to determine bacterial resistance groups using Raman 
spectroscopy. Two Raman methods were tested, UV-resonance Raman spectroscopy 
(UVRR) using 244nm excitation and Raman fiber probe directly on the culture dish 
using 785 nm excitation. 56 clinical isolates were analyzed, belonging to the pathogen 
species Acinetobacter baumanii, Escherichia coli, Citrobacter freundii, Enterococcus 
faecium, Klebsiella pneumoniae and Klebsiella oxytoca. In the Gram-negative isolates 
isolates 3 resistance groups were tested, namely susceptible, Extended-spectrum beta-
lactamases producers (ESBL) and carbapenem-resistant Enterobacterales (CRE). The 
Enterococcus faecium isolates were vancomycin susceptible (VSE) and vancomycin 
resistant (VRE). In the data analysis, first a classification of the species was performed, 
followed by classification of the resistance group in each species separately, using 
chemometrics methods. Further research is required to develop this method for clinical 
application however, these first results show that Raman spectroscopy has the potential 
to provide physicians with resistance-related information they would not have access to 
otherwise and this is done in a label-free way, without the need for expensive 
consumables and within 16 h after sample intake.   
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Figure 1. Differentiation of AMR groups using Raman spectroscopy. (A) Mean Raman spectrum E. coli 
resistance groups using Raman fiber probe method (B) Mean Raman spectrum of Acinetobacter baumanii 
resistant groups using UVRR method.  
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The formation of stable silver clusters on single-stranded DNA (Ag:DNA) leads 
to bright fluorescence in the visible range, depending on the DNA-sequence. 
This fluorescence shows high sensitivity to environmental variables such as 
pH or the ionic composition of electrolytes. Ag:DNA clusters can usually be 
stored refrigerated for several weeks. However, depending on the DNA 
sequence, a decrease in fluorescence may occur within a few days. Here two 
linear structures with 28 bp and 19bp single stranded DNA were compared. A 
joint feature of both sequences is a cytosine-rich region where the silver atoms 
are stabilized.  
The fluorescence at em = 640 nm of the 28 bp sequence, excited at ex = 600 
nm, is significantly more stable than that of the 19 bp-DNA (em = 685 nm). 
After 3 days there is almost no drop in fluorescence of the 28 bp-DNA, but 
then there is a sudden loss of fluorescence up to 11% within one day. In 
contrast, the fluorescence of the 19 bp Ag:DNA drops by half after just 3 days. 
When excited with shorter wavelengths, a completely different picture 
emerges. When excited at ex = 540 nm, 28 bp shows an emission at 710 nm 
and at ex = 495 nm even 2 peaks at 585 nm and 675 nm. While the 
fluorescence drops by about half at ex = 540 nm, both peaks excited at 495 
nm decline up to 70% within 4 days. For 19 bp with a peak at 590 nm (575 
nm at ex = 495 mm), the fluorescence loss is only 30% within 4 days. 
During the same time, the absorption only decreased by 8% around 600 nm, 
but otherwise remained stable. 
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Droplet-based microfluidics for microbial research is emerging as ability to generate 
and monitor droplets inoculated with single cells or small populations of pathogenic 
bacteria in a highly parallel manner [1,2]. Digital, droplet-based assays minimize the 
assay volume and are highly sensitive [3]. This allows the identification and 
differentiation of rare pathogens from patient samples with a in a large microbiome 
(e.g., swabs from the mouth and throat).  
 
This work presents a microfluidic chip-based implementation of digital microbial 
single-cell reporter assays (including pathogen-drug interaction assays) with 
colorimetric and fluorometric readout and absolute quantification. Due to the droplet-
based assay methodology, each pathogen strain develops in its droplet independently of 
other droplets and its interaction with additional noxious agents can be investigated. 
Chromogenic or fluorogenic reporter substrates are added for growth detection. The 
associated enzyme and metabolic activities generate stained or fluorescence-active 
products and are evaluated by optical image reading and data processing. Selectivity 
and specificity can be variably adjusted based on the reporter substrate [4, 5]. We 
demonstrate a microbial digital droplet assays coupled with a robust optical setup 
applicable for pathogenic bacteria enumeration.  
 
Keywords: Photonic interaction assays, bacterial cultivation, microfluidics  
 

 

Figure 1 Concept of the digital microbial assay a) the cells were mixed with chromogenic/fluorogenic 
substrate and bacteria single-cell encapsulation through the microfluidic chip is performed. b) The 
substrate is metabolized by specific bacteria, c) for mixed populations monoclonal growth of different 
bacterial species is observed and confirmed by the chromogenic reporter assays. 
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Abstract: Investigation into the impact of gold nanoparticle morphology [1] on Raman signal 7 
enhancement was conducted through the development of a simulation using Ansys Lumerical 8 
Software. Specifically, a fixed spherical gold nanoparticle with an air cone crater was analyzed to 9 
induce a quadrupole mode within the nanoparticle. 10 

The FDTD method was selected to discretize Maxwell's equations with minimal error, particularly 11 
when incorporating a PML. This method offers the convenience of selecting various wavelengths 12 
for the eigenvalues of frequencies. 13 

The analysis of mode effective refractive index dispersion revealed that the propagation constant is 14 
minimal at a light wavelength of 785 nm [2] when the effective coefficient [3] approaches 0.1. 15 
Consequently, this resulted in the formation of a quadrupole mode, characterized by a radiation 16 
absorption-to-scattering ratio of approximately 0.9 by the nanoparticle. In the lower frequency 17 
range, a notable enhancement in the efficiency metric was observed [4]. 18 

The spatial distribution of fields in the proximity of a nanoparticle possessing a crater, under light 19 
propagation along the Z axis within the YZ plane, demonstrated field localization as a dipole [5], 20 
while a quadrupole mode manifested in the XY plane. Consequently, when estimating the electric 21 
and magnetic fields within a granule featuring a crater, consideration of quadrupole term is 22 
essential. 23 
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Fluorescence lifetime imaging microscopy (FLIM) is a powerful tool for visualizing 
minute changes in the chemical makeup of biological samples in a spatially resolved 
manner. While most fluorophores show only minor changes in their emission spectra as 
a response to differences in their chemical environment, their lifetimes typically react 
much more sensitively. Furthermore, spectrally overlapping species can be separated 
and quantified using the additional informational dimension. Combining these general 
aspects of FLIM with a two-photon excitation scheme has proven to be particularly 
beneficial as it provides larger penetration depth, less out-of-focus bleaching, intrinsic 
z-resolution, and no overlap of excitation light with the fluorophores’ emission. 
Additionally, the necessary hardware allows the easy implementation of complimentary 
multi-photon imaging techniques such as second harmonic generation. Here, we present 
three applications of this concept from the field of biomedicine: (1) detection of tumor 
tissue in head and neck cancer samples, (2) sepsis characterization in mouse kidney 
tissue, and (3) characterization of the host response to influenza infection in lung tissue. 
These applications rely on the autofluorescence of NADH and FAD, two important 
molecules in the energy metabolism of cells. Their lifetimes, relative concentrations, 
the amounts found in free and protein-bound forms – differentiable only by the 
respective lifetimes – and spatial distributions are considered important markers for the 
state of a tissue and subject to change upon disease. Recording these data has been 
coined ‘metabolic imaging’ and holds great promises for disease detection.  
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Figure 1 Immune cells in human lung tissue, identified by FLIM. Scale bar: 1 mm. 
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Abstract 

Aerobic Bacillus and anaerobic Clostridium species are Gram-positive bacteria that are found 

all over the world. Because they produce endospores, they may survive in the environment for 

prolonged periods of time[1]. Many Bacillus species and genera are not human pathogens in 

general, however there are a few exceptions: Anthrax is caused by B. anthracis, whereas food 

poisoning is caused by B. cereus. In contrast, the genus Clostridium is extremely diverse, with 

C. tetani (tetanus), C. botulinum (botulism), C. perfringens (gas gangrene), and C. difficile 

(antibiotic-associated diarrhoea and pseudomembranous colitis) all causing toxin-mediated 

illnesses[1,2].  

Rapid and reliable detection methods for pathogenic Clostridium species are currently critical 

in the medical industry, and fresh ways must be studied and developed. Raman spectroscopy 

is an analytical method that can capture the target’s vibrational information in form of a 

spectrum, which enables for the characterisation and identification of the microorganism[3,4]. 

This method is then applied to classify Bacillus and Clostridium species based on phylogenetic 

relatedness, growth conditions, and capacity to create endospores. The study's purpose was to 

amass a huge library of Raman spectra from vegetative cells and endospores of pathogenic and 

non-pathogenic Bacillus and Clostridium species. 
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Angle-Resolved Scattered (ARS) light imaging gives fast and highly resolved information about structures and 
objects that otherwise would only be visible by very specific microscopy techniques. We employ ARS to picoliter-
sized droplets in flow to detect cell growth on a single-cell level. This approach allows for detailed information 
about the content of the droplets where we can screen thousands of droplets each hour.  

To interpret and decode the information in the droplets, we extract features from the complex scatter light images 
using a pre-trained Convolutional Neural Network (CNN) called EfficientNet [1] and then employ various 
unsupervised and supervised deep learning methods. These models help us realize the fastest exposure time that 
can be used for imaging without hindering the overall classification accuracy. We demonstrate the efficiency of 
the model by performing microbial growth experiments and fast antibiotic susceptibility testing.  

Current phenotypic methods need high cell densities resulting in relatively long incubation times of 24 hours. 
Newer and faster approaches mainly rely on genotypic predictions, which are not guaranteed to represent the true 
antibiotic resistance of a sample. With our method, employing deep learning-based regression models, we can 
detect cell growth on a few-cell level after a short incubation period. A few cell divisions are already enough to 
detect growth or growth inhibition [2] and in the droplet-based system this occurs in a matter of hours.  In the 
future, we intend to increase the multiplexing of the system by coupling it to a fluorescence detector, which allows 
us to code different experimental conditions using fluorescence. 
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Figure 1: 1) Overview of the analysis steps of ARS images. 2) Predicted OD (Optical Density) distributions versus actual mean ODs 

of 5 different droplet populations with S. aureus/E. coli cells. 

 

Figure 2: 1) Exemplary images of growth experiment of S. aureus over 5 h. Starting OD = 0.003 (1 cell per droplet 90 % empty). 
Droplets were incubated at 37 °C. 2) Predicted ODs above detection threshold (0.15) at every timepoint across 3 different 

experiments. 
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Many biological processes are essentially influenced by small molecules of less than 
1000 g mol-1. The elucidation of mechanistic core steps or the discovery of anomalies 
within a biological process of interest not only involves the identification of such small 
molecules but also the determination of their distribution pattern, metabolization, and 
organism interplay. Thus, a selective and non-destructive identification of small 
molecular targets within diverse and complex biological environments is crucial and 
poses several requirements on imaging techniques that can be met using vibrational 
Raman spectroscopy combined with a smart tag concept (Figure 1).  
 
Triple bond and deuterium markers are particularly well suited as vibrational labels 
because they feature bands in the otherwise wavenumber silent region of the spectrum. 
As a consequence, rapid on-site evaluation is possible and drastically reduces the 
required post-processing cost and time. Incorporation strategies of vibrational tags into 
biomolecules under study are diverse. They range from intrinsic label-free approaches1,2 
to artificial and individually tunable labels for e.g. multiplexing experiments and few-
molecule detection schemes. 
 
We here present the application of triple bond and deuterium labels as vibrational tags 
in linear and coherent nonlinear Raman spectroscopy for biological needs. Despite 
Raman scattering itself being an insensitive process, the application of tagged molecules 
in biologically acceptable concentrations of the low three-figure micromolar range 
succeeds for real biological systems due to the accumulation at certain positions, e.g., 
in lipid droplets, nuclei, or membranes. Coherent nonlinear vibrational techniques, such 
as narrow- and broadband coherent anti-Stokes Raman spectroscopy (CARS), and 
stimulated Raman scattering (SRS), can additionally overcome some of the well-known 
obstacles of spontaneous Raman imaging, eventually enabling time-resolved or large-
area screenings.  
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Figure 1 Graphical abstract of the presented work. Artistic representation of the detection of a 
vibrationally-tagged fatty acid inside a macrophage cell by Raman spectroscopic techniques.   
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Humanity is facing severe dangers caused by wide diversity of pathogenic organisms 
such as viruses and bacteria. These organisms are capable of rapid mutations, potentially 
leading to the development of resistances against commonly used treatment methods. 
Therefore, it is of utmost importance to be able to identify these resistances as fast as 
possible in order to properly treat infections [1]. In addition to speed, the sensitivity, the 
adaptability, the cost, and ease of use are other important qualities [2,3]. Localized surface 
plasmon resonance (LSPR) spectroscopy is a promising tool, utilizing incident light 
exciting the free electrons of noble metal nanoparticles and causes them collectively 
oscillate. This oscillation leads to strong absorption and scattering of the incident light 
at a certain frequency. The absorbed wavelength is strongly dependent on the local 
refractive index of the surroundings [3,4]. However, nanoparticles on their own show no 
specificity, thus a recognition element is needed. DNA has the capability to specifically 
detect many different target molecules in the form of single stranded DNA by 
hybridizing the target [1] or by forming aptamers to catch [2]. To be able to test for many 
different targets at the same time, plasmonic microarrays pose a suitable sensor type. 
For the optical readout an image-based approach incorporating a camera and a liquid-
crystal-tunable-filter (LCTF), allowing to create a stack of images taken at different 
wavelengths set by the LCTF, were developed [5]. By fitting the gray values of the 
nanoparticle spots inside the image stack and tracking the wavelength of the center of 
mass over time binding events to the nanoparticle’s recognition element can be observed 
and the presence or absence of the target can be confirmed.  
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Figure 1:3D render of an imaging-base localized surface plasmon resonance spectrometry 
setup with liquid crystal tunable filter for measuring plasmonic nanoarrays, by André 
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Figure 2: Plasmonic microarray with 80 nm Au-
spheres with 80x, 160x, 240x, 320x, 400x, and 
480x concentrated particles (left to right). 
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The degradation of plastics over time, through chemical and biological processes, 
results in the release of microplastics (MPs), which are tiny plastic fragments up to 5 
mm in size [1]. These particles are particularly concerning because of their persistence 
in the environment and their ability to accumulate in human bodies. 
 
MPs have been detected in various everyday items, including our food supply [2], 
drinking water [3], and the air we breathe [4], making ingestion and inhalation primary 
pathways for human exposure. Human biomonitoring studies have found MPs in human 
tissues such as lungs [5], blood [6] and breastmilk [7]. The accumulation of MPs in the 
body is linked to potential adverse health effects, with evidence pointing to possible 
impairment of the cardiovascular [6], digestive [8], and respiratory systems [4]. 
Additionally, the risk posed by MPs is not only a matter of their presence but also their 
characteristics, including size, concentration, shape, and surface charge, as well as their 
ability to attract and carry other harmful organic and inorganic substances [9]. Given 
their ubiquity, there is an urgent need for efficient analytical techniques for the 
identification of MPs. 
 
Addressing this, we have developed a high-throughput Raman system (HTS-RS) for 
rapidly assessing the presence and types of microplastics, even at low concentrations, 
on various substrates. By optimizing the optical design parameters, we were able to 
maximize information throughput while maintaining the highest possible optical 
resolution. This has resulted in a system with a large field-of-view, while maintaining 
high spatial resolution, enabling quick MP detection and proving particularly beneficial 
for samples with low MP density, such as present in biological samples. The 
implementation of our system is illustrated in Figure 1, which depicts a schematic of the 
HTS-RS setup. The system is designed to quickly capture high-resolution images with 
a size of 3.2x2.2 mm² at approximately 2 μm spatial resolution, facilitating the rapid 
detection of MPs. Our system can handle different types, shapes, and size of 
microplastics, bridging micro and macro-level, by integrating several automatic 
detection techniques. Figure1 provides an example of the system's capabilities, 
presenting the spectra of different microplastic particles detected on a substrate. For 
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particle measurement, we used an acquisition time of 0.5 s Raman scan time per particle. 
An inset showcases an image of the filter substrate with MPs on it.  
 
Our approach offers a repeatable and time-efficient strategy for the detailed 
morphological and chemical characterization of microplastics, enabling their quick 
detection and identification. 

 
Figure 1 Schematic of HTS-RS system for MP detection. Inset shows CaF2 slide with MPs. Raman 
spectra of detected MPs is shown on the right side. 
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To study rigidity-related diseases such as keratoconus, it is necessary to 
comprehensively visualize the complex morphologic changes in their entire 
anatomic context. The aim of this study is to utilize 3D light sheet 
fluorescence microscopy (LSFM) to visualize whole, unlabeled porcine 
eyeballs and corneal tissue samples in three dimensions, discerning 
whether alterations in corneal stiffness can be represented qualitatively with 
this technique.  
The collagen autofluorescence signals [1] within the unlabeled and 
undestroyed porcine eyeball facilitated the clear identification of the 2D and 
3D anatomy of the entire eye. Furthermore, different techniques were 
applied to corneal tissue samples in order to induce collagen cross-linking. 
The degree of cross-linking was measured by induced autofluorescence [2], 
since cross-linking and stiffening within the collagen matrix occur via Schiff 
bases between individual molecules [3]. After LSFM scans, the altered 
corneal stiffening was depicted due to specific changes in autofluorescence 
signals of the corneal stroma. Conventional histology confirmed the 
identified anatomical features and morphological alterations of the cornea. 
LSFM analysis of porcine whole eye and corneal tissue samples enables 
label-free 3D evaluation of overall morphology, anatomical relationships and 
tissue composition due to their autofluorescence properties. Therefore, it 
provides the technical foundation for comprehensive analyses of 
pathologically altered cornea, thus facilitating ophthalmologic studies of 
corneal diseases relying on modified tissue stiffness, with significant 
potential for clinical translation. 
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Viral infections present substantial global threats to human health, exemplified by 

the recent SARS-CoV-2 pandemic. A comprehensive understanding of virus 

interactions with host cell receptors is pivotal for unraveling the mechanisms of 

viral entry, a critical step in the infection process. This knowledge is essential for 

the development of targeted therapeutic strategies, including novel viral 

inhibitors. Surface plasmon resonance (SPR) biosensors emerge as a potent tool in 

this endeavor, providing real-time and high-sensitivity analysis of molecular 

binding events. 

 

In this study, we introduce an SPR assay designed to characterize the binding of 

SARS-CoV-2 viruses, including the Omicron and Delta variants, to the human 

ACE2 receptor. To achieve this, SPR gold substrates were initially functionalized 

to bind biotinylated ACE2 receptors, utilizing the specific streptavidin-biotin 

interaction. Non-specific binding interactions on the ACE2 receptor or subjacent 

layers were studied and minimized. Binding curves of different viruses were 

analyzed using a six-channel SPR system, revealing variations in binding 

efficiency between SARS-CoV-2 variants (Omicron and Delta) and influenza A 

viruses. Successful visualization of virus binding on the SPR surface was further 

confirmed through electron microscopy post-measurements. 
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The energy metabolic state is a parameter that can yield information on pathological 
alterations of cells and tissues. While in a healthy environment the oxidative 
phosphorylation is more prominent, the metabolism can shift towards glycolysis due to 
hypoxia and insufficient mitochondrial capacity in various pathological conditions, like 
cancer and infection. Nicotinamide adenine dinucleotide (NADH) acts as the main 
coenzyme for electron transport in cellular metabolism and together with Flavin adenine 
dinucleotide (FADH2) it reflects the oxidation state of the whole metabolism. 
 
Fluorescence lifetime imaging microscopy (FLIM) of the autofluorescent forms of the 
electron transporters, the reduced NADH and the oxidized FAD is a sensitive tool to 
monitor the metabolic state of cells and tissues. During oxidative phosphorylation, the 
unbound NAD exists mainly in its non-fluorescent oxidized form NAD+, and the 
measured fluorescence life time is dominated by protein bound NADH with life times 
around 2500 ps. In glycolysis, the reduced form of unbound NADH with shorter 
lifetimes of about 400 ps predominates, resulting in overall shorter mean fluorescence 
lifetimes (Schaefer et al 2021). The opposite behavior exists for FAD. Here, the protein-
bound form shows shorter while the free form shows longer fluorescence lifetimes. 
 
Changes in the energy metabolism of the body under various pathophysiological 
conditions can be detected directly by FLIM of NADH and FAD measured on white 
blood cells. However, these measurements are time consuming and not always possible 
immediately after sample retrieval. During storage and measurement duration the 
metabolic state of these cells might change. Therefore, we evaluated how the 
NADH/FAD fluorescence lifetime is influenced by different media composition as well 
as by freezing the sample and thawing it after storage. While the presence of FCS in the 
measurement medium seems to have only minor effects on the measured metabolic 
state, freezing and thawing the sample seems to shift the fluorescence lifetime of NADH 
in some cells to shorter values indicating increased glycolysis (see figure 1). This is 
probably due to damage during freezing/thawing. We conclude that frozen/thawed 
samples still reflect differences between individual samples when samples have been 
prepared in the same way. However, one should be careful about directly comparing 
values obtained from fresh samples to that of frozen/thawed samples. 
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Figure 1 Comparison of mean NADH and FAD fluorescence lifetime of a white blood cells directly after 
isolation and after freezing, storage at -80°C and thawing. The intensity image reflects the intensity value 
for NADH.  Both samples were measured using a 25x NA 1.1 oil immersion objective at room 
temperature in RPMI cell culture medium. Excitation was achieved using a pulsed (80 MHz) Ti:Sa laser 
(Chameleon, Coherent) and FLIM was detection was done using TCSPC controlled via SPCImage 
(Becker&Hickl). NADH was excited at 790 nm and detected using a 460/50 BP filter and FAD was 
excited and 890 nm and detected through a 525/50 band pass filter.  Data were fitted to an incomplete bi- 
or triexponential decay model. 
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Non-invasive diagnosis and imaging of the ear, particularly the eardrum and middle 
ear, are crucial in otolaryngology, especially for assessing pediatric middle ear 
diseases. Recently, there has been significant interest in employing new biomedical 
optical tools for enhanced diagnostics of middle ear infections. Optical coherence 
tomography (OCT), for instance, offers noninvasive, rapid, and contact-free depth-
resolved imaging and is widely used in ophthalmology. OCT's applications have 
expanded to include intravascular and esophagus imaging, as well as preclinical 
devices for skin, lower gastrointestinal tract, and ear imaging. Its simple, affordable, 
and compact design allows for high-resolution imaging that can be easily integrated 
into clinical workflows. 

In this work, we explore optical design considerations for the multimodal combination 
of OCT with multispectral methods, aiming for a label-free and depth-resolved 
examination of ear structures. The multimodal OCT system is designed to produce 
high-resolution cross-sectional images of the ear, with the sample arm specifically 
tailored as a handheld module to enhance its use in pediatric cases. Additionally, 
multispectral imaging gathers data on the spectral distribution of reflected light, 
providing detailed analysis of tissue composition. This combination offers promising 
potential for characterizing ear structures, including distinguishing between different 
tissue types and identifying potential pathological changes. 

This proposed system is poised to be a significant advancement in otolaryngology, 
potentially greatly improving the diagnosis and treatment of ear diseases, particularly 
in pediatric patients. 
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Colorectal cancer, a malignancy that develops within the large intestine, ranks among 
the leading causes of cancer-related mortality worldwide [1]. There is an increasing 
emphasis on developing rapid and personalized diagnostics and improved detection of 
this cancer. A prognostic factor for colorectal cancer is the extent of invasion and the 
occurrence of distant metastasis. Previous studies have documented the successful 
implementation of label-free techniques, such as Raman spectroscopy (RS) and optical 
coherence tomography (OCT), to distinguish between colonic adenocarcinoma and 
healthy tissue [2].  
Our research focuses on the endoscopic probe-based integration of these techniques as 
a supplementary diagnostic tool for tumor tissue evaluation, aiming for future in-vivo 
translation. We outline the technical development for a probe-based implementation of 
OCT and RS for label-free molecular and morphological tissue characterization. 
Moreover, we evaluate machine learning models using spectroscopy and morphological 
information for tissue classification. The achieved results demonstrate comparable 
levels of sensitivity and specificity when compared to prior research utilizing large 
microscopy-based systems. With the endoscopic implementation, we take a significant 
step toward achieving accurate and minimally invasive cancer diagnosis. 
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Figure 1 Colorectal cancer sample a) Bright field image of a colon biopsy showing the region of interest 
measured by the desktop OCT system and RS system , b) Sample H&E stain of captions, c) depth OCT 
image showing the region and field of view of the endoscopic view, e) and f) Probe OCT measurement 
from the region of interest 1 and 2 respectively, g) Mean RS spectra for healthy and tumour types of 
tissue. 
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A rapid, precise, and viability-retaining high-throughput method for the spatially 
controlled transient poration of cells would provide new opportunities for cell 
engineering, particularly cytoplasmic molecule transfer in adherently growing cells but 
also e. g. 3D cell cultures or microfluidic applications like Organ-on-Chip. Routine 
methods suffer from either low throughput, lack of selectivity, requirement of helper 
compounds, predominant endosomal delivery, and/or are frequently restricted to 
specific molecule classes such as e. g. nucleic acids. In a proof-of-concept study we 
demonstrate efficient transfer of molecules from cell culture media in up to 40% of 
targeted adherent cells (CHO-K1 and THP-1) by applying single sub-nanosecond laser 
pulses to monolayers. Confocal laser scanning fluorescence microscopy and flow 
cytometry analyses revealed that variations of pulse energy, energy density, Rayleigh 
length and axial beam waist positioning in relation to a cell monolayer resulted in 
characteristic patterns of molecule transfer, but also to cell ablation and cell death. 
Future research seeks to further optimize laser pulse application schemes towards 
adherent monolayers for immune cell manipulation in personalized medicine 
approaches, but also to extend the application field towards spatially controlled 
manipulation of cells in (micro)fluidic systems as well as 3D cell cultures. 
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As a rapid, label-free, and non-destructive technology, mid-infrared spectroscopy has 
been extensively used in the analysis of biological samples, including plasma, serum, 
tissue and cells. It is a versatile method being able to probe mutiple molecular groups 
in parallel to characterize the changes of proteins, lipids, nucleic acids etc. To apply the 
technology in diagnostics, however, it is important and necessary to identify the specific 
biomarkers for a given disease under diagnostics.  
 
In this work, we proposed to identify the disease-specific biomarkers for blood samples 
based on mid-IR in combined with machine learning methods. With this we aim for an 
easier and faster blood-based diagnosis for certain diseases. To do so, we compared the 
mid-IR spectra from the plasma samples to those from the cell lines based on correlative 
analysis. In this way we could identify the spectral features of the plasma samples that 
are discriminative between healthy and diseased samples. This method was verified by 
the detection of acute myeloid leukemia and abnormal immune status. In particular, 
significant changes were observed for the valleys at 1629, 1610, 1604, 1536 and 1528 
cm-1 and the peak at 1404 cm-1 for acute myeloid leukemia according to the correlation 
analysis between patients’ peripheral blood, bone marrow blood and the U937, HL-60, 
THP-1 cell lines. On the other hand, the abnormal immune status mainly caused the 
changes in the β-sheets/α-helix and CD4+/CD8+ ratio based on the comparison between 
human total leukocytes and the CD4+ T cells, CD8+ T cells, CD19+ B cells, NK cells 
and the granulocytes.  

ICOB-P-59



Figure 1 The difference infrared spectra of acute myeloid leukemia 

Figure 2 The infrared spectra of leukocytes subpopulations 
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Non-thermal atmospheric pressure gas discharges (physical plasmas) are applied to 
alleviate inflammatory disorders, including (chronic) wounds and (pre-) malignant 
conditions. Despite widespread use and ongoing medical research, the molecular 
mechanism is still under debate. Among other points, the penetration depth in a 
biological target remains controversial. Physical plasmas generate reactive chemical 
species, electrical fields, and light, ranging from vacuum UV to IR. Since all of these 
entities have different properties, and generating one without the other is notoriously 
difficult, a pragmatic approach is to analyze tissue samples after plasma exposure.  
 
We decided to investigate the skin as the tissue with the most frequent contact to 
physical plasma. After plasma treatment of ex vivo skin, the samples were either 
analyzed by fluorescence and Raman microscopy (Poster Hasse, INP Greifswald/IPHT 
Jena) or via high-resolution mass spectrometry. By applying the tape strip assay, ≈ 1µm 
thick layers of the epidermis were obtained, subjected to cleanup and protein digestion, 
and analyzed by nanoLC/HRMS (Thermo Exploris 480). Subsequent bioinformatics 
comprised ProteomeDiscoverer 2.4SP1 profiling of the proteome and ProteinMetrics 
Byonic v5.2.5 for identifying/mapping the post-translational oxidative modifications. A 
parallel workflow targets the lipids present in the samples (UHPLC/HRMS). Some 
samples were covered during plasma treatment with a VUV transparent MgF2 window 
in order to investigate the role of UV radiation specifically. 
 
About 2000 proteins were identified from the tape strips, with some carrying oxidative 
modifications. Pilot experiments using model peptides successfully identified the main 
amino acid targets of physical plasma (aromatic, heterocyclic, and sulfur-containing 
amino acids) and the predominant oxidative modifications (oxPTMs) introduced (up to 
three oxygen atoms, deamidation, chlorination, nitration, ring cleavages). They allowed 
a targeted search algorithm and shorter computation times 1, 2. Subsequent changes in 
protein activity were identified 3-5. In the skin samples, a small increase of oxPTMs was 
observed, with a slight emphasis on the outermost layers after plasma/UV treatment of 
thiol oxidation and oxidation of aromatic rings was observed 6. A similar result was 
obtained when analyzing the lipid composition and oxidation products, respectively.  
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The workflows have been successfully established, allowing us to analyze stratified 
tissues quickly. Profound knowledge of physical plasma-introduced oxPTMs can be 
used to understand the underlying mechanism and guide microscopic or spectroscopic 
approaches. Indeed, the stratum corneum served as a strong barrier, preventing more 
extensive oxidation of the biomolecules, especially in the deeper layers of the tissue. 
This is in contrast to findings based on other approaches 7, 8, which, however, have not 
used mass spectrometry as highly sensitive and precision tool for protein analysis. 
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Leica STELLARIS 8 CRS – a true multi-modal 
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Here, we report on a number of applications in label-free, chemically specific imaging 
using the STELLARIS 8 CRS – Leica’s hands-free Coherent Raman Scattering 
microscopy instrument. It offers the two popular CRS modalities – SRS and CARS – 
and allows for the simultaneous acquisition of two-photon fluorescence and second-
harmonic generation signals. Importantly, the seamless integration of CRS with the 
STELLARIS visible confocal fluorescence microscopy platform results in a true multi-
modal optical discovery instrument that is capable of capturing a unique combination 
of biochemical, biophysical and molecular contrasts. Here, we present a range of 
applications of SRS, including label-free morphochemical imaging in model organisms, 
the characterization of organoids and spheroids, and investigations of brain tissues for 
neurodegenerative disease research. We show specifically that SRS can provide novel 
insights into the biophysical properties and biochemical composition of Amyloid-β 
plaques in a mouse model of Alzheimer’s disease. Our results highlight the potential of 
SRS to contribute to a deeper understanding of cell and tissue biology, and to serve as 
a powerful tool for preclinical and translational research.  
 

 
Figure 1 Hyperspectral SRS imaging of mouse brain tissue allows label-free visualization of Amyloid- 
plaques and shows differential localization of lipid species to healthy and pathological brain structures [1]. 
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Abstract: 
Investigating various biological topics requires a comprehensive understanding not only of 
morphology but also of microenvironmental parameters like for example the pH-Value. For 
instance, in novel drug delivery systems based on lipid nanoparticles (LNPs), the pH-value 
governs the release process of messenger ribonucleic acid (mRNA) into the cytosol. An 
essential question in such studies is how to optically measure these microenvironmental 
properties. Among the methods available, specially designed fluorophores that display intensity 
fluctuations in response to changing properties like the pH-Value are notable. However, 
fluorescence lifetime imaging (FLIM) emerges as the superior technique for assessing these 
properties due to its robustness against changes in fluorophore concentration, photobleaching, 
and excitation intensity. Researchers typically need to choose between two predominant FLIM 
techniques depending on the requirement for speed or spatial resolution: Time Domain (TD) 
and Frequency Domain (FD). In this study, we discuss which microenvironmental parameters 
can be quantified using both TD and FD techniques, providing a comparative analysis. 
Additionally, we introduce innovative methods that synergize TD and FD's advantages, 
enabling rapid acquisition with enhanced spatial resolution. One of them integrates fluorescence 
lifetime measurement with a resonant galvo scanner, opening new pathways for rapid and high-
resolution FLIM data. 

1. Introduction:

Contemporary microscopy has greatly enhanced our capability to visualize the structure of 
living organisms. Yet, extending our insights beyond mere structure to include photophysical, 
chemical, and biological contexts, methodologies like fluorescence lifetime imaging 
microscopy (FLIM) stand out. Many conventional microscopy approaches, however, are 
limited due to their reliance on signal intensities. These intensities are not only influenced by 
the specifics of the experimental arrangement, like how efficiently a sample is excited or 
detected, but are also prone to problematic occurrences, such as the photo-bleaching of 
fluorescent markers—leading to measurements that can typically only assess relative shifts. 
What sets FLIM apart is its independence from the modality of excitation, whether through 
single-photon (1P) or two-photon (2P) interaction, nor does it require tuning the laser precisely 
to the fluorescence excitation peak of the examined material. Discrepancies in reported lifetime 
values from FLIM might convey an impression of unreliability; however, these are often 
attributable to variables directly affecting the sample, like concentration, pH-value, solvent 
polarity, and temperature - factors we studied in our previous work [1]. Although both 
established TD and FD-FLIM techniques have their merits and limitations, cutting-edge method 
arises when combining these two techniques. For example, the instantFLIM approach merges 
the rapid data collection feature of FD-FLIM with the superior optical resolution of TD-FLIM 
[2]. By including a lock-in amplifier in our setup we where able to expand this technique to 
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enable fluorescence lifetime measurements with a resonant galvo scanner. We call this 
technique speed up phase resolved fluorescence lifetime imaging microscopy (SUPER FLIM) 
based on previous results from another group [3]. 
 

2. Results: 

One important result from our research is the matching lifetimes obtained using both FD- and 
TD-FLIM setups. FD-FLIM utilizes widefield, single-photon absorption, while TD-FLIM 
employs laser scanning with two-photon absorption. Testing with a 10-2 M Rose Bengal 
solution in ethanol resulted in consistent lifetimes of approximately 0.85 ns across various 
wavelengths, modulation frequencies, and integration times.  
 
Adjusting the microenvironment revealed that pH-value (Figure 1), along with potential 
quenching molecules and solvent polarity, significantly impacts the measured lifetime. Phasor 
plot analysis verified the mono-exponential decay of our samples, and a p-value test statistically 
validated the comparable accuracy of both FLIM methods. 

 
Figure 1: The pH dependent lifetime of Fluorescein in water (10-4 M) for pH values between 3 and 12 that follows a sigmoid 
function (left). The corresponding phasor plots for the TD- and FD-FLIM technique are shown on the right.  

The excellent agreement between all four FLIM techniques - including instantFLIM and 
SUPER FLIM- was demonstrated by changing the solvent polarity as one of the strongest 
influencing factors (Figure 2). Although the measured lifetimes vary between 0.18 ns and 
2.8 ns, all values determined by the different techniques match very well for each individual 
solvent. 

 
Figure 2: Fluorescence lifetimes for Rose Bengal for different solvent polarities measured with TD-FLIM (red), FD-FLIM 
(blue), instantFLIM (green) and with the new technique SUPER FLIM (magenta). 

 
3. Discussion: 

In this work we demonstrated that the results of a FD setup are comparable with the one of a 
TD setup and to that of an instantFLIM setup with statistical proof and without exception. We 
also showed which parameters have the greatest influence on the lifetime and should be 
mentioned in published data. Especially the results of instantFLIM and SUPER FLIM are 
promising for future lifetime measurements because the lifetime can be measured with high 
frame rates and all other benefits of two photon microscopy.  
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Silicon photonic biosensors have shown potential in advancing biomedical 

applications requiring parallel detection of multiple biomolecules in portable and 

miniaturized systems [1, 2]. This paper presents a detailed investigation into the 

development of a scalable silicon nitride (Si3N4) photonic biosensor platform 

designed specifically for biomedical use. 

The work involved the development of a biosensor chip with novel Si3N4 microring 

resonators (MRR) operating at a wavelength of 1550 nm. The sensors were fabricated 

on a PECVD Si3N4 waveguide platform on 200-mm silicon wafers. The biosensor chip 

featured a 1×8 MRR multiplexed architecture with 7 sensors and one reference. 

The chip was integrated into a system consisting of the biosensor chip itself (Fig. 

1a), a custom-designed microfluidic cell combined with a fine-dosing pump, and a 

specially developed optical readout system featuring light in/out connection to the chip 

via optical fibers. This integrated setup enabled rapid, simultaneous, multi-channel 

acquisition of MRR transmission spectra. By monitoring the resonance wavelength 

shifts resulting from biomolecules captured on the sensor surface, the system 

facilitated the detection of these biomolecules from the analyte solution flowing over 

the chip.  

The primary focus of this research was the detection of specific disease-indicating 

biomarkers, particularly transcriptomic microRNA (miRNA) biomarkers. These 

miRNA biomarkers, which are present in the bloodstream, hold significant potential 

for the rapid and minimally invasive diagnosis of neurodegenerative diseases 

such as Alzheimer's and Parkinson's [3] as well as many others including cancer and 

infectious diseases. 

To detect miRNA biomarkers, DNA-based capture components were used in specially 

designed binding assays. The sensor surface was pre-functionalized with a silane 

layer, and complementary DNA strands were immobilized on it. This enabled 

controlled binding of miRNA-mimicking biomarkers from the analyte solution to 

the sensor surface. Additionally, the MRR sensors could be specifically 

functionalized using a 



local spotting procedure with DNA strands (Figure 1b). This allowed parallel detection 

of several complementary miRNA biomarkers at the same time. Figure 1c illustrates the 

results of parallel detection of three different miRNA biomarkers using specific surface 

functionalized MRR sensors by wavelength shifts over time. The current setup allowed 

for simultaneous detection of up to 6 biomarkers with the same chip. The system 

demonstrated good sensitivity, with an estimated detection limit (without signal 

amplification) below the nanomolar (nM) range. 

This work builds upon a previous study [4] and proposes further optimizations, 

including a new sensor design approach involving the deposition of selected oxide thin 

films on the silicon nitride waveguide core in the sensor region to enhance sensor 

sensitivity. 

The development of this biosensor platform and the surface functionalization protocols 

demonstrated the potential for a common workflow in the detection of various disease-

indicating biomarkers. This advancement holds promising opportunities for rapid and 

minimally invasive diagnostics, particularly for early onset and monitoring of diseases 

evolution. 

Figure 1 MRR sensor chip with in/out light coupling via fibers and grating couplers. (a) 1x8 multiplexing 

scheme for 3 miRNAs. (c) Δλ change over time confirms biomarker detection after flowing miRNA 

mixture over DNA-functionalized chip. 
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Introduction. In order to address biomedical questions related to infectious diseases, 
cancer diagnostics and other pathologies, powerful tools for the identification and 
characterization of bio-molecules, bioparticles, body fluids, and biological tissues are 
necessary. Molecular specificity as well as lateral resolution down to the sub-cellular 
level can be achieved through Raman micro-spectroscopy in a label free and non-
invasive manner [1]. Nevertheless, due to the small Raman scattering cross-section, the 
Raman signal is easily overwhelmed by a fluorescence signal and typical image 
acquisition times can be significant due to the long integration times per spectrum, 
particularly for large regions of interest [2]. An increase of laser intensity is not an 
option, since thermal dissipation of light starts to modify or even destroy the sample [3]. 
Therefore, a confocal light-line Raman microscopy setup brings two advantages: low 
thermal degradation effects on the sample and increased spectral acquisition speed. In 
the present work a Push-Broom Imaging Raman Micro-Spectrometer (PBIRMS) is 
developed and assessed (Fig. 1).  

Figure 1: Optical setup diagram of the instrument. 

Experimental Setup. The excitation light source used is a 532 nm DPSS laser. The 
spectrometer entrance consists of a slit mask composed of 140 rectangular holes of 13 
 47 μm separated 0.1 mm from one another. Our PBIRMS presents a uniform light-
line sample illumination with dimensions 0.75 mm  0.665 μm, with a spectral 
resolution of 5 cm-1. Image processing of the recorded data is performed using a self 
written data processing algorithm in Python, in order to correct the conical diffraction 
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of the spectrometer and retrieve the hyperspectral information from the sample. 
Assessment of the potential of the instrument for Raman spectroscopy was made 
through the analysis of a paracetamol tablet sample. 
 
Results. The hyperspectral image of the paracetamol tablet obtained consists of 120 
spectra measured simultaneously. Spectra from three sections of the sensor were 
compared against measurements of the same paracetamol tablet and of pure paracetamol 
(acetaminophen) performed with a reference Raman setup (Fig. 2). Spectra from the 
PBIRMS and reference Raman setup were similar and the identification of Raman bands 
corresponding to vibrations of the Phenyl ring and Acetamino molecule was possible 
[4]. 
 
 

 

Figure 2: Measurement comparison of paracetamol sample. Top plot shows the results from the 
PBIRMS. Bottom plot shows the results from the reference Raman setup.  
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Technical progress has triggered close to molecular resolution in the emerging 
field of infrared spectroscopic imaging methods. The access to chemical 
variation on the scale of few nm combined to high spectral resolution can 
reveal unprecedented spectroscopic details in biomaterials opening a new era 
in IR spectroscopic imaging. This requires also new approaches in data 
analysis. We applied mid-Infrared Photo-induced Force Microscopy (PiF-IR) 
to bacteria[1] and tissue[2] observing a unique spatial resolution ≈ 5nm of the 
surfaces[1]. Here we compare the results of applying several approaches for 
hyperspectral data analysis of the obtained PiF-IR hyperspectra (Figure 1). 
The advantages and disadvantages of applying unguided  Principal 
Component Analysis (PCA)[3], Hierarchical Clustering Analysis (HCA)[4], and 
Topological Data Analysis (TDA)[5] are discussed and compared to a guided 
approach using known spectral components. 
 

 
Figure 1: a, b) PiF-IR contrasts obtained from Bacillus subtilis[1]. c, d, e) Schematics comparing 
PCA, HCA, and TDA applied to a hyperspectral data set obtained via PiF-IR on Bacillus subtilis 
incubated with Vancomycin. 
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Combinations of powerful infrared illumination with mechanical detection via force 
microscopy provide access to nanoscale infrared spectroscopic imaging [1]. One such 
method, mid-IR photo-induced force microscopy (PiF-IR) has already been applied in 
material and biological sciences [2]. In PiF-IR structural and dielectric characteristics 
of materials are revealed using pulsed IR-illumination and non-contact force 
microscopy. When the tip and sample are brought close to each other, a distance-
dependent weak Van der Waals (VdW) force [3] starts to act between them. The pulsed 
IR-illumination causes absorbing materials to expand thermally as a result of the rise in 
local temperature. The measured force between the tip and the sample is then affected 
by this thermal expansion, yielding the PiF-IR signal [2]. The non-linear impact of 
material characteristics and surface shape on the tip-sample interaction, heat generation 
from the presence of a photo-induced electric field, and the associated thermal 
expansion at different illumination conditions are theoretically studied in this work. 
 

 
 
Figure 1 Portion of the electric field that contributes to heat generation with (a) heat 
generation due to the electric field inside the nanosphere and enhanced field outside the 
nanosphere, (b) penetration depth inside the nanosphere and (c) tip-sample interaction at p-polarization. 
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Blood brain barrier (BBB) is a dynamic and  highly regulated cellular system. 
Endothelial cells of the brain capillaries are highly specialized epithelial cells, which 
are primary component of the blood brain barrier1. Together with pericytes and 
astrocytes, they are being involved in sustaining and regulation of the BBB properties 
such as resistance and permeability2. Hypoxia is an in vitro model of oxygen deficiency 
in neurological dysfunctions. BBB dysfunction is direct indicator of the pathogenesis of 
neurovascular and degenerative diseases of the CNS3. Therefore, the research on BBB 
is of interest for multiple scientific disciplines evoking an ongoing need to ameliorate 
functional models of the human blood-brain barrier. The 3D spheroids, composed of 
brain endothelial cells, pericytes, and astrocytes, which mimic the spatial architecture 
and cell-cell interactions in BBB are concerned the most reliable model of the in vivo 
conditions4. However, not only reproducibility of in vitro barrier properties remains 
major challenges, but also rapid and non-destructive methods are required for complex 
analysis of the internal structure and biochemical effects inside the culture-based BBB 
models. 
 
In this study, we aimed to generate a reproducible cellular spheroids and evaluate the 
potential of label-free imaging to find spectral biomarkers of hypoxic effects in 2D and 
3D cell cultures. Cerebral microvascular endothelial cells (HBEC 5i) were purchased 
from ATCC (CRL-3245, USA) and cultured up to 9th passage. The CaF2 Raman grade 
glass slides with seeded cells were placed in the incubator with the O2 concentration of 
1% for 24h. The mono-cellular spheroids were obtained by use of hanging drop method. 
Cells were fixed and subsequently evaluated by FT-IR imaging (Agilent 670-IR 
spectrometer combined with the 620-IR microscope). H&E and fluorescence staining 
were used as the reference method. Statistical and chemometric methods were used for 
data analysis.  
 
Fluorescence microscopy revealed proper shape and interconnections between the cells, 
as well as visualized structures and formation of lipid droplets. Cells within the spheroid 
very tightly packed and the necrotic core was present. Analysis of the FT-IR spectra 
revealed distinct spectral characteristics of experimental groups. HCA and PCA analysis 
indicated spectral differences between cell groups and allowed for discrimination of the 
cell classes within the spheroid. Hypoxia induced major changes in protein-lipid system 
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and nucleic acids. The alternations in the lipid content and their saturation level were 
observed. The expression of proteins, structural changes and cross-linking was also 
affected by hypoxic effects. It was confirmed that hypoxia can cause stimulation or 
suppression of specific genes, leads to increased glycolysis as well as stimulation of 
angiogenesis in hypoxic tissues. Reduced oxygen levels cause degenerative changes in 
the endothelial membrane and subsequently affect vascular permeability5,6. 
 

 
Figure 1. Scheme and exemplary results from spectroscopic analysis: protein distribution in cells and 
HCA cluster maps with respective second derivatives of average FT-IR spectra of the cell classes. 
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Methyl 2-hydroxy-4-methoxybenzoate (M2H4MB) is a chemical compound used in a 
wide range of healthcare and biological applications [1]. The title compound consists of 23 
atoms, and the molecular formula is C9H10O4. Its primary function is to prevent the growth 
of blood clots, which have the potential to induce ischaemic stroke, heart damage, liver 
cirrhosis, and pulmonary embolism. Its antifibrotic properties make it effective in breaking 
blood clots [2]. Ongoing research on M2H4MB has the potential to facilitate the progress of 
pharmaceutical drug development. 

Methyl 2-hydroxy-4-methoxybenzoate (M2H4MB), an organic compound, derivative 
of benzoic acid, belongs to the class of ester and was studied theoretically in terms of structural, 
vibrational (FT-IR, FT-RAMAN), electronic (UV-Vis), optical (NLO), and biological 
properties. Using Density Functional Theory, B3LYP/6-311++G (d, p) basis set, the optimized 
geometry (bond length and bond angle), and vibrational frequencies of (M2H4MB), were 
computed. Further, FT-IR and FT-Raman spectra were scaled, and prominent peaks were 
analyzed in detail, comparing the results with experimental data. Vibrational assignments 
(%PED) were performed for all 63 modes of vibration of the title compound under study. UV- 
Vis spectra were obtained using the TD-DFT technique for different solvents, and the peaks 
were identified. HOMO and LUMO energy levels of the title compound were identified using 
Frontier Molecular Orbital Analysis. These results were used to calculate the energy gap and 
global reactivity parameters. The stability and non-toxicity of M345TMB have been checked 
using FMO studies. Multiwfn software was used to study topological analyses such as RDG, 
MEP, ELF, and LOL. Intermolecular and intramolecular interactions were determined using 
Natural Bond Orbital (NBO). Non-linear Optics (NLO) properties were shown based on first- 
order hyperpolarizability calculations. To determine whether a compound has the potential to 
be a pharmaceutical drug, Lipinski's rule of five is employed. For the title compound, all the 
drug-likeness parameters fall within the desired range, confirming its suitability as an effective 
oral medication. Molecular docking studies with the protein 1SR5 (anti-fibrinolytic) were done 
on the title compound (M2H4MB) and with a standard drug (Cilostazol) to treat Ischaemic 
strokes. M2H4MB shows a binding energy of -5.5 kcal/mol and the standard drug shows a 
binding energy of -5.1 kcal/mol. When comparing, the title compound shows good binding 
energy against the standard drug. This predicts that M2H4MB may be a suitable drug to treat 
Ischaemic stroke. 
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Figure 1- The optimized geometrical structure of the M2H4MB. 
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We have successfully developed an advanced light source tailored for Coherent Raman 
microscopy and other nonlinear microscopy modalities, including SHG and 
multiphoton fluorescence. In comparison to the prevailing SRS light source available in 
the market (APE’s picoEmerald S [1]), our innovative solution offers several notable 
enhancements.  
 
One prominent advantage of the new light source lies in its significantly accelerated 
tuning speed. We have achieved a 100-fold increase for random wavelength access, 
including laser output power control and dispersion compensation. Switching to 
different Raman bands now takes about 1 second. As is state of the art, the light source 
setup includes both spatial and temporal overlap of Stokes and Pump laser beams to 
provide the application with a single laser beam. The temporal overlap can 
automatically adjust to the dispersion properties of the external optical setup 
(microscope).  
 
To speed up image acquisition and improve signal, we have changed the repetition rate 
from 80 MHz to 40 MHz, resulting in doubled pulse energy. This in combination with 
a subharmonic modulation frequency of 20 MHz leads to a significant reduction of the 
pixel dwell time. The theoretical improvement is a factor of 8 all while maintaining the 
same Signal-to-noise ratio within the image [2]. The laser is based on proven solid state 
OPO technology and thus intrinsically shot noise limited from 5 MHz onwards. The 
output pulse lengths and bandwidths of 2 ps and about 10 cm-1 respectively combine 
optimum spectral resolution with high sensitivity.  
 
The OPO’s redesigned optical cavity also allows for a wider wavelength coverage. The 
Signal beam is now tunable from 660 nm to 1020 nm (up from previously 700 nm to 
990 nm) which corresponds to an Idler tuning range of 1040 nm to 2340 nm (up from 
1080 nm to 1950 nm). To enhance SHG and TPF efficiencies even further, the new light 
source now allows to selectively increase the output bandwidth, which offers the 
opportunity to compress the pulse duration down to a few 100 fs. 
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We directly compare the image quality of the two light sources side by side coupled into 
the same microscope and will present CH- and fingerprint images of relevant biological 
samples. 
 
 

REFERENCES 

1. Xu, H., Zhao, Y., Suo, Y. et al., "A label-free, fast and high-specificity technique for plant cell wall 
imaging and composition analysis," Plant Methods, 2021, 17, 29.  
2. Sandro Heuke, Xavier Audier, and Hervé Rigneault, "Double-modulation stimulated Raman 
scattering: how to image up to 16-fold faster," Opt. Lett., 2023, 48, 423-426. 



Tailoring the Cavity-Induced Interplay of Modes to 

Enhance Four-Wave Mixing over a Broadband Molecular 

Fingerprint Regime 
 

Abhik Chakraborty1,2, Parijat Barman1,2, Ankit Kumar Singh2, Xiaofei Wu2, Denis A. Akimov2, Tobias 

Meyer-Zedler1,2, Stefan Nolte3,4, Carsten Ronning5, Michael Schmitt1, Jürgen Popp1,2, Jer-Shing 

Huang1,2 

 
1Institute of Physical Chemistry and Abbe Center of Photonics, Friedrich Schiller University Jena, 

Helmholtzweg 4, 07743 Jena, Germany  
2Leibniz Institute of Photonic Technology, Albert-Einstein Str. 9, 07745 Jena, Germany  
3Institute of Applied Physics, Abbe Center of Photonics, Friedrich Schiller University Jena, Albert-

Einstein-Str. 15, 07745 Jena, Germany  
4Fraunhofer Institute for Applied Optics and Precision Engineering IOF, Center of Excellence in 

Photonics, Albert-Einstein-Str. 7, 07745 Jena, Germany  
5Institute of Solid State Physics, Friedrich Schiller University Jena, Max-Wien-Platz 1, 07743 Jena, 

Germany 

 
Four-wave mixing (FWM) signal originates from the instantaneously polarized 
electronic resonances inherent in matter. [1] However, the enhancement of 
said signal depends on the resonant enhancement enforced by the cavity. [1] 
For the most efficient use of complex nanostructures, a rigorous optimization 
of the interplay between the electromagnetic modes enforced by the different 
cavity geometries involved is critical. The ACG consists of a series of 
eccentrically displaced rings (grooves) that provides it with a continuously 
varying grating periodicity. This, in turn, offers the necessary phase-matching 
conditions capable of mediating the near field and the far field over a broad 
range of wavelengths via the enforcement of the specific order of diffraction 
responsible for producing in-plane lattice modes at certain wavelength-period 
combinations. [1-3] These modes essentially allow the plasmonic platform to 
host plasmonic surface lattice resonances (PSLR) which are characterized by 
sharp Fano lineshape in both the spectral domain and the non-spectral 
parametric domain [1]. In addition to that, the V-shaped grating grooves 
individually act as hosts of plasmonic hot spots, thereby, facilitating field 
enhancement and frequency conversion by virtue of their mode confinement 
and broadband momentum distribution, respectively. [1] With broadband 
FWM experiments and full-wave analysis, we shed light on the interplay 
between the groove-dependent localized surface plasmon resonance (LSPR) 
and the period-dependent PSLR to demonstrate the generation and 
enhancement of broadband FWM in complex periodic systems. 
 
[1] A. Chakraborty et al., Laser Photonics Rev. 17, 2200958 (2023). 
[2] L. Ouyang et al., ACS Nano 15, 809-818 (2021). 
[3] P. Barman, A. Chakraborty et al., Nano Lett. 22, 9914-9919 (2022). 
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Abstract: 
 
Surface Enhanced Raman Scatering (SERS) has rapidly evolved into a pivotal tool for 
molecular analysis across various domains, including medical diagnostics. Innovative 
top-down techniques, such as electron-beam lithography, have been employed to create 
high-density SERS arrays. These arrays consist of gold nanostars with diameters 
ranging from 20 to 650 nm and controlled interparticle distances (200-700 nm). 
Notably, resulting in a significant signal amplification in SERS, due to high density of  
hot spots at their tips.  
 
Our research encompasses a systematic evaluation of engineered SERS substrates. We 
employ a widely recognized Raman Reporter molecule, 1-Naphthalenethiol (1NAT), to 
assess their performance. Furthermore, we showcase the substrate's versatility by 
successfully detecting tryptophan, a crucial metabolite found in specific tumor 
microenvironments, serving as a compelling proof-of-concept. 
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Photoinduced charge transfer reactions are ubiquitous in nature [1]. Charge transfer molecules 
are important for making Organic Light-Emitting Diodes (OLEDs). Recently, the strategy of 
incorporating heteroatoms such as Boron (B) and Nitrogen (N) in a conjugated carbon-based 
system (non-polar) can be used to make TADF materials. These charge transfer processes in a 
molecular system can affect structural relaxation in the excited state. Finding and 
understanding these non-radiative structural decay pathways are crucial to improving the 
quantum efficiency of TADF materials. In the present work, we investigate the coherent 
nuclear dynamics of the excited state of 10-dixyleylboryl phenoxazine (BNO) and the effect 
of solvent parameters such as polarity, viscosity and polarizability on excited state by 
femtosecond transient absorption spectroscopy and ultrafast Raman loss spectroscopy 
(URLS).  

 

Figure 1: (a) Transient absorption spectrum at 320 nm photoexcitation in n-hexane (b)Normalized kinetics decay in 
solvents with different polarity (c) Coherent vibrational wave packet and (d) Raman peak position fitting at ~1582 
cm-1 in n-hexane. 

The coherent vibrational wave packet is observed in the kinetics trace of the transient absorption 
signal up to 1.5 ps as shown in Figure 1(c) which shows the real-time structural planarisation of 
the phenoxazine ring in the BNO molecule. Fourier Transformation of the observed oscillating 
signal results in low-frequency butterfly vibrations of ~60 cm-1 which is responsible for the 
Planarization of the phenoxazine ring. This work will provide an important reference for 
interpreting excited state dynamics in phenoxazine and BN-based charge transfer systems. 
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Introduction. Fabry disease (FD) is a rare inherited lysosomal storage disorder due to 
alpha-galactosidase A (α-Gal A) deficiency causing progressive multiorgan damage [1]. 
The leading cause of death in FD patients are cardiac manifestations. Cardiac 
involvement in FD is often diagnosed late, once irreversible damage already took place.  
All this makes a fast and reliable diagnostic tool necessary and desired. In our previous 
study it was shown that the use of coherent anti-Stokes Raman spectroscopy (CARS) 
enables differentiation between diseased and healthy mouse tissue samples with high 
sensitivity [2]. However more precise spectroscopic information is required to identify 
the type and stage of the disease. 
  
Objectives. The aim of the current work is the application of Raman spectroscopy for 
accurate diagnosis of FD based on the disease-associated lipid biomarkers Gb3 and 
lyso-Gb3 in cardiac cells [3]. This would complement the previously described 
application of CARS spectroscopy on FD heart tissues of mice and would allow high 
specificity and accuracy by the investigation of cardiac involvement. Additionally, the 
behavior and lipid distribution between different cell types in FD is evaluated. 
 
Materials & methods. Raman spectroscopy (RS) was applied to 50 isolated fibroblasts 
and 30 cardiomyocytes isolated from mouse hearts of α-Gal A-knockout and wild type 
mice aiming to detect the disease-specific lipid accumulations of Gb3 and lyso-Gb3. 
Each cell measurement was preprocessed and grouped into several unique clusters based 
on spectral similarities utilizing hierarchical clustering analysis [4]. Afterwards for each 
cell, groups representing potential lipid candidates were selected by a house-written 
algorithm and afterwards compared with the lipid candidates of all other cell 
measurements. Finally, all candidates were grouped and sorted by the genotype with the 
goal to detect potential FD-specific biomarker lipids within certain cardiac cell types 
and compare the distribution between both groups.  
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Results. Since a spectroscopic signal is based on intrinsic molecular vibrations, the 
measurements using RS were highly specific and gave more precise definition of 
Gb3/lyso-Gb3 biomarkers compared to CARS imaging [1]. Certain lipid accumulations 
in cardiomyocytes were associated with Gb3 by comparing the cell signal to reference 
spectra and were exclusive in diseased mice. This is the first indication of the potential 
of RS to detect specific lipid-based biomarkers that accumulate intracellularly in Fabry 
disease. In contrast, a far higher lipid proportion compared to cell size and number was 
detected in fibroblasts, where they were often strongly localized around cell nucleus 
(Figure 1). This was detected for both genotypes of fibroblasts, isolated from knockout 
and wildtype mice, making a differentiation between the two groups difficult. 
Summarized, this work shows the potential of RS to detect and localize diseases-
associated lipid accumulations even at early stages of FD disease. Additionally, cell-
specific differences between cardiomyocytes and fibroblasts were obtained. 
 

 

Figure 1 Typical examples of reconstructed KO fibroblast (left) with corresponding mean spectra of k-
Means clustering (right). Lipid clusters (depicted as a red group) are localized due to the lipid-specific 
Raman bands inside the cell. 
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Computational methods areextensively used for the in-depth characterization of compound 
binding and lead optimization [1]. Many computational methods have been employed in drug 
discovery. One of the most accurate and least time-consumingmethods is the Density 
functional theory (DFT). A growing application ofDFT is to understand the relationship 
between molecular structures, kinetics of binding, mode of action, and molecular interactions 
[2]. This has had a substantial impact on recognizing the importance of therapeutic action. 

The research exploration of 4-Isopropylbenzoic acid (4-IPBA) extracted from plants 
Libocedrus yateensis (cypress) and Bridelia retusa (amla) involves investigating the 
structural, vibrational, bonding nature,electronic, topological and biological activity of 4-
IPBA. Using Gaussian 16W software, this research is conducted at two levels: In the first 
level theoretical analyses were done on geometry, vibrational assignments (FT-IR, FT-R), 
UV-Vis, NBO, RDG, MEP, FMO, Drug likeness and Molecular docking. In the second level, 
experimental analyses were done on spectroscopic techniques (FT-IR, FT-Raman, and UV-
Vis characterizing techniques) and in-vitro assays (Cytotoxicity). Finally,a comparison is 
drawn between the two levels and discussed. 

Molecular geometry of 4-IPBA was fully optimized using the DFT B3LYP method with the 6 
– 311 ++ G (d, p) basis set.Figure 1 depicts 4-IPBA’s optimized structure. The FT-IR and 
FT-R spectra were scaled, and prominent peaks were analyzed in detail. The complete 
vibrational assignments using Potential Energy Distribution (%PED) were calculated. All the 
experimental results were in line with the theoretical data. UV-Vis absorption spectrum for 4-
IPBA was evaluated by the TD-DFT method in the gas and solvent phases. Stability and 
charge delocalization was studied by Natural Bond Orbital (NBO) analysis. The bonding 
zones and weakest interactions for 4-IPBA are seen in RDG studies. Local reactive properties 
of 4-IPBA have been addressed by MEP. Frontier molecular orbitals (FMO) analysis was 
performed. HOMO-LUMO energies, energy gap (ΔE), electronegativity (χ), chemical 
potential (μ), global hardness (η), and softness (S) were obtained. Low toxicity levels of 4-
IPBA were calculated in terms of softness value (0.199 eV), and a high electrophilicity index 
(5.905 eV) describes the bioactivity. Lipinksi’s rule of five is an indicator that determines 
factors for a potent drug candidate. There is no violation found for the title compound. 
Analysing the parameters and comparing with the standard range suggests that, 4-IPBA is a 
good drug-like character. The Ramachandran plot was done to check the stereochemistry of 
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the protein (4BCB) structure.  Docking studies of 4-IPBA were scrutinized to predict the 
preferred binding affinity and orientation. 4-IPBA was docked into the active site of protein 
4BCB (antiparkinsonian), and a minimum binding energy of -5.1 kcal/mol was obtained. The 
commercially available drug Rivastigmine was theoretically studied for the same protein 
(4BCB), and its binding energy is -4.6 kcal/mol, which is comparable to the title compound. 
This predicts that 4-IPBAcould be a suitable drug to treat Parkinson’s dementia. To better 
understand the toxicity and bioavailability of the title compound, a cytotoxicity assay was 
also performed. 

 

 
Fig. 1. Optimized structure of 4-Isopropylbenzoic acid 
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Vibrational spectroscopy, with its ability to capture cross-molecular signatures of 
complex biological media in a holistic manner, offers a promising avenue for 
understanding and classifying a range of phenotypes linked to biological systems. Here, 
we explore the intersection of two recent studies where we harness the potential of 
infrared molecular fingerprinting to advance our understanding of personalized health 
diagnostics and establish a single-measurement multi-phenotype platform for 
populational screening. 
 
We first delve into understanding the prospects and limits of infrared fingerprinting. 
Recently, we introduced an in silico modeling approach that draws on experimental 
observations and enables the generation of artificial infrared spectra of molecularly 
complex samples in arbitrary numbers [1]. Our approach provides the flexibility to fine-
tune simulation parameters and generate realistic spectra that simulate diverse study 
setups and experimental paradigms. We apply machine learning methods to showcase 
how several, systematically-adjusted, parameters affect the performance of phenotyping 
biological systems using infrared spectroscopy of cell-free blood-based samples. Our 
results provide foundational insights into the effects of properties such as the noise 
introduced by measurement devices, biological variability and chemical complexity of 
analyzed samples. Applications of the in silico model which address different clinical 
questions, such as cancer detection and the prospects of personalized medicine, will be 
presented. We then discuss the current state of the published study and its future 
extensions.  
 
In a parallel investigation, we extend the scope of infrared fingerprinting to population 
health screening. Recently, we carried out the largest cohort (n = 5184) analysis 
involving infrared spectroscopy thus far, utilizing a population-based study which 
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reflects highly diverse individuals and true disease prevalence [2]. Coupling FTIR 
spectroscopy with machine learning analytics, we assessed the capacity of the combined 
approach to detect highly prevalent, coexisting phenotypes. Applying a custom multi-
label classifier to simultaneously detect and distinguish between common health 
conditions, we found that the approach can accurately single out healthy individuals as 
well as characterize several chronic multimorbid states. Training and testing the 
classifier on spectra from different blood-based samplings (i.e., dataset-independent 
testing) led to very similar outcomes – underscoring the utility under realistic validation 
conditions. We further show that spectral data encode information that is conventionally 
retrieved by clinical laboratory test panels, which provides interpretability of the 
spectral data for the broader healthcare domain. Excitingly, we showcase how infrared 
fingerprinting has the capacity to detect pre-conditions and risk-stratify individuals at a 
time-critical stage, potentially preventing the development of further diseases.  
 
Altogether, we present a data-driven approach to better understand the measurement 
characteristics of vibrational spectra, decode the biological information contained 
within them, and establish a high-throughput health screening platform. Although we 
focus on infrared spectroscopy of blood-based samples, the concepts and results 
presented extend to other sample types and molecular fingerprinting techniques. 
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When surface-enhanced Raman scattering (SERS) is applied without labels or reporter 
molecules for the study of biological samples, complex data are obtained. This is due to 
the varying interaction of the molecules with the nanostructured metal substrate and is 
particularly the case when samples containing many different biomolecules are 
analyzed. Here we introduce a novel approach based on random forest that is very 
promising for the comprehensive exploitation of SERS data. 
Random forest (RF) is a non-parametric machine learning approach that consists of a 
large number of individual binary decisions and has many advantages, such as flexibility 
in terms of input and output variables and the possibility of internal validation. Another 
advantage is the ability to generate variable importance measures that are used to select 
relevant features. However, the relationships between the predictor variables are usually 
not examined. We developed a novel RF based variable selection approach called 
Surrogate Minimal Depth (SMD) that incorporates relations into the selection process 
of important variables [1]. This is achieved by the exploitation of surrogate variables 
that have originally been introduced to deal with missing predictor variables. In addition 
to improving variable selection, surrogate variables and their relationship to the primary 
split variables can also be utilized as proxy for the relations between the different 
variables. This relation analysis goes beyond the investigation of ordinary correlation 
coefficients because it is based on the mutual impact on the outcome. 
We present the basic concept of surrogate variables, SMD variable selection and 
relation analysis and their successful application to SERS data. We show that this 
approach can separate different co-occurring SERS signals, which facilitates the 
interpretation of complex SERS data [2]. 

R PACKAGE 
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In this research, we propose to the Raman spectroscopy as a pregnancy 
test using serum samples. Raman spectroscopy is a vibrational technique 
which provides information about the chemical structure. In particular, the 
Raman technique has impacted heavily on the study of various degenerative 
diseases, in particular cancer. However, this technique also has been used 
to study the health statuses of patients, which are difficult to diagnose with 
conventional techniques.    
 
Serum samples were obtained from twelve women patients who were 
diagnosed pregnant and eleven control (no pregnant) volunteers. Spectra 
were collected at a Horiba Jobin-Yvon LabRAM HR800 Raman 
Spectrometer with a laser of 830 nm wavelength and 17 mW power. For 
each serum sample, 10 Raman spectra were obtained by focusing the laser 
on different points of the sample. Raw spectra were processed by carrying 
out baseline and smoothing correction to remove noise, fluorescence, and 
shot noise. Subsequently, they were normalized and analyzed using 
Principal Component Analysis (PCA).  
 
In these spectra, we can observe characteristic bands of main biomolecules 
of serum samples as phenylalanine, tyrosine, amide III, phospholipid, 
carotene, and tryptophan. Furthermore, it is shown that the serum samples 
from control and pregnant patients can be discriminated against when PCA 
is applied to Raman spectra, obtaining two large clusters corresponding to 
the control and pregnant women.  
 
The identification of the pregnant women based on serum samples Raman 
spectroscopy could be an alternative technique to traditional pregnancy 
tests. The results suggest that Raman spectroscopy technique can be used 
to study gynecological diseases. 
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Mid-IR-Spectroscopy promises high selective capabilities for the detection of viruses 
such as SARS-CoV2 in human saliva. The motivation for this work was driven by the 
demand for enhanced COVID testing capabilities, especially in scenarios with large 
number of people passing, e.g. at airports. To achieve this, high and fast throughput of 
taken saliva samples is required. Additionally, high true positive rates are essential, 
when identifying the viral signatures e.g. by machine learning techniques.   
 
In this progress report, we present our approach for a high and fast throughput detection 
setup: The mid-IR spectroscopy part is based on quantum cascade lasers (QCL) and 
attenuated total reflection flow cells. To enrich the concentration of the viral load in the 
saliva sample, we use functionalized magnetic beads. The sample handling part is 
designed to be automatized for the later application. This can allow for a much faster 
spectral scan than compared to for example FTIR methods and a possible higher 
throughput of samples, as for example for Raman microscopy approaches1. In our 
setting, detecting low concentrations of viral loads in aqueous solutions is challenging 
due to the dynamic range required for the detectors. We present a balanced detection 
approach to achieve a reasonable dynamic range and discuss the implications for the 
automatized identification. 
  
The diversion of sample material during the cleaning procedure of the flow cells, the 
purification process with the protein-coated magnetic beads and other impurities can 
cause variations in the amide I and amide II vibration bands, disturbing the virus 
signatures. Along our measured spectra we discuss these upcoming challenges for the 
AI-based reliable identification of the viruses with respect to the creation of training 
datasets. 
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Various multimodal nonlinear laser scanning microscopy systems allowing the 

simultaneous detection of different imaging modalities like two- or three- 

photon fluorescence, FLIM, FCS, SHG, THG and/or CARS and SRS have been 

reported in the literature during the recent years [1],[2]. 

Often these reported systems need several individual laser sources for each 

imaging modality what makes these systems very expensive and complex to use. 

This rather complex realization also settles important laser parameters like e.g. 

the repetition rates, what makes e.g. a synchronization of all laser sources 

involved more and more difficult. However, such unsynchronized high 

repetition rate laser sources allow for the combination of a few imaging 

modalities but with certain drawbacks: one drawback is that considerably high 

average powers are needed for imaging, and as a second drawback no 

information regarding the individual photon detection events can be obtained 

because of both the high repetition rate and the lack of synchronized detection. 

 

We report of the proceedings of our laser scanning microscopy system under 

development, capable of combining different imaging modalities using only one 

fs-laser source. Using appropriate laser sources allows to vary important laser 

parameters like eg. the repetition rates, chirp etc., but also to quickly replace or 

switch between laser sources. Furthermore the detection is fully synchronized 

with the laser source independent of the repetition rate chosen. This allows not 

only the simultaneous detection of SHG, two- and three photon fluorescence 

using up to four channels, but also the determination of fluorescence lifetimes 

(in the ns regime with sub-ns resolution). 

Specifically, we demonstrate multimodal imaging with short pulses (< 50 fs) on 

human eye cornea tissue. Simultaneous forward and epi detection of SHG, THG, 

two- and threephoton fluorescence allows the characterization of the collagen 

structure as well as its rearrangement in patients with endothelial corneal 
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dystrophy[3]. The setup presented provides a wide range of excitation 

wavelengths ranging from below 800 nm and extending beyond 1200 nm by 

using a dual compression stage that greatly broadens the laser spectrum[4]. By 

selecting wavelengths around 930 nm, 1200 nm and 1300 nm respectively, a 

large penetration depth into the tissue is achieved (Figure). In addition, we 

ensure short pulse durations in the focal plane by pre-compensating the laser 

pulses. In combination, imaging deep in tissue is possible, and by selecting 

different excitation wavelength, we can infer the different substances involved 

and their local distribution. We furthermore demonstrate how on the other hand 

variable broadband excitation can be exploited to quickly determine how many 

compounds are present in the sample. Although not allowing as deep imaging as 

in the narrowband approach, variable broadband excitation allows us to 

determine how the compounds are arranged in 3D up to a certain depth. Both, 

the narrowband and the broadband approach together are thus completing the 

obtained information and help to verify the obtained findings.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.: Extracted isosurfaces of two-(red) and threephoton (green) fluorescence/SHG 3D images (A), 

enhanced contrast of the threephoton data (B, C, unlabeled human cornea tissue, narrowband 

excitation, 15 mW, 207 x 207 x 540 m³). RGB overlay of three identified Independent components 

as retrieved from two- and threephoton fluorescence / SHG 2D images by varying the excitation 

spectrum (unlabeled mouse cornea, broadband excitation, 15 mW).  
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Human blood plasma is a very complex mixture of biomolecules. Compared to invasive 
clinical testing, which is often limited in molecular coverage and depth of molecular 
analysis, infrared spectroscopy of complex biofluids provides a valuable, minimally 
invasive, single-measurement diagnostic approach. Several recent studies have explored 
the efficacy of cell-free blood-based infrared molecular fingerprinting to determine the 
state of an individual's health [1-5]. The previously applied approach has involved the 
use of commercially available Fourier transform infrared spectrometers. Harnessing the 
potential of femtosecond laser technology, we developed a new rapid-scanning, field 
resolved infrared spectrometer that captures mid-infrared waveforms by the technique 
of electro-optic sampling. 
 
The experimental setup consists of two mode-locked laser oscillators with an active 
repetition frequency synchronization lock. The first laser source, in combination with 
Herriott-cell compression stages, delivers few-cycle near-infrared pulses at a repetition 
frequency of 28 MHz, with an average power of 60 W. These pulses drive the formation 
of mid-infrared radiation in a LiGaS2 crystal by the process of intra-pulse difference 
frequency generation. The mid-infrared beam is transmitted through a liquid flow-
through cuvette to measure the sample, in this case, human blood plasma. 
 
The pulses from the second mode-locked laser are spectrally broadened in a highly 
nonlinear fiber [6] and temporally compressed to 11 fs. The beam is spatially combined 
with the mid-infrared beam, and acts as a gate for electro-optic sampling. The relative 
optical delay between each pair of mid-infrared and gate pulses is controlled by tuning 
the pulse repetition frequency of laser 2 with respect to that of laser 1 using an electronic 
frequency lock [7]. We use the technique of electro-optic delay tracking to ensure 
attosecond timing precision for the optical delay axis [8].  
  
The developed instrument was deployed in the Lasers4Life multi-centric clinical study 
(German Clinical Trial Register: DRKS00019844) to evaluate the accuracy in 
classifying individuals with cancer of the lung, prostate, breast and bladder at therapy 
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naïve states from the infrared molecular fingerprints of blood plasma. The results of the 
clinical sample measurements will be discussed.  
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Raman spectroscopy is usually associated with the image of a large and expensive 
laboratory equipment. During the last years, multiple low-cost, portable Raman 
systems have been developed. The driving force behind this is the ability of the 
technique to probe the biochemical composition of samples in a non-destructive, non-
invasive and label-free fashion yielding information on the molecular level. The great 
majority of these devices are dedicated to the identification of bulk materials, such as 
powders or liquids for forensic applications. Therefore, they are not equipped with a 
sample positioning unit or a widefield camera; they offer poor confocality and low 
spectral resolution. For biological applications of Raman spectroscopy all these 
aspects are crucial in order to obtain reliable results.  
In a previous study [1] we showed that biosensor applications based on Raman 
spectroscopy do not in every case profit from the most expensive equipment. Namely, 
when the sample causes an auto fluorescence background, the fluorescence shot noise 
will play a decisive role. This is the case for most biological samples investigated with 
Raman spectroscopy. Therefore, there is no need to reduce the dark current shot noise 
of the detector significantly below the fluorescence shot noise of the sample by 
cooling the CCD below the freezing point. This paves the way to potent, economic, 
and portable confocal Raman biosensors.  
Within this contribution the development, optimization and characterization of a 
confocal point of care (POCT) Raman device for biomedical applications is presented. 
An excitation laser emitting at 785 nm, a widefield unit, a xyz sample positioning unit, 
a spectrometer and all other optical and electrical elements are integrated in one device 
with a footprint of an A4 paper sheet.  
In order to test the performance of the confocal POCT Raman device, reference 
Raman samples (such as silicon wafer, polymers and powders) as well as biological 
samples (human blood plasma, tissue) are measured. The results are compared with 
the performance of the laboratory grade Raman setup. Parameters, such as signal 
quality, spectral resolution and optical sectioning were assessed. In Figure 1 the 
Raman spectra of polypropylene and human blood plasma, measured with the 
confocal POCT Raman spectrometer and with the reference device, are illustrated. 
Based on these results, it can be concluded that the confocal POCT Raman device 
yields spectral performances suitable for biomedical applications.    
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Figure 1 Raman spectra of polypropylene and human blood plasma measured with the confocal POCT 
Raman device and a laboratory grade Raman spectrometer. In order to compare the light efficiency of 
both instruments, the raw data was converted into photoelectrons per nm. The conversion factors and 
the spectral resolution of the respective spectrometers were taken into account.  
 

ACKNOWLEDGMENTS  

This work is supported by the BMBF, funding program Photonics Research Germany 
(13N15704) and is integrated into the Leibniz Center for Photonics in Infection 
Research (LPI). The LPI initiated by Leibniz-IPHT, Leibniz-HKI, UKJ and FSU Jena 
is part of the BMBF national roadmap for research infrastructures. 

REFERENCES 

1. I. J. Jahn, A. Grjasnow, H. John, K. Weber, J. Popp, W. Hauswald, Sensors, 2021, 21, 5067. 

200 400 600 800 1000 1200 1400 1600 2700 3000

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

 

 

N
o

rm
a

liz
e

d
 R

a
m

a
n

 I
n

te
n

s
it
y
 (

e
- /n

m
)

Wavenumber (cm-1)

Reference Raman spectrometer

POCT Raman spectrometer

Polypropylene

400 600 800 1000 1200 1400 1600 2700 3000 3300

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

55000

60000

Reference Raman spectrometer

POCT Raman spectrometer

 

 

N
o

rm
a

liz
e

d
 R

a
m

a
n

 I
n

te
n

s
it
y
 (

e
- /n

m
)

Wavenumber (cm-1)

C
aF

2

P
he

d(
C
H 2

)

A
m

id
e 

I

n(
C
H 2

)

human blood plasma



Autofluorescence spectral analysis for 
detecting urinary stone composition in 

emulated intraoperative ambient 
 

Xing Lia,b, Siji Songb, Jiwei Yaoc, Xiang Liaoc, Min Chenb, Jinliang 
Zhaia, Lang Langb, Chunyan Linb, Na Zhangb, Chunhui Yuand, 
Chunxia Lib, Hui Lib, Xiao Jun Wub, Jing Linb, Chunlian Lib, Yan 
Wange, Jing Lyue, Zhenqiao Zhoue, Mengke Yange,f, Hongbo Jiaa,e,g, 
Junan Yanb,c,d 

 

a  Advanced Institute for Brain and Intelligence, School of Physical Science and Technology, Guangxi 
University, Nanning , China 
bDepartment of Urology, Southwest Hospital, Third Military Medical University, Chongqing, China 
c Center for Neurointelligence, School of Medicine, Chongqing University, Chongqing, China. 
d Chongqing Institute for Brain and Intelligence, Guangyang Bay Laboratory, Chongqing, China  
e Brain Research Instrument Innovation Center, Suzhou Institute of Biomedical Engineering and Technology, 
Chinese Academy of Sciences, Suzhou, China 

f UK Dementia Research Institute at UCL, University College London, WC1E 6BT London, UK. 
g Leibniz Institute for Neurobiology, Magdeburg, Germany 
 

The prevalence and disease burden of urolithiasis has increased substantially 
worldwide in the last decade, and intraluminal holmium laser lithotripsy has become the 
primary treatment method. However, inappropriate laser energy settings increase the 
risk of perioperative complications, largely due to the lack of intraoperative information 
on the stone composition, which determines the stone melting point. To address this 
issue, we developed a fiber-based fluorescence spectrometry method that detects and 
classifies the autofluorescence spectral fingerprints of urinary stones into three 
categories: calcium oxalate, uric acid, and struvite. By applying the support vector 
machine (SVM), the prediction accuracy achieved 90.28 % and 96.70% for classifying 
calcium stones versus non-calcium stones and uric acid versus struvite, respectively. 
High accuracy and specificity were achieved for a wide range of working distances and 
angles between the fiber tip and stone surface in an emulated intraoperative ambient. 
Our work establishes the methodological basis for engineering a clinical device that 
achieves real-time, in situ classification of urinary stones for optimizing the laser 
ablation parameters and reducing perioperative complications in lithotripsy. 
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Figure 1 The urinary stones were segmented to ~ 1 mm in size after urinary stone samples were collected 
from patients. Then, the autofluorescence spectrum of each sample was acquired with the custom-built 
fluorescence spectrometry device. Calcium oxalate, uric acid, struvite, and kidney tissues were 
successfully distinguished with high accuracy and specificity by analyzing the characteristics of 
fluorescence spectra. 
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Coherent Anti-Stokes Raman Spectroscopy (CARS) is a label-free analytical technique 
that provides vibrational fingerprint information of the molecule. Higher signal strength 
and no fluorescence effects are the advantages of the CARS over the spontaneous 
Raman technique. All these capabilities enabled it as a rapid imaging and spectroscopic 
tool for various applications1. However, non-resonant background (NRB) signals 
originating from electronic resonances significantly distort the spectral line shapes and 
impact the accuracy of CARS measurements. Various experimental approaches were 
proposed to reduce the effect of NRB but at the cost of increasing experimental 
complexity2. However, these techniques also reduced the measured CARS signal 
intensity. Hence, numerical phase retrieval approaches, such as the maximum entropy 
method (MEM)3 and Kramers-Kronig (KK)4, were proposed, but they require 
optimization of the input parameters. Very recently, deep learning (DL) models such as 
convolutional neural network (CNN)5 and long short-term memory (LSTM)6 networks 
were explored to remove the NRB from the CARS signal. All these recent works were 
devoted to removing NRB, but no one studied its effect on the Raman signal retrieval7. 
 
Hence, in this work, we have systematically investigated the effect of NRB variation on 
the CARS data simulation and corresponding Raman signal retrieval. The NRB is 
assumed as a linear function with different strengths of 0.01, 0.1, 1, 10, 100, and 1000 
compared to the resonant Raman signal. Also, the variance is changed in the range of 
0.001-100 for each NRB strength. First, the CARS data is simulated by considering 
different NRB strengths and variance combinations. For example, the CARS data 
simulated with NRB 100 ± 1 is shown in Figure 1a. Then, the corresponding Raman 
signal is retrieved by four different methods: MEM, KK, CNN, and LSTM. The MEM 
prediction is shown in Figure 1b. The background corrected prediction is shown in 
Figure 1c where the predicted imaginary part closely resembles the ground truth. 
Further, the predictive performance of the model is evaluated by measuring Pearson 
correlation coefficients (PCC) for the predictions. The PCCs estimated for MEM 
predictions for all the NRB combinations are shown in Figure 1d. The PCCs are 
decreasing with increasing NRB strength. Finally, the PCC measurements revealed that 
MEM and KK methods have an edge over LSTM and CNN for higher NRB strengths. 
It is also demonstrated background removal from the predictions significantly 
influenced the Pearson correlation for MEM and KK. 
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Figure 1 a) Represents the different steps involved in the CARS data simulation. Green and purple lines 
represent the background corrected Raman spectrum and the corresponding real part extracted by the KK 
algorithm. The red line is the NRB spectrum simulated with a strength of 100 and a variance of 1. The 
last blue corresponds to the final simulated CARS signal. b) Represents the MEM prediction. A blue line 
at the top represents the input CARS data. In the middle row, the predicted imaginary and ground truth is 
shown in red and green colour. The last row visualizes the absolute difference between the predicted 
output and ground truth. c) Background corrected MEM prediction. d) Represent the average of Pearson 
correlation coefficients (PCC) obtained from the MEM predictions for different NRB strength 
combinations. Here, PCC values represent the similarity percentage between the predicted and true 
spectrum. PCCs decreased with increasing NRB strength. The correlation also increased after background 
correction from the prediction.  
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Spontaneous Raman spectroscopy is a diagnostic tool with a broad range of 
applications, e. g., the medical diagnostics1 or industrial combustion2 analysis, as all 
Raman active species can be identified with a single spectrum. On the downside, Raman 
scattering may suffer from fluorescent background and low signal intensities3. A 
nonlinear technique like coherent anti-Strokes Raman scattering (CARS) overcomes 
such issues, as it creates high intensity and laser-like signals. However, the traditional 
CARS approach lacks the multiplex capability of spontaneous Raman spectroscopy, as 
the laser wavelengths must be adjusted to individual Raman transitions. Ultrabroadband 
CARS4 unites a laser-like signal with the multiplex feature of spontaneous Raman 
spectroscopy by providing an excitation pulse with sufficient bandwidth to probe 
transitions in multiple species. 
 
In the present study, we use an ultrabroadband two-beam CARS setup5, which aims at 
exciting both the region below 1000 cm-1 as well as the typical CH-stretching modes 
(~3000 cm- 1). A dual-output optical parametric amplifier (venteon OPCPA, Laser 
Quantum GmbH) provides ~ 7 fs pulses (650 - 1030 nm) as pump/Stokes and a 
narrowband ~ 700 fs (517 nm) as probe pulse. Pulse energies are typically Epump/Stokes = 
151 - 215 nJ and Eprobe = 5 – 67 nJ at the sample position. The beams are focused (NA 
= 0.7) and recollimated (NA = 0.5) by reflective objectives. The CARS signal is detected 
in transmission by a spectrograph (Shamrock 500i, Oxford Instruments, UK). 
Additionally, the Raman decay is measured by an automated delay stage (M-414.1PD, 
Physik Instrumente (PI) GmbH &Co. KG) shifting the probe pulse. The spectra are 
compared with spontaneous Raman spectroscopy, for which we use a commercial 
Raman microscope (inVia Raman microscope, Renishaw plc, UK) at an excitation 
wavelength of 473 nm. 
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Exemplarily, Fig. 1a presents CARS and Raman spectra of 99.9% dimethyl sulfoxide 
(DMSO) and of perylene in ethanol (50 µg/g), showing great agreement of the CARS 
measurements with the Raman microscope spectra. Furthermore, the fluorescence 
marker perylene does not affect CARS. On the other hand, signals from the Raman 
microscope are almost completely overshadowed by fluorescence, making ethanol 
undetectable for shifts below 2500 cm-1. Additionally, the CARS setup is used to 
measure the decay of individual Raman transitions. Two such measurements are shown 
in Fig. 1b for the two peaks at ~3000 cm-1 in DMSO. These peaks exhibit an exponential 
decay with clearly different time constants.  
 
(a)

 

(b) 

 

Figure 1 (a) Raman and CARS spectra for DMSO and ethanol/perylene mixture. All spectra are corrected 
by a dark acquisition (laser-off). They are composed of 3 different grating positions. (b) Delay scan for 
the peaks at 2993 cm-1 and 2910 cm-1 of DMSO with exponential fits. 
 
In conclusion, we have shown that ultrabroadband two-beam CARS generates 
background-free Raman spectra in organic liquids up to shifts of ~ 3000 cm-1. In 
addition, probing individual Raman decays provides a further approach for sample 
characterization. Future investigations focus on signal optimization for tissue analysis 
in reflection mode. 
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Collecting the weak Raman signals can be a lengthy process, which can take 
anywhere from a few minutes to several hours. Confocal Raman microscopy 
is a technique used for capturing volumetric images, however, optical 
aberrations from the sample can degrade spatial resolution and signal quality, 
resulting in longer acquisition times. 
 
Adaptive Optics (AO) is a technique used to correct optical aberrations and 
restore the signal and resolution even at deep focal points. In Confocal Raman 
imaging, we use AO in combination with an optofluidic adaptive element [1]. 
This element can be easily coupled with a commercial confocal Raman 
microscope. Please refer to the attached figure for more details. 
 
We carried out a proof-of-concept experiment using an indirect wavefront 
sensing technique and a polystyrene bead placed under an aberrated beam. 
This allowed us to correct the aberrations caused by an artificial scatter, 
leading to a five-fold signal enhancement. Presently, we are evaluating this 
setup for biosamples, including brain and vegetable tissues. 
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Recently [1] we employed FTIR and Resonant Raman spectroscopy to investigate the 
chemical constitution of the polymer polyfurfuryl alcohol (PFA) synthetizes in different 
ways, and appearing macroscopically different: the first one being a liquid and viscous 
commercial sample, the second one, produced following a thermosetting procedure, 
being a self-prepared solid and rigid sample. As a continuation of [1], we have 
performed a set of temperature dependent Raman spectroscopic measurements in order 
to study the evolution of these Raman spectra during the glass transition in thermosetted 
PFA [2], adopting the same spectral analysis previously performed to infer about the 
glass transition of the polymer poly(methyl methacrylate) (PMMA) [3].  
 
At the University of Salzburg the Raman measurements were performed in the 
temperature range between −°C and +°C with laser excitation in the blue spectral 
range at 455 nm, while at the IUVSOFF beamline of the Elettra synchrotron in Trieste 
a series of Resonant Raman measurements were performed in the UV spectral range 
with laser excitation at 266 nm. The Raman and Resonant Raman spectra recorded for 
the thermosetted PFA close to room temperature were comparable with those published 
in [1], which were obtained for PFA samples also at room temperature. Figure 1a shows 
as example the Raman spectrum of thermosetted PFA, collected at 20°C with 455 nm 
laser excitation (compare in [1] Figure 3 and Table 1), and Figure 1b shows the 
synchronous two-dimensional correlation spectrum (2DCoS) obtained from all the 
recorded temperature dependent 455 nm Raman spectra of the thermosetted PFA.  
 
Figure 1c shows Differential Scanning Calorimetry (DSC) data for the thermosetted 
PFA from 10°C to 180°C, having the glass transition temperature at around 82°C, 
 
Compatible with this DSC behaviour, Figure 1d shows how the normalized intensity of 
the Raman peak at around 1610 cm-1 of the thermosetted PFA [1] changes with 
temperature, this spectral evolution being also an indication of the PFA glass transition 
[2], meaning that the PFA molecular structure and the associated cross-linking change 
with temperature, leading therefore to changes of the associated spectral features.  
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Figure 1 a) Raman spectrum of thermosetted PFA, collected at 20°C with 455 nm laser excitation, 
highlighting the Raman peaks at around 1610 cm−1, 1570 cm−1 and 1500 cm−1, peak assignments see 
in [1] Table 1. b) Synchronous two-dimensional correlation spectrum in the temperature range from 
−°C to 300°C. c) Differential Scanning Calorimetry (DSC) for thermosetted PFA from 10°C to 180°C, 
with the onset glass transition temperature at around 50°C, the midpoint (glass transition temperature) at 
around 82°C, and the endset temperature at around 114°C, compare [2]. d) Normalized Raman peak 
intensity 𝑁𝐼𝑅𝐼𝑛 as a function of temperature for the Raman peak at around 1610 cm-1. 
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A promising way to address liver fibrosis is to utilize functionalized polymer-based 
Nanoparticles (NPs) to target the natural vitamin A receptor of liver cells, STRA6 
(stimulated by retinoic acid 6). Those NPs are designed to encapsulate drugs in the 
necessary concentration to inhibit the signaling pathway inside the hepatic stellate cells 
that are responsible for inflammation. 
 
To investigate such functionalized nanoparticles (NPs) within cells and tissue, 
molecular selective microspectroscopic techniques are well suited. Here, we report 
about the application of confocal fluorescence microscopy (Fig.1b) and coherent anti-
Stokes Raman scattering (CARS) microscopy to study the localization of NPs in liver 
cells and tissue (Fig.1c). Furthermore, Raman spectroscopy in combination with two-
dimensional correlation analysis (2DCOS) is utilized for the characterization of 
polymers, NPs, and drugs prior to its analysis in biological environments. Such a 
detailed Raman spectroscopic analysis of the polymers and the corresponding NPs 
allows for the identification of characteristic vibrations that enables a label-free 
localization of the functionalized NPs by CARS microscopy within cells. Fluorescence-
lifetime imaging microscopy (FLIM) providing insights into the release of the 
encapsulated drug compounds of the functionalized NPs has also been applied. 
 
These microspectroscopic approaches are aimed for a spatiotemporal localization of the 
NPs is supported by tailor-made image analysis routines to further characterize the NP 
uptake processes and induced metabolic influence. 
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Figure 1: (a) Raman microspectroscopy enables to characterize clusters of NPs (top) and cell samples 
(bottom) on their chemical distribution. (b) Imaging with two-channel fluorescence microscopy of NPs 
accumulation in a fixation medium (top) and their distribution inside of cell (bottom). (c) CARS 
microscopy combines positive aspect of both techniques by focussing on one Raman band (here 
Vitamin A at 1585 cm-1). 
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ABSTRACT 
Hybrid organic–inorganic perovskite (HOIP) based molecular ferroelectrics hold great promise 

in photovoltaic and optoelectronic applications which combine the best from both materials 

offering a new way of tailoring the band structure.1,2,3 The understanding of electron-phonon 

coupling is essential for their performance in optoelectronic applications as variety of 

interactions and structural disorder, which may significantly affect the material's 

characteristics.4 Thus, it is crucial to study the thermodynamic structure -property relationship 

to get important insights towards improving their functionality.  In this work, we carried out 

temperature-dependent Raman scattering studies of single crystal hexane-1,6- diammonium 

pentaiodobismuth (HDA-BiI5) HOIP in the 200 °C to -195 °C temperature ranges to study 

possible structural phase transition, electron-phonon interaction and change in the molecular 

symmetry during the transition. The analysis of temperature-dependent Raman data revealed 

that with increasing the temperature from room temperature to higher, the anomalous changes 

of Raman shift and line width has been observed at around 110 °C which confirms ferroelectric 

to paraelectric transition, while decreasing the temperature from room temperature to lower, 

the appearance of new Raman modes and splitting of peaks has been observed at around -45 

°C suggesting the structural phase transition. In particular, the phase transition in HDA-BiI5 is 

associated with tilting of BiI6 octahedra and the changes of dynamics of hexane-1,6-

diammonium cations is clearly established from our Raman analysis.  

ICOPVS-P-28



 

 

 

 

 

 

 

 

 

 

ACKNOWLEDGMENTS 
We would like to acknowledge DST ,India and  Elettra Sincrotrone Trieste, Italy. 

 

REFERENCES 

1. Li, Wei, et al., Nature Reviews Materials, (2017) ,2(3),1-18. 

2. Li, Peng-Fei, et al., NPG Asia Materials,2017,9(1), e342-e342. 

3. Saparov, Bayrammurad, and David B. Mitzi., Chemical reviews, (2016), 116(7), 4558-4596. 
4. Zhao, Daming, et al., ACS nano, (2019),13(8),8826-8835. 

 
 

 

 

 

 

 

 

FIGURE 1   Temperature dependent Raman spectra of HDA-BiI5 at 785nm laser excitation in the 

region 50 to 500 cm-1 . 
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Due to society’s progressive ageing, the ratio of older people in the world’s population 
is constantly growing, which results in an increase in the demand for research on 
diseases mainly affecting this social group. Over the previous two decades, the 
contribution of neurodegenerative diseases to the causes of mortality has grown 
significantly1. Furthermore, the etiology of these diseases remains poorly understood.  
  
Brain endothelial cells are the primary structural component of the blood–brain barrier, 
a physical barrier that separates blood vessels from brain tissue2. Because they constitute 
the inner layer of the microvascular network, they are exposed to stress conditions 
accompanying neurodegenerative processes. The primary in vitro model reflecting 
neurological dysfunction is the hypoxia model3, which involves the cultivation of 
appropriate cells in a state of oxygen deficiency. 
  
Spectroscopic methods of imaging biological materials, due to their non-invasive nature 
and lack of labelling, have great potential in in vitro research. Raman spectroscopy 
enables a detailed examination of the spectral characteristics of brain tissue cells, 
including the endothelium that forms the blood–brain barrier, under both normoxic and 
hypoxic conditions, allowing for the assessment of endothelial cell malfunction. 
  
In this study, we evaluated the effect of oxygen deficiency (hypoxia) on 2D cultures of 
human brain endothelial cells using Raman spectroscopy. Because of its non-invasive 
nature, this approach has significant potential in in vitro research. Based on the analysis 
of specific bands of Raman spectra, the use of this technique in this study allowed us to 
identify and analyse changes in the content of macromolecules such as lipids, proteins, 
and nucleic acids in the organelles of brain endothelial cells. 
  
The experiment was performed on a cerebral microvascular endothelial cell line (HBEC 
5i) under normoxic and hypoxic conditions (1% oxygen in the culture environment). 
Cells were examined using high-resolution Raman microscopy. Spectroscopic methods 
assisted with chemometric analysis enabled the establishment of characteristic spectral 
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biomarkers of the investigated cells. The effect of oxygen deficiency was mainly 
observed in the nucleus and lipid droplets. 
 
 

 

Figure 1 The scores plots from Principal Component Analysis performed on Raman spectra of the cell 
nucleus (left) and lipid droplets (right) (500-3050 cm-1) of the brain endothelial cells under normoxic and 
hypoxic conditions. Each point refers to a single cell. 
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Surface-enhanced Raman spectroscopy (SERS) using colloidal nanoparticles serves as 
a powerful tool for fast and reliable measurement of cultivated cancer cells, providing 
a “chemical fingerprint” which contains information about the status of individual 
cells1. With this non-targeted technique, ensuring reproducible enhancement of the 
Raman signal remains challenging2. To successfully evaluate the collected spectra and 
apply SERS for diagnostics in future, it is furthermore crucial to establish a well 
optimized and validated data analysis workflow3.  
 
Here, we studied the effect of two different substances – Etoposide and Resveratrol – 
on Hodkin lymphoma (HL) cells using SERS and GC-MS. Etoposide is a 
chemotherapeutic medication which primarily affects rapidly dividing cancer cells by 
inhibiting the relaxation of supercoiled DNA strands4. Resveratrol is a polyphenol found 
in high levels in red wine which is being studied for its potential use in cancer 
treatment5. 
 
HL cell lines L-428 and L-540 were treated with Resveratrol, Etoposide, and a 
combination of both, in addition to an untreated control. Data analysis of SERS spectra 
was performed using an open-source Python-based workflow6. Tentative band 
assignments were supported by spectra of pure substances using an in-house database. 
For GC-MS, metabolites were extracted using methanol and water and derivatized by 
methoximation and silylation. After data acquisition, we used an R-based data analysis 
script to identify significant differences between treatments.  
 
Figure 1 Classification probabilities 
(A, C) and logistic regression model 
coefficients (B, D) of L-428 (top) 
and L-540 (bottom) cells. Blue – 
untreated cells; Orange – Etoposide-
treated cells  
 
In both examined cell lines, 
we found significant 
differences between the SERS 
spectra of the untreated 
control and all three 
treatments (Figure 1 A, C). 
Based on the higher 
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classification accuracy, these differences were more pronounced in the cell line L-428, 
which is known to contain a mutation of the p53 protein8. p53 plays a crucial role in 
DNA repair, cell cycle control and apoptosis9, which could relate to a greater 
susceptibility to Etoposide treatment in the mutated cell line. 
 
We also identified the Raman bands which contribute to the classification of treated and 
untreated cells (Figure 1 B, D). At ~730 cm-1, which has been tentatively assigned to 
the nucleobase adenine10, the signal intensity is diminished in all treated cells. The 
signal ~1265 cm-1 is more pronounced in treated L-540 cells, and most likely 
corresponds to the amide III vibration of proteins11. 
 
Figure 2 Metabolites 
with significantly 
different 
concentration 
between control (C) 
and Etoposide-treated 
(E) L-540 cells. 
 
Metabolic 
profiling by GC-
MS identified 
several 
metabolites with significantly different concentrations in treated and untreated cells 
(Figure 2). Among these metabolites are multiple amino acids, as well as the recognized 
oncometabolite succinate.  
 
In summary, both SERS and GC-MS were able to identify differences in the cellular 
composition caused by the chemotherapeutic treatment. While SERS can quickly 
provide a general overview of the chemical conditions in individual cells, GC-MS 
allows resolving specific compounds. Further research is needed to correlate the results 
from these two complementary techniques. 
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Laboratory diagnostics for the identification of diseases and infections require a 
standard tool for studying cell specimen. Reproducibility of identifying diseases and 
infections patterns is of particular interest to pathologists. Understanding drug 
delivery and antibiotic action is also an essential study in biomedical cell research. 
Large samples must be studied in high-throughput configurations for developing 
standard libraries for cell screening. Infrared (IR) spectroscopy and imaging can be 
a possible solution for the above-mentioned challenges. The chemical information 
obtained by IR spectroscopy provides specific molecular information of both 
microorganisms and medicines alike and can be used to understand infections and 
counter-mechanisms. Fourier transform infrared spectroscopy (FTIR) and laser-
direct infrared spectroscopy (LDIR) are modalities that provide chemical and 
morphological information in the mid-infrared region for most biological samples. 
Although they provide label-free probing of samples, they are limited by resolution 
due to wavelength of mid-IR irradiation, large acquisition times, limited sensor 
sizes, dispersive effects, and inherent water absorption. Commercial high throughput 
microscopy systems can be used, but the fluorescent labeling of samples often leads 
to photo-bleaching and chemical alteration of samples under consideration.  
 
Optical mid-IR photothermal spectroscopy (O-PTIR) overcomes the limitations in 
standard IR modalities, by which label-free chemical information and precise sub-
µm imaging can be performed simultaneously [1]. A pulsed quantum cascade laser 
(QCL) excites the sample in the mid-IR region which activates the vibrational modes 
of the sample, thereby leading to absorption of incident radiation. This absorption 
leads to a thermal modulation of refractive index, which changes the optical 
scattering properties at the local environment with in the sample. A visible laser 
probes this change at the same focus of the mid-IR focus using lock-in detection 
principle, which then records and scales with the absorption of the sample. The 
tunability of the QCL and the wavelength of the visible probe enables simultaneous 
discrete wavenumber imaging and spectral measurement that can be analyzed by 
standard IR libraries and chemometrics.  
 
In this work, we study full blood and peripheral blood mononuclear (PBMC) smears 
as a model sample to study for disease and infections. The primary reason for 
studying them is that liquid biopsies contain the active state of the individual from 
which the samples are collected from. We studied them in three different 
configurations: a) blood smear on CaF2 substrate, stained by May-Grunwald 
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Giemsa and methylene blue stains for leukocyte identification b) unstained blood 
smear on glass substrate c) unstained PBMC smear on a glass substrate. We chose 
multiple field-of-views 500×500 µm2 in size and performed discrete wavenumber 
imaging at two wavenumbers 1660 and 2922 cm-1. The resolution was set at 2 µm/pt 
and speed at 250 µm/s. the total time for acquiring a single wavenumber image in 
this configuration was approx. 12 min. A contrast is obtained by producing an RGB 
channel for the two IR images to locate leukocytes among erythrocytes. A point-by-
point spectral measurement is then carried out by probing the individual leukocytes 
identified. The leukocytes could also be distinguished from red blood cells by their 
size distribution: mean size, 11-13 µm in diameter as compared to RBCs which are 
smaller: mean size, 6 – 8 µm. A similar measurement approach is also applied to the 
PBMC smears for leukocyte subtypes counting.  
 
A 2nd derivative spectrum was calculated for the blood and PBMC smears on glass 
substrates to suppress a large background in the low wavenumber region (900 – 1200 
cm-1). Staining of blood smears also allows for the samples to be analyzed by a 
commercial throughput system as a reference standard. A widefield IR microscope 
which offers large sample measurement through high-throughput cell screening is 
further introduced [2]. 
 

 
Figure 1 (a) RGB overlay of unstained blood smear on a glass substrate, images obtained at 1660 
and 2922 cm-1 respectively. (b) negative 2nd derivative spectra of leukocytes and red blood cells 
obtained from unstained blood smear on a glass substrate.  
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Objective: Characterize the lipidic profile of triple-negative BT-549 breast cancer cells that developed resistance 
to Paclitaxel (Pacli) or Adriamycin® (Adri) neoadjuvant treatments, and of non-resistant wild-type (WT) BT-549 
cells. This way, we can unravel the metabolic pathways that confer cells this resistance, which are not completely 
understood yet. To do so, a correct pre-processing must be done to guarantee a robust and reliable profiling. 
 
Methodology: Cells were seeded and fixed with PFA 4% in quartz coverslips. For each cell type (WT, Pacli and 
Adri), we measured cells in the two different coverslips and in different days, to assess the robustness of the 
analysis under variations due to spectrometer status and human practice during sample preparation. A fluidic 
magnetic chamber filled with PBS was used to measure. We used a 532nm laser and measured in the fingerprint 
(FP) and high-wavenumber (HW) spectral region. In total, 30 cells of each type were measured. 
 
Spectra were first normalized with Savitzky-Golay algorithm. Then, fluorescence background was removed in 
the FP region with the rolling circle method. After, background coming from quartz and PBS was removed in 
both FP and HW regions by carefully implementing a fitting with background spectra. Later, spectra were 
normalized with respect to the total biomass, calculated as the area under the curve in the HW region. Finally, 
a gaussian fitting of the bands of interest was done to consider band overlapping, and lipid unsaturation levels 
were calculated in both FP and HW to provide more robustness. Statistics was done with GraphPad Prism. 
 
Results and conclusions: Significant differences are found in lipid unsaturation levels between resistant and non-
resistant cells. Also, the proposed pre-processing corrects intensity differences due to background variations, 
since no significant differences are found within cells of the same type measured in different coverslips and days. 
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It was previously shown that combining various types of data into a single model 
improves the model performance in comparison to using either of the modalities alone 
[1]. Despite obvious advantages, an approach of combining different data types may be 
challenging and the complexity of the needed data fusion pipeline largely depends on 
the experimental data and the initial design of the experiment. 
 
The focus of this contribution will be on the relations between the design of the 
experiments and the applied data fusion methods in different scenarios. From the data 
analyst’s perspective, the most straight-forward combined data analysis can be 
performed when the different modalities are acquired simultaneously. In the case of 
multimodal imaging, data from different modalities is acquired pixel-by-pixel, which 
enables pixel-level data fusion without excessive steps of image co-registration. In such 
case, multimodal images after minor preprocessing steps can be treated similarly to 
RGB color images [2]. On the other side, if the acquired data is not aligned, it might 
require manual alignment and data interpolation for centralized pixel-level data fusion 
(Figure 1a) [3]. Automation of image co-registration remains a challenging topic, 
especially for the imaging techniques with large number of channels. In some cases, 
such alignment might not be possible due to the design of the experiment and only 
distributed (or decision-level) data combination (Figure 1c) can be applied in a straight-
forward manner. Combining such data on lower levels can be, however, enabled by 
random sampling or data aggregation [4]. 
 
Besides the different data fusion scenarios, introduction of experimental factors that 
may introduce bias in the analyzed data will be discussed within the frame of the classic 
chemometrics [1] and the artificial neural networks. We will discuss different 
approaches for reducing the bias of the models via data weighting and the incorporation 
of the secondary data in the supervised model. 
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Figure 1 Types of data fusion approaches. Centralized (a), decentralized (b), and distributed (c) 
architectures. Adapted from reference [3]. 
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Isobutyl 4-Hydroxybenzoate (IB4HB) is a derivative of benzoate chemical structure. The 
chemical formula of isobutyl 4-Hydroxybenzoate is C12H16O3 with molecular weight of 194.23 
g/mol. IB4HB consists of a benzene ring (the hexagonal ring on the right side) with a hydroxyl 
(OH) group attached to the carbon atom. The presence of the ester group shows its antimicrobial 
properties [1,2]. IB4HB’s bioactivity revolves around its ability to inhibit the growth of micro-
organisms, particularly bacteria and fungi. 

Density Functional Theory (DFT) is a widely used computational method in quantum 
chemistry and condensed matter physics. It is employed to understand and predict the electronic 
structure and properties of molecules, atoms, and solids. 

In this research, an organic compound Isobutyl 4-Hydroxybenzoate was evaluated 
theoretically using spectroscopy profiling. Density Functional Theory (DFT) B3LYP method with 
6-311++G(d,p) basis set was employed to calculate vibrational (IR, Raman) studies were compared 
with experimental data. Prominent peaks were analyzed in detail. PED values were analysed using 
the VEDA program for a detailed interpretation of vibrational spectra. Stability of the molecule, 
resulting from hyper-conjugative interactions and charge delocalization was analyzed using 
Natural Bond Orbital (NBO) analysis. DFT functions were computed using Gaussian 16W, 
enabling quantum mechanical calculations to determine the linear polarizability (α) and first-order 
hyperpolarizability (β) values for the title compound. TD-DFT was employed to assess the 
electronic properties of IB4HB with solvents such as acetone, ethanol, water, ethylethanoate. The 
energy gap, chemical softness and hardness were obtained from the Frontier Molecular Orbital 
analysis, indicating biological activity. Molecular Electrostatic Potential (MEP) were calculated to 
study the charge distribution within the molecule. Topological analyses such us ELF, LOL and 
RDG were carried out using MULTIWFN software in order to identify bonding zones and the 
weakest interactions in IB4HB. Furthermore, Drug likeness values were analyzed to assess the title 
compound’s potential as an active pharmaceutical drug. Biological nature of the compound was 
observed by molecular docking studies. The results of molecular docking analysis using the 
antifungal protein (1Z3Q) indicate that the studied ligand exhibits strong potential with a binding 
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energy of -5.63 kcal/mol, comparable with commercially available drug Penlac, which has a 
binding energy of -5.23 kcal/mol. 

 

 
Figure 1. Frontier Molecular Orbital diagram of IB4HB. 

 

 

 

REFERENCES 

1. M. Teresa Garcia, Isabel Ribosa, Lourdes Perez, Angeles Manresa, and Francesc Comelles, Langmuir,2013, 29 (8), 
2536-2545. 

2. Huiying Zou, Guangying Chen and Shiyang Zhou, RSC Advances, 2019, 9, 6627-6635. 



Comparative analysis of multispectral imaging 
of T and B cells in murine spleen utilizing LDIR, 
FTIR, and OPTIR spectroscopy techniques 
 
A. Shydliukha, S. Deinhardt-Emmer, J. Poppa,b, C. Krafftb 

 

a Leibniz Institute of Photonic Technology (IPHT), Member of the Leibniz Center for Photonics in 
Infection Research, Albert-Einstein-Straße 9, 07745 Jena, Germany 
b Friedrich Schiller University Jena, Institute of Physical Chemistry and Abbe Center of Photonics, 
Member of the Leibniz Center for Photonics in Infection Research, Jena, Germany 

 
 
Multispectral imaging techniques based on infrared (IR) spectroscopy have become 
pivotal in biomedical research, offering insights into the spatial distribution and 
chemical composition of cells within biological tissues. A previous FTIR imaging study 
already identified vessels, red pulp, white pulp, and B and T lymphocytes in spleen 
tissue sections[1]. In 2019, new generations of IR instruments were introduced that were 
coupled to quantum cascade lasers (QCL) namely Laser Direct Infrared (LDIR, Agilent) 
and Optical Photothermal Infrared (OPTIR, Photothermal Inc.) spectroscopy. A 
comparative application of these three IR approaches for spectroscopy and imaging to 
murine spleen tissue sections with and without infection by influenza virus A will be 
presented. 
 
FTIR microspectroscopic imaging with focal plane array detection is well-regarded for 
its precise chemical analysis via molecular vibrational frequencies offering high 
specificity and providing a full spectrum for each image pixel (900–4000 cm-1). LDIR 
spectroscopy is notable for its rapid scan speed at discrete wavenumbers, making it a 
preferred choice for time-sensitive imaging tasks, but it's restricted to operating in 
reflection mode and a narrower spectral range (975–1800 cm-1). OPTIR spectroscopy 
combines excitation by infrared laser pulses followed by induction of a photothermal 
effect which is probed by visible light, and the infrared absorption is obtained by lock-
in detection schemes. Main OPTIR advantage is submicron resolution which enables to 
identify single cell nuclei.  
 
To compare the distribution of white pulp and red pulp in both infected and non-infected 
spleen tissue on IR-transmissive CaF2 and reflective MirrIR (Kevley Technologies) 
slides, FTIR and OPTIR data were collected both in transmission and reflection modes 
while LDIR data could only be recorded in reflection. Similar than in reference [1], the 
FTIR spectra were normalized to the intensities to the amide I band of proteins followed 
by k-means cluster analysis in the spectral range 990-1340 cm-1 that contains the most 
intense nucleic acid bands. 
 
Figure 1 shows the microscope image and the color-coded chemical image of IR 
intensities from 990 to 1340 cm-1. White pulp (yellow to red) is clearly separated from 
red pulp (blue to cyan). The fine structure is further visualized in the cluster membership 
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map where cyan and green clusters are assigned to red pulp, red cluster to follicle margin 
(T lymphocytes) and the light blue and beige clusters are assigned to the follicle center 
(B lymphocytes). 
  

 

 

Figure 1 A) Microscopic image, B) FTIR image of non-infected spleen on 𝐶𝑎𝐹2 at 990-1340 𝑐𝑚−1 C) 
K-means cluster image 
 
Similar contrast can be obtained by IR imaging of discrete wavenumbers using LDIR 
and OPTIR. This comparative analysis sheds light on the strengths and weaknesses of 
each spectroscopy technique, elucidating their suitability for various research 
applications. By providing an in-depth understanding of these techniques, this study 
equips researchers in the field of multispectral imaging with the knowledge to make 
informed decisions tailored to their specific experimental requirements. This analysis 
serves as a valuable resource for selecting the spectroscopy method that best aligns with 
their research objectives. 
 

ACKNOWLEDGMENTS 

This work is supported by BMBF and is integrated to QUANCER project 

REFERENCES 

1. C. Krafft, R. Salzer, G. Soff, M. Ern, M. Meyer-Hermann. Identification of B and T cells in human 
spleen sections by infrared microspectroscopic imaging. Cytometry A, 2005, 64A, 53-61 
 
2. Feng, Z., Jensen, S. M., Messenheimer, D. J., Farhad, M., Neuberger, M., Bifulco, C. B., & Fox, B. 
A. Multispectral Imaging of T and B Cells in Murine Spleen and Tumor. Journal of immunology, 
2016, 196(9), 3943–3950. 
 

A B C 



Wide-field optical photothermal infrared 
microscope for imaging and spectroscopy 
  
A. Thayyil Raveendrana, J. Poppa,b C. Kraffta 

 

a Leibniz Institute of Photonic Technology (IPHT), Member of the Leibniz Center for Photonics in 
Infection Research, Jena, Germany 
b Friedrich Schiller University Jena, Institute of Physical Chemistry and Abbe Center of Photonics, 
Member of the Leibniz Center for Photonics in Infection Research, Jena, Germany 

 
Optical photothermal infrared (OPTIR) spectroscopy is an innovative vibrational 
spectroscopic method that combines excitation by a pulsed infrared quantum cascade 
laser, induction of a photothermal effect by infrared absorption and its detection by 
visible light sources. A first OPTIR instrument has been commercialized to collect IR 
spectra and acquire images in point-based scan mode (see Figure 1A). The image shows 
a white pulp in the center surrounded by red pulp of the murine spleen tissue section. 
Cell nuclei of B- and T-lymphocytes of white pulp are resolved by elevated phosphate 
band at 1083 cm-1 relative to the protein band at 1658 cm-1 [1]. Compared to previous 
Fourier transform infrared images, OPTIR images offer higher lateral resolution and are 
less affected anomalous scattering effects.  
 

 
 

Figure 1 A) OPTIR Image of murine spleen section (region of interest 442x555 µm2) registered in the 
scanning mode with 2 µm step size. B) Instrumental and optical set-up of the new wide-field system 
 
Widefield OPTIR approaches were described in the literature [1] to capture images in 
milliseconds at submicron spatial resolution. Inspired by these developments, a novel 
implementation will be presented. For wide-field detection at sub-micron resolution, a 
CMOS camera was used in conjunction with visible light source (see Figure 1B). The 
CMOS camera was employed in a time-gated manner to capture images during the on 
and off periods of the IR beam. Photothermal contrast is provided by the differences 
between the photographs. A spatial resolution of roughly 600 nm was demonstrated by 
the system using a 40×, 0.6 NA objective. With a field of approximately 300×300 µm2, 
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OPTIR images can be captured at 200 ms using a 5 mega-pixel CMOS camera. The new 
system is expected to capture the photothermal contrast from biomedical sample as 
shown in Figure 1A within a second. Furthermore, rapid hyperspectral imaging of the 
samples can be achieved by series of images and IR spectra can be reconstructed. 
 
The perspectives of widefield OPTIR imaging will be demonstrated in the biomedical 
context for tissue sections and cell screening.  
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Abstract 
This research deals with the interaction of a synthetic bio-relevant drug-molecule with fullerene 

like nanocages specifically C24 and B12N12 to explore their potential as carrier in drug delivery 

systems [1-4]. The efficacy of C24 and B12N12 nanocages as an effective drug career has been 

investigated by computing electronic and geometric properties along with adsorption energies 

in different possible configurations. The ab initio calculations have been performed at 

DFT/B3LYP/6-31G (d, p) level of theory. The adsorption energy for the target molecule over 

the surface of C24 nanocage in the most favorable configuration has been calculated to be -

1.324kcal/mol. However, the target molecule when adsorbs over the surface of B12N12 

nanocage then its adsorption energy is -20.659kcal/mol for the most favorable configuration in 

the gas phase, which suggests that B12N12 nanocage can be used as an effective drug career for 

target molecule. In contrast, C24 nanocage due to its low value of adsorption energy cannot be 

used as a drug career for the target molecule. We have computed various electronic properties 

viz HOMO-LUMO energy gap, Fermi level and work function. Moreover, the effect of aqueous 

media on these electronic properties and adsorption energy has been explored.  
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Figure1 Optimized structures of C24@target and B12N12@target molecule for the most favorable configuration. 
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Vibrational spectroscopy is well suited for studying protein post-translational 
modifications: the corresponding functional groups produce characteristic absorption 
bands that arise at different spectral ranges than the major signals from the protein 
backbones.1 Therefore, intact proteins can be investigated, eliminating the need for 
protein digestion. This approach is especially promising for protein glycosylation, 
which carries a wealth of information about the health state of an individual.2  
 
So far, infrared spectroscopy has mostly been applied to purified glycoproteins.3 Here 
we extend its use to classes of proteins separated from blood plasma using ion exchange 
chromatography. We demonstrate that infrared spectroscopy identifies different 
patterns and global levels of glycosylation of intact proteins obtained from crude clinical 
samples. As an example, we use global glycosylation index3 to quantify the percentage 
of protein mass contributed by the glycans and compare glycosylation patterns of human 
and bovine orosomucoid.  
 
Next, we perform spiking experiments that model a biomarking scenario: glycosylation 
of a particular protein is affected by a disease and this change is spectroscopically 
detected. We confirm that chromatographic separation significantly improves the 
detection capabilities.  
 
Stepping away from the model system, we present the results of a pilot case-control 
study, comparing the glycosylation patterns of blood plasma proteins in lung cancer 
patients and control individuals. Although aberrant protein glycosylation has been 
detected in lung cancer patients previously,4 to our knowledge, it is the first time that it 
has been observed in top-down manner using vibrational spectroscopy.   
 
In addition to using conventional Fourier-transform infrared spectroscopy, we present 
the first evidence that the high sensitivity of field-resolved laser-based infrared 
spectroscopy developed in our group5 contributes to improved signal-to-noise ratio in 
protein glycosylation analysis. 
 
Generally, in this work we aim to combine the simplicity of a spectroscopic 
measurement with the richness of the biological information contained in glycans. 
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Skin cancer, particularly cutaneous melanoma, is a significant global health concern due 
to its increasing incidence and potential lethality. Early detection is critical for effective 
intervention and improved patient outcomes. A new multi-modal optical imaging 
system integrating optical coherence tomography (OCT) and spatially offset Raman 
spectroscopy (SORS) is proposed, utilizing the OCT scanning mode to achieve the 
spatial offset of the acquisition point required by SORS, see Figure 1. 
 
Skin phantoms were created by dissolving gelatin in distilled water and adding 
carotenoids and melanin (the latter being insoluble in water was dissolved in dimethyl 
sulfoxide before being added to the phantom) to simulate normal skin and cutaneous 
melanoma, respectively. For SORS measurements, a 10 mm thick melanin phantom was 
stacked on top of a carotenoid phantom. Without offset, the spectral peaks of the 
carotenoids were almost invisible, but when the offset was gradually increased to 2 mm, 
the peaks of the carotenoids became stronger and more visible, proving that SORS has 
the ability to detect deeper layers of the skin that are impenetrable by normal Raman 
spectroscopy, see Figure 2. This indicates that SORS has the ability to complement the 
information required by dermatologists compared to ordinary Raman spectroscopy. 
 
The combination of SORS with OCT further enhances its diagnostic capabilities. OCT 
provides high-resolution imaging of tissue microstructure, offering complementary 
morphological information to the chemical insights provided by SORS. The integration 
of these two modalities enables a comprehensive evaluation of skin lesions, including 
structural, depth, and chemical composition information, and presents a promising 
avenue for advancing non-invasive skin cancer diagnosis. This new capability will be 
presented and discussed based on selected examples. 
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Figure 1 Sketch of the OCT-SORS multi-modal setup, the small box in the lower right corner 
demonstrates the process of achieving the spatial offset of the acquisition point using the OCT scanning 
lens. 
 

 
Figure 2 SORS spectra obtained by stacking a 10 mm gelatine phantom with melanin added on top of a 
gelatine phantom containing carotenoids. As the offset increases, the three peaks of the carotenoids 
become more and more obvious. 
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Nanopore sequencing techniques have emerged as powerful tools for deciphering the 
composition of genomes and transcriptomes of e.g. pathogenic agents.  The ONT 
MinION method enables even direct RNA sequencing, allowing us to read chemical 
modifications of single nucleotides. This breakthrough is currently leading us into a new 
era of genetic analysis. 
 
We have developed AI-based, context sensitive deep neural networks capable of reading 
individual RNA modifications. I will introduce a method enabling researchers to 
discover any of the 340 described RNA modifications throughout the epitranscriptome.  
Our focus is on the identification and characterization of RNA modifications, a field of 
increasing importance, as these modifications play a pivotal role in gene regulation and 
expression. 
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Figure 1 Overview of the tool Magnipore, ready to use for direct application of sequenced cellular  or 
viral RNA. 
Additionally, we have created 'Magnipore', a novel tool designed to detect significant 
signal shifts in ONT data between samples of similar or related pathogenic species. 
Magnipore classifies these shifts into mutations and potential modifications. We used 
Magnipore to compare SARS-CoV-2 samples, revealing an evolutionary impact 
reflected in the modification profiles. This discovery suggests a link between RNA 
modifications in viral genomes and their pathogenic potential. With Magnipore, we 
provide a rapid, high-throughput solution for tracking and understanding the spread and 
evolution of the virus at a genetic level. 
 
Figure 2 Magnipore shows defining mutations of the several SARS-CoV-2 types (e.g. Alpha, Omicron) 
and adds a new layer of information by presenting defining RNA modifications of the several virus 
variants. 
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