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Abstract 

 
The chemical composition of recent and fossil organic-walled dinoflagellate cyst walls 
and its diversity is poorly understood and analyses on single microscopic specimens 
are rare. A series of infrared spectroscopic experiments resulted in the proposition of 
a standardized ATR micro-FTIR-based method which allows the collection of robust 
datasets consisting of spectra from individual dinocysts. These datasets are largely 
devoid of nonchemical artifacts inherent to other infrared spectrochemical methods, 
which have typically been used to study similar specimens in the past. The influence 
of sample preparation, specimen morphology and size and spectral data processing 
steps is also assessed within this methodological framework. As a result, several 
guidelines are proposed which facilitate the collection and qualitative interpretation of 
highly reproducible and repeatable spectrochemical data. These, in turn, pave the way 
for a systematic exploration of dinocyst chemistry and its assessment as a 
chemotaxonomical tool or proxy.  
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1. Introduction 
 

Dinoflagellates are mostly unicellular, eukaryotic protists that occur in a wide 
array of aquatic environments. Most dinoflagellates are planktonic, although benthics, 
symbionts and parasites also exist. They are either photosynthesizing primary 
producers (autotrophs), consumers of other micro-organisms (heterotrophs) or a 
combination of both (mixotrophs). During the sexual phase of their complex life cycle, 
about 13–16% of living dinoflagellate species produce a non-motile resting cyst 
(dinocyst), usually 20–100 µm in diameter.1 These potentially highly resistant dinocysts 
sink and can preserve in sediments and in some cases have been shown to remain 
alive for more than a century.2 In environmental conditions which favor vegetative 
growth, dinocysts can germinate and motile cells reinoculate the water column. Most 



commonly dinocyst are organic-walled with a composition remarkably different from 
that of the motile stage, but calcareous and silicious forms exist as well. The chemical 
resistance of the dinocyst wall procures a potential for fossilization, and fossil dinocysts 
have been found dating as far back as the Triassic, over 200 million years ago. 

Many studies on dinocysts focus on morphological (e.g., body shape, 
dimensions and ornamentations) characteristics which are used in taxonomical, 
biostratigraphical, (paleo)ecological, (paleo)climatological and palaeoceanographical 
applications.3 Biological studies often include molecular data for investigating the 
taxonomy and complex life cycles of certain toxin-producing dinoflagellates, which can 
cause large harmful algal blooms in modern-day aquatic environments.4 In contrast, 
the chemical compositions of organic-walled dinocyst walls are largely unexplored. The 
microscopic cyst sizes and the possibility of chemical contaminations can impose 
difficulties on their chemical characterization. Despite this, the applicability of dinocyst 
chemical data can be considered large and serves multiple purposes. It allows to better 
understand the mechanisms behind dinocyst taphonomy, their compositional makeup 
and evolution through time, as well as to evaluate the potential of such data as a 
chemotaxonomical tool and proxy. Traditionally, the walls of organic-walled 
dinoflagellate resting cysts are considered to consist of a suite of highly resistant 
biomacromolecules called ‘dinosporin’.5 

Past studies on organic-walled dinocyst wall chemistry mainly applied methods 
based on chromatography and mass spectrometry in conjunction with hydrolysis, 
pyrolysis and thermally assisted hemolysis and methylation6–10, as well as Fourier 
Transform Infrared (FTIR) spectroscopy on individual cysts by focusing and collecting 
the infrared (IR) beam with microscope objectives (micro-FTIR).6,8–14 These studies 
have already indicated that dinosporin differs from similar resistant biopolymers like 
sporopollenin as found in pollen, and algeanan as found in green algae, and is likely 
to be a highly crosslinked (β-1,4) carbohydrate-based biopolymer. Furthermore, micro-
FTIR data demonstrates a large (geo)chemical dinosporin variability in recent and 
fossil dinocysts, which seems to be linked to dinoflagellate species feeding strategies 
as well as phylogeny, environment and preservation.15 

The chemical information retrieved in FTIR spectroscopy 16,17 originates from 
the excitation of IR-active vibrations of the molecules in a sample through the 
absorption of IR light. The absorption at a specific IR frequency, typically expressed in 
wavenumbers (= ν' = 1/(, with λ = wavelength in cm), is determined by the vibrational 
spectrum of the molecules in the sample and their amount in the region probed by the 
IR beam. With respect to dinocysts, vibrational absorption spectra typically consist of 
relatively broad (≥ 30 cm-1) but specific bands (i.e., molecular group absorption bands) 
in the mid-IR region (4000–400 cm-1). Transmission, reflection and attenuated total 
reflection (ATR) are considered the three major IR-spectroscopic sampling modes18,19, 
and differ in the relative positions of the IR source and detector with respect to the 
sample and the way the IR light is guided through it (Figure 1). For organic-walled 
dinocysts measured in reflection mode part of the IR light passes through the sample 
before being reflected to the detector. Therefore, we further call this sampling mode 
transflection. 

The present study is focused on the further development, assessment, 
applicability, and outlook of micro-FTIR spectroscopy as a tool for the (geo)chemical 
characterization of single, organic-walled dinocyst specimens. The most convenient 



way to retrieve clean dinocysts (without cell contents and attached external debris) 
from a sample while maintaining taxonomic control is by individual manipulation by 
hand (Figure 2). FTIR spectroscopy of macroscopic quantities of dinocysts, e.g., 
pressed in KBr pellets or directly onto the ATR prism of a bench spectrometer, is very 
time consuming and difficult with respect to maintaining sample purity and is not 
considered. Here, a method based on ATR (hence ATR micro-FTIR) spectroscopy on 
single, organic-walled dinocysts is presented and the recorded spectra are compared 
to spectra collected via other sampling modes (transmission and transflection), which 
were typically employed in previous micro-FTIR studies on these resting stages. 
Building on previous efforts for erecting a standardized protocol for measuring dinocyst 
via micro-FTIR20, the present study captures and highlights a range of methodological 
aspects which prevail during sample preparation, data collection, processing and 
interpretation. Finally, future outlooks for the use of micro-FTIR spectroscopy on single, 
organic-walled dinocyst specimens are discussed, as well as its use in conjunction with 
complementary methods. Major standing questions in this field of research are 
outlined.  
 
2. Materials and methods 
 
2.1 Sample preparation  
 
 Modern surface sediments and a live culture containing dinocysts from different 
nearshore marine or lagoonal settings around the world (Table 1, Figure S1) were 
prepared for micro-FTIR analyses via partly different series of physical and chemical 
processing steps (Table 1). A brief description and explanation of these steps is given 
below: 
 
- Palynological maceration – to remove inorganic compounds, sediments were 

treated with the following strong acids (in order): 7.3% HCl (24h at room 
temperature, to dissolve carbonate particles), 40% HF (48h at 60°C, to dissolve 
silicates) and 2N HCl (cycles of 24h at 60°C, until the mineral fraction was fully 
dissolved). The remaining organic matter residue was neutralized by iteratively 
adding and decanting distilled water. The final residue was stored in glass vials. 
Palynological macerations are routinely used in studies on fossil dinocysts 
liberating them from their inorganic rock matrix, and different methods exist. For 
further details see a closely similar protocol.21 Only some sediment samples in this 
study have undergone palynological maceration (Table 1) in order to compare the 
spectral outcomes of different sample preparation procedures.  

- Ultrasonication – samples were dispersed in distilled water in a glass beaker and 
afterwards immersed in an ultrasound water bath (Branson 2510 Ultrasonic 
Cleaner at 40 kHz) to achieve two goals: (i) to break up non-germinated dinocysts, 
effectively removing their cell contents; (ii) to remove contaminating particles of 
variable sizes sticking to the outside of the cyst walls and processes. The number 
of consecutive sonication steps varied depending on the visual cleanliness of the 
dinocysts after a fixed duration of 30s and was carried out prior to filtering or density 
separation. 



- Filtering – since most extant dinocyst species rarely exceed 100 µm in diameter, 
sediments and residues were first filtered on a steel 150 µm mesh and caught on 
5, 8 or 20 µm nylon MF-MilliporeTM MCE membranes, using ultrapure (Millipore 
Milli-Q®) or distilled water. Subsequent filtering on nylon membranes was preceded 
by ultrasonication to ensure maximum disintegration of aggregating particles. 

- Rinsing with organic solvents – in order to remove (a)polar compounds, often lipids, 
sticking to dinocysts some samples were extracted for 30 min, while shaking with 
a 1:1 mixture of methanol and dichloromethane (MeOH:DCM) in a sealed plastic 
centrifuge tube. The residue was subsequently caught on a 8 µm nylon filter and 
rinsed three times with ultrapure water.11,22–24 

- Density separation – for some samples dense, non-dinocyst particles were 
removed via the density separation method of Bolch25 that uses an aqueous 
solution of non-toxic sodium polytungstate (SPT), combined with centrifugation. A 
higher SPT density of 2.1 g/cm3 was used, in comparison to Bolch’s 1.4 g/cm3, 
which works well for both recent26 and fossil dinocyst samples.27 

- Fixation – some final residues were fixed by adding a few drops of ethanol (EtOH) 
to prevent bacterial growth which could chemically contaminate dinocysts. 

 
From the final processed residues, single dinocysts were isolated for IR 

measurement (Figure 2). Droplets were examined under a Zeiss Primovert inverted 
microscope (100x to 400x magnification). Visually clean dinocysts were identified and 
manipulated using a drawn glass Pasteur pipette with an attached rubber suction tube. 
Individual specimens were iteratively cleaned by depositing them in droplets of distilled 
water, rinsing the Pasteur pipette with distilled water in between each iteration. 
Afterwards, the specimens were carefully deposited onto the micro-FTIR 
measurement substrate, making sure no visual drying spot was cast around their 
periphery. This was ensured either by precise control of the pressure within the suction 
tube, resulting in a small and rapidly evaporating water droplet containing the dinocyst, 
or by sucking the water drop away underneath the deposited dinocyst by using another 
Pasteur pipette with an aperture diameter smaller than that of the respective cyst. 
Specimens measured in transmission mode were deposited on either a 7.7 mm thick 
and 2.5 cm wide, circular ZnSe-window (~70% IR transparency) or a 0.5 mm thick 2.5 
by 2.5 cm, rectangular Si-window (~54% IR transparency from 4000–1550 cm-1, with 
well-known absorption bands from 1550–600 cm-1 which hardly influence spectra 
resulting from thin samples, which is the case here). ZnSe and Si were chosen as they 
are both partially transmitting as well as reflecting IR light in the targeted spectral range 
(4000–600 cm-1), allowing to (re)measure the exact same specimens in all three 
sampling modes. CaF2 was not considered in this respect, given its strong absorption 
below 1000 cm-1. Samples which were not measured in transmission (only transflection 
and ATR) were deposited on a 5 by 5 cm Mid-Infrared Enhanced Au-mirror (Thorlabs®), 
as this substrate was routinely used in the past for dinocyst transflection 
measurements. Specimens were measured within 24h after sample 
isolation/deposition. 
 
2.2 Micro-FTIR measurements and data analysis 
 



A total of six, morphologically distinct dinocyst taxa have been analyzed via 
different micro-FTIR spectroscopy sampling modes, with varying antecedent chemical 
treatments and on different measurement substrates (Table 2). For each taxon, 
different spectra were recorded on multiple (2–10) empty (i.e., without cell contents) 
and visually clean individual specimens, serving as biological replicates. Unique 
specimens belonging to a given species, location and measurement substrate have 
been analyzed in a nondestructive sampling mode (i.e., transmission and/or 
transflection) prior to ATR measurement. In those cases, this allows for a one-on-one 
comparison of spectra from the same specimen, as recorded via different micro-FTIR 
methods. ATR is considered to be a destructive technique with respect to dinocyst 
samples, since they are naturally hollow structures which become deformed (flattened) 
or sometimes break up into smaller fragments by the pressure of the ATR crystal. 
Furthermore, the cysts often stick to the crystal after measurement and are lost when 
cleaning the crystal.  

IR spectra from the Xiamen Bay and Patricia Bay localities as well as the 
Lingulodinium machaerophorum culture samples measured on an Au-mirror were 
recorded with a Bruker Invenio-S spectrometer with CenterGlow IR source coupled to 
a Hyperion 1000 IR microscope located at the Marum Research Faculty (Bremen 
University, Germany), while others were recorded with a Bruker Vertex 80v 
spectrometer with Globar IR source coupled to a Hyperion 2000 IR microscope located 
at the Department of Solid State Sciences (Ghent University, Belgium). In both setups, 
infrared spectral ranges of 4500–600 cm-1 were recorded using a liquid N2-cooled 
mercury cadmium telluride (MCT) detector in the microscope and KBr beam splitter in 
the bench spectrometer. The Akkeshi Bay and Votadinium calvum spectra from 
Patricia Bay were collected with a 2 cm-1 resolution and averaged over 100 scans, 
while the others are collected with a 4 cm-1 resolution and averaged over 256 scans. 
This as part of different standard lab procedures and to test if it makes any significant 
difference in terms of the overall spectral outcome. Prior to each measurement, the 
respective specimen was photographed using the built-in camera in the Hyperion 
microscope unit. This served as an extra visual identification of the measured 
specimen. Transmission and transflection spectra were recorded by using a x15 (0.4 
NA) microscope objective (and a x15 = 0.4 NA condenser in transmission) and by first 
adapting the rectangular IR aperture size to roughly fit the dimensions of the specimen, 
then recording a background spectrum on an empty and visually clean area of the 
measurement substrate and afterwards recording the specimen itself. For sample 
measurement, the IR beam was focused on the top of the measurement substrate. 
Prior to transmission measurements the condenser was aligned and focused for 
maximum signal intensity. ATR spectra were obtained by using a germanium Internal 
Reflection Element (IRE) with a tip diameter of 100 µm mounted on the x20 (0.6 NA) 
microscope objective of the Hyperion microscope. Before the first and after each 
subsequent sample measurement the IRE tip was cleaned with isopropanol alcohol 
and a cotton tissue. A background spectrum was recorded every five measurements, 
or earlier when previously recorded spectra contained large atmospheric contributions 
due to changing atmospheric conditions between background and sample 
measurement. The background spectra were taken by placing a supportive plastic ring 
on the stage around the ATR crystal and the measurement substrate, applying 



pressure up to pressure level 1 (~0.5 N)28 and measuring the IR spectrum of the 
atmosphere surrounding the IRE tip. The ATR micro-FTIR sample spectra were 
recorded by lowering the IRE onto the specimen, making contact until pressure level 
1 was reached.  

For visualization, comparison and interpretation purposes, subsequent spectral 
processing of the raw data was carried out in OPUS 8.2.21 (Bruker) and included in 
the following order: atmospheric compensation (removal of residual gas phase CO2 
and H2O absorption traces in the spectra), Savitzky-Golay (smoothing) filtering 
(second order polynomial and a window size of 13)29,30, baseline correction 
(rubberband correction using polynomes, 128 baseline points and one to several 
iteration(s) until the onset of the absorption band near 3700 cm-1 and the onset of the 
fingerprint region (1750–600 cm-1) near 1800 cm-1 reached approximately zero 
absorbance values) and min-max normalization (plots showing a close-up of the 
fingerprint region have been normalized to the values within this region). Absorption 
band groups were assigned following Colthup et al.31, Coates32, Bogus et al.12 and 
Jardine et al.33. All spectra and additional statistics were plotted using RStudio.34 

For this study, the quality of spectra produced by these different approaches is 
mainly assessed by means of the measurement repeatability (i.e., the similarity of 
results obtained from the same dinocyst species using the same measurement 
procedure, numerically expressed by the average standard deviations from the mean 
of the biological replicates), reproducibility (i.e., the similarity between the 
measurement results from the same dinocyst species obtained at two independent 
labs) and signal-to-noise ratio (SNR) and an explanation for the spectral variations is 
presented. Spectra are considered to show high consistency when they exhibit 
relatively high repeatability, reproducibility and SNRs.  
 
3. Results and discussion 
 

The measured micro-FTIR spectra (Figures 3 and 4) show two main spectral 
regions with absorption bands: (i) the high wavenumber region between 3700–2700 
cm-1 with (relatively) broad and strong absorption bands and (ii) a fingerprint region 
(1750–600 cm-1) which can roughly be divided into three subregions with characteristic 
molecular group absorption bands which are often seen in dinocyst micro-FTIR 
spectra.9–14 An overview on common dinocyst group frequencies, their origins and 
assignments is given in Table 3. Differences between the three used sampling modes 
are evaluated in section 3.1, which demonstrates that ATR FTIR is the most reliable 
method. Further effects of sample processing and data processing on ATR FTIR 
spectra are discussed in section 3.2. 
 
3.1 Comparison of sampling modes 
 
3.1.1. What method is most consistent?  
 
 Spectra of empty, cultured Lingulodinium machaerophorum cysts, have been 
recorded via all three sampling modes and on two different IR-transparent substrates 
(Table 2, Figure 3, Figure S2). Since the setup geometries and the pathways and 



interactions of IR light differ between the sampling modes and measurement 
substrates, their resulting spectra can differ significantly in terms of shape, intensity, 
and SNR, even when measured on the same specimen. For the analysis of single 
cysts, each of the FTIR sampling modes has its advantages and limitations (Table 4) 
which to a large degree can be used to explain the observed spectral variability. The 
measurement repeatability and the reproducibility are two metrics which can be used 
to assess the quality and reliability of collected data. The repeatability can be quantified 
by calculating, for each recorded wavenumber, the average standard deviation from 
the mean (i.e., the averaged spectrum of the biological replicates). For L. 
machaerophorum culture data, the spectra collected in ATR systematically show the 
highest repeatability over those collected in transmission and transflection, 
independent of the measurement substrate type (Figure 3). Additional to the cultured 
samples, a total of four L. machaerophorum cysts extracted from sediment (Diana 
Lagoon, Table 2) were measured in ATR on an Au-mirror substrate. The fingerprint 
regions of these spectra (dotted lines in Figure 3c) show high similarities in terms of 
absorption band positions and shapes with those from the cultured spectra. Given that 
the culture and sediment datasets were collected using different instruments located 
in independent labs (the culture-derived spectra at MARUM, the sediment-derived 
spectra at Ghent University), this also suggests a high reproducibility for ATR spectra. 
Differences in relative absorption band heights in the fingerprint between culture and 
sediment L. machaerophorum cysts might be attributed to environmental factors, 
chemical changes which occurred during culturing or indiscernible (extra)cellular 
materials sticking to the cultured cysts. Large spectral differences can be detected 
between the transmission and transflection spectra recorded on different 
measurement substrates. For transmission spectra specifically, high frequency 
background noise can be seen due to low signal intensities (= low SNR), which 
assumably for a large part causes the low reproducibility. In case of the of the ZnSe-
window, the low SNR are likely due to surface scratches, which are visible on some 
visual images and cause scattering of IR light. We expect no significant contribution of 
the window’s thickness (7.7 mm) to the low SNR’s, nor from cropping of IR light near 
the edges since all specimens were deposited in a small 3 by 3 mm cluster in the 
center of the 2.5 cm wide window and given the 1.2 mm spot size of the 0.4 NA 
microscope objective. Furthermore, this particular window showed no chromatic 
aberrations on visual images or aberrations to plane parallelism. Transflection spectra 
generally show the lowest repeatability within but also between measurement 
substrates, which can be explained by the differences in reflectance between the 
substrates (from ZnSe being only about 30% reflecting and the Au-mirror nearly 100% 
in IR) and the associated complex scattering effects (see following paragraph). In 
contrast, ATR spectra (after data processing) show high consistency suggesting a very 
minimal to negligible lasting influence of the measurement substrate (Figure S3). 

From our experimental results and the advantages and limitations listed in Table 
4 it appears that, apart from being nondestructive and able to measure the sample 
over its entire thickness, transmission and transflection measurements offer few 
advantages over ATR measurements for the analysis of single specimen dinocysts. 
The main reason ATR with a high refractive IRE outperforms the other two sampling 
modes is that in the latter, (electromagnetic) scattering effects occur when the beam 



crosses a sharp refractive index (+ ) boundary.35 These scattering effects cause 
spectral distortions in terms of absorption band intensities, band positions, relative 
band proportions and baseline effects and thus obscure the true absorbance 
spectrum.36,37,46–50,38–45 For some sample setups and geometries, these spectral 
distortions can be partly quantified and corrected via model-based correction 
algorithms which often need pure absorbance spectra as a reference.37,51–59 In the past 
few years deep learning approaches have made their advance in FTIR 
spectroscopy.60–63 Worth noticing is that recently developed deep neural network 
architectures can successfully approximate complex, often computationally heavy, 
model-based correction algorithms.64 The currently available correction algorithms are 
often optimized for transmission spectra, as the distortions in transflection spectra are 
in general more severe. In the latter method the scattering effects are essentially 
doubled, making correcting such spectra practically impossible. This, together with the 
irregular and unique shapes of individual dinocysts (morphological variability between 
and within species, but also differential collapse during desiccation on the substrate), 
explains the low repeatability and large differences between transflection spectra on 
different substrates (Figure 3). Therefore, for single dinocysts, transmission is 
evaluated as the most reliable nondestructive technique to use, provided that the 
sample is thick and large enough and the measurement substrate transparent enough 
to create sufficient signal intensities, as well as smooth enough to limit scattering 
effects. 

Scattering effects are absent in ATR measurements of L. machaerophorum 
since the internally reflected IR beam does not leave the IRE (i.e., does not cross a 
refractive index boundary, Figure 1), resulting in an increased reproducibility (Figure 
3).65 The evanescent wave created at the tip of the IRE propagates into the sample in 
close vicinity of the tip, though only very shallow. For a Ge IRE (n = 4.0) at about 30°, 
which is used in this study, measuring dinocysts (n ≈ 1.50) the penetration depth 
ranges from about 0.15 µm (at 4000 cm-1) to about 1 µm (at 600 cm-1). Organic walls 
of dinocyst of modern species generally range from one to several µm in thickness. 
This implies that, especially at higher wavenumbers, possibly only the outermost 
layer(s) of the compressed cyst wall is/are probed via ATR micro-FTIR and that the 
absorption bands in the fingerprint region will be relatively stronger compared to those 
in the spectral region between 3700–2700 cm-1. Though free of scattering effects, ATR 
is – to a lesser degree – also prone to physical artifacts caused by a number of factors: 
(i) inhomogeneities in the refractive indices of sample substructures; (ii) quality of the 
sample contact with the IRE and (iii) depth of penetration.66,67 Incomplete sample 
contact and/or small sample thicknesses can also give rise to fringing effects in ATR 
spectra, possibly due to standing waves, but these were not observed in this study. 
Due to the high repeatability within and between ATR spectra recorded on different 
measurement substrates, our experimental results suggest that the physical artifacts 
in ATR spectra of dinocysts measured in this study are small, in particular when 
compared to the scattering distortions observed in transmission and transflection 
spectra. When present, physical artifacts presumably cause mostly minor changes in 
absorption band intensities, rather than shifts in band positions which can be 
considered much more problematic when it comes to qualitative molecular 
identification. Furthermore, absorption band intensity changes in spectra can to a 



certain degree be corrected via model-based and deep learning algorithms.59,61 The 
near absence of high-frequency noise in the ATR spectra also implies that the 
measured specimens were sufficiently large and a good contact with the IRE tip was 
established. Although the diameter of the circular IRE tip is fixed at 100 µm, the typical 
probing area (i.e., spatial resolution) is smaller depending on the refractive index of the 
crystal, the shape of the aperture and the diffraction limit of the microscope 
objective.68,69 The Ge ATR objective used in this study is reported to be able to 
measure samples as small as the order of magnitude of 5 µm. From our own 
experiences, ATR spectra from very small dinocyst specimens (< 30	 × 30 µm when 
compressed) tend to become noisy and this is seen as a lower size limit. For all the 
above-mentioned reasons, micro-ATR is evaluated as the most reliable sampling 
mode for collecting spectra of single specimen dinocysts. Since this evaluation is 
mostly made on the basis a repeatability metric, it highlights the importance of 
collecting multiple technical and biological replicates when applying micro-FTIR 
spectroscopy to microscopic bioparticles. Other micro-FTIR studies on micro-
organisms generally collect a minimum of three replicates.70–72 Our experiences learn 
that, in general, there is some intraspecific variation in dinocyst spectra from the same 
sample, but this tends to be small if the cysts are clean. Usually, 3–5 spectra on 
different cysts from the same species are sufficient to capture most of this variation. 
We have tested this for several species with > 20 unique spectra or specimens (not 
presented in this study). 
 
3.1.2. Causes of higher scattering in transflection: effects of morphology and 
size on scattering  
 

Transflection and ATR micro-FTIR spectra from additional dinocyst taxa are 
compared (Figure 4), mainly to highlight the intense scattering artifacts in the 
transflection spectra, their link with the sample morphologies and to illustrate that for 
all taxa ATR spectra prove to be much more consistent and devoid of scattering 
artifacts. Furthermore, a one-to-one comparison of transflection and ATR spectra from 
some single specimens shows that spectra collected in transflection mode, which was 
often applied in past micro-FTIR dinocyst studies12–14,24,73, can contain major 
distortions in terms of (relative) absorption band heights and band positions, which 
significantly hampers their further qualitative and quantitative interpretation.  

Transflection spectra from Brigantedinium spp. contain major Mie-type 
scattering artifacts54,55, clearly seen as sinusoidal intensity variations between 2800–
1800 cm-1 and to a lesser degree in the fingerprint region. This is not surprising given 
that the morphology of small (typically 30–50 µm), empty Brigantedinium cysts closely 
resembles that of a near perfect hollow sphere (Figure 4) similar to spheroidal pollen 
grains which produce strong Mie scattering.46 To a lesser degree, sinusoidal scattering 
artifacts can be observed in transflection spectra of Quinquecuspis concreta and 
Spiniferites bentorii. Q. concreta is relatively large (typically 60–80 µm), smooth and 
pentagonal-shaped. S. bentorii is only a little bit smaller and oval, but with relatively 
short (15–25 µm), distally trifurcating processes (Figure 4). These are both shapes 
which differ significantly from that of an ideal sphere, and they produce complex, 
irregular scattering effects which to a certain degree obscure the regular sinusoidal 



patterns as observed in Brigantedinium spectra. Cysts of Trinovantedinium 
applanatum and Votadinium calvum are typically relatively large (70–100 µm), slightly 
ornamented (i.e., low topography processes) to smooth and dorsoventrally flattened 
(Figure 4). It is clear from the presented transflection spectra that these morphologies 
produce less intense scattering artifacts: the spectra show a higher repeatability and 
more closely resemble the scatter-free ATR spectra. Overall, it is clear that dinocyst 
morphology as well as size influence the quality of spectra recorded in transflection 
mode, with smaller, spherical and more ornamented forms leading to less consistent, 
scatter-distorted spectra. Our experiments prove that neither dinocyst morphology nor 
size (i.e., above the 30 µm size threshold for producing sufficient signal strengths) 
significantly reduce the quality of the ATR spectra as they show high consistency 
throughout. It should be noticed that for very small dinocysts (< 30 µm) multiple 
specimens can be clustered together on the measurement substrate to achieve 
sufficient signal strengths. When single-specimen spectra of small cysts are required, 
transmission measurements using high intensity radiation (e.g., synchrotron) focused 
near the spatial resolution limit of IR light can be considered the best alternative. 
 
3.2. Other variables important for interpretation of ATR FTIR spectra. 
 
Next to variability inherent to the sample method used, there are effects of sample 
processing and data processing. These are dealt with in sections 3.2.1 and 3.2.2. 
 
3.2.1. General effects of sample processing on ATR FTIR spectra. 
 

Not all measured specimens of S. bentorii, T. applanatum and V. calvum have 
undergone the same sample preparation procedure (Tables 1 and 2), which could 
explain some of the observed spectral variability for all sampling modes (Figure 4). 
Notably the use of strong acids like HCl and HF during palynological maceration might 
alter the molecular structures of dinocyst walls. Acid treatment may turn organic salts 
into acids, which may redistribute charges in the macromolecule and change the 
vibrational spectra. Furthermore, acid treatment may hydrolyze part of the 
macromolecule, e.g., by breaking amide, ester and glycosidic bonds. The loss of 
organic acids and alcohols may thus be expected. The extent to which this happens 
depends on the kind of acid used, pH, temperature and duration of the treatment. At 
room temperature, and with 7.3% HCl the effects are most probably minor.74 The 
impact of HF most probably will be removal of minerals sorbed or sticking to the cysts.75 
The concentrations of the chemicals used in this study as well as the reaction 
temperatures are considered to be too low to induce Maillard reactions, which produce 
insoluble polymers. The fingerprint regions of the ATR spectra of T. applanatum from 
Olhão Port (no palynological maceration) and Xiamen Bay (palynological maceration) 
show only minor differences in terms of band positions and intensities, which could 
possibly reflect environmental factors, intraspecific chemical variations and/or 
(extra)cellular materials sticking to the cysts. Acid hydrolysis is likely the cause for the 
loss of free OH groups, which is reflected by a significant intensity reduction in the OH-
band (3700–3100 cm-1, Figure 4). Transflection spectra of V. calvum from Patricia Bay 
(no palynological maceration) show large absorption bands between 1150–900 cm-1 



(typically aromatic or sugar ring absorptions) which are absent in specimens from 
Xiamen Bay treated with strong acids. Even though these spectra are recorded in 
transflection mode, the amount of scattering distortions they generally contain appear 
relatively small. This can be explained by V. calvum being relatively large (70–100 µm) 
and flattened in shape. Therefore, it is safe to assume the additional absorption bands 
are of chemical origin (presumably due to extracellular weakly bound polysaccharides), 
rather than scattering related. In this case, acid hydrolysis seems to remove (a) 
molecular component(s) rich in C-O. One option is that the cyst wall of V. calvum 
consists of multiple layers, one of which is resistant to hydrolysis. Furthermore, similar 
trends are observed in other Votadinium species as well as other recent, brown-
colored heterotrophic dinocysts (unpublished data). Though currently still highly 
understudied, a differential impact of the use of strong acids on the wall composition 
of recent, and possibly fossil, dinocysts might exist and care should be taken when 
comparing spectra from samples which underwent a different preparation procedure.  

This observation also raises the question whether a standard sample 
preparation protocol with respect to micro-FTIR spectroscopy on dinocysts should be 
developed to exclude extrinsic variables as much as possible. Further systematic 
micro-FTIR spectroscopy experiments on the differential chemical resistances of 
dinocysts, possibly in conjunction with other (geo)chemical methods (e.g., 
chromatography and mass spectrometry in combination with hydrolysis and pyrolysis), 
would allow to formulate a more substantiated answer to this question. As unprocessed 
fossil dinocysts are often enclosed in consolidated sediments, palynological 
maceration is indispensable to release the cysts for further manipulation and isolation. 
In some cases, unconsolidated sediments are also treated with strong acids to dissolve 
inorganic fractions and to concentrate dinocysts. In most cases, heavy liquid density 
separation using SPT works just as well for sufficiently concentrating cysts and 
facilitate further preparations for FTIR measurements without possibly altering the cyst 
wall chemistries. Usually, no density separation and no palynological maceration is 
necessary for culture and plankton net samples. The variety in dinocyst sample types 
will probably prohibit the erection of a universal preparation protocol. Therefore, a 
standardized sample type-specific preparation procedure is proposed (Figure 5). If 
after the visual inspection step a sample contains large amounts of flocculating 
amorphous organic matter (AOM) particles, it is nearly impossible to find and isolate 
visually clean individual dinocysts. An additional processing step can be undertaken to 
solve this and involves shaking and decanting cycles in ultrapure or distilled water. A 
study by Anderson et al.76 reports settling velocities of three different dinocyst species 
between 0.008–0.013 cm/s in filtered seawater (salinity = 32‰, 22°C). This is 
equivalent to a downward motion of at least 10 cm in 20 minutes. Ultrapure and distilled 
water have a lower density at room temperature (~1.00 g/cm3) than the Percoll-sorbitol-
seawater used in the study (1.15 g/cm3) and the average density of seawater (1.027 
g/cm3).77 Thus, dinocysts will sink faster in the freshwater media. This means that, 
when working with a small beaker (ca. 10 cm in height) and following shaking or 
ultrasonication, dinocysts will no longer be in suspension after settling for about 20 
minutes. The materials that are still in suspension after this time span are mostly 
smaller AOM particles and can thus be safely decanted for an overall cleaner residue. 
The process of re-suspension, ultrasonication and decanting can be repeated 



iteratively if needed. From our experiences, the cysts are usually not contaminated 
with lipids so that extraction with organic solvents usually has little effect. However, for 
cysts from organic-rich samples and source rocks, the extraction step is highly 
recommended. 
 
3.2.2. Options for further handling ATR FTIR spectral datasets 
 
 Depending on the aims of the study, FTIR data can be further analyzed and 
interpreted in different ways ranging from basic spectral visualization and qualitative 
profiling to exploratory multivariate methods (e.g., Principal Component Analysis, 
PCA), clustering methods (e.g., Hierarchical Cluster Analysis, HCA, k-means 
clustering, Fuzzy C-means clustering and density-based clustering, DBSCAN) and 
classification approaches (e.g., artificial neural networks, ANNs, convolutional neural 
networks, CNNs, random forest classifiers, RF and deep learning approaches). Based 
on the results presented here and by comparison with approaches in other micro-FTIR 
studies, a flowchart is presented which outlines several essential and optional data 
preprocessing steps prior to specific data analysis methods (Figure 6). These steps 
include: 

 
- Atmospheric compensation – residual water vapor and carbon dioxide absorptions 

are always present in spectra recorded in atmospheric conditions and can be 
removed by subtracting pure spectra of these gas compounds from the sample 
spectrum.78  

- Spectral quality test – either based on predefined thresholds (e.g., specific 
absorbance values, SNRs, intensities of IR water vapor bands and optical fringes)79 
or model-based correction algorithms80, quality tests can be used to detect and 
remove outliers, allowing for more sensible further analyses.  

- Savitzky-Golay (SG) filtering and smoothing – the SG algorithm29 is most commonly 
used in FTIR spectroscopy79 and is able to filter out instrument-derived high 
frequency noise, typically present in unprocessed spectra. During SG filtering the 
spectrum is approximated by polynomial least-squares fitting in a moving window, 
by predefining the polynomial order and window size. Using a second order 
polynomial and window sizes of 9–25 (dataset-specific) generally results in the best 
classification models for experimental and simulated mid-infrared (4000–400 cm-1) 
FTIR data.30 Setting the window size is often a tradeoff between noise removal and 
preventing loss of spectral information. 

- Derivation (differentiation) and decomposition – derivative filters can be used to 
enhance the resolution of IR spectra, since they are able to resolve overlapping 
bands as well as reduce or eliminate baseline offsets and slopes. This in turn 
reduces spectral complexity.30,79,81–84 and can result in better classification models 
afterwards.72,85–93 Since derivation enhances the noise level of spectra, it is only 
advisable to use on high SNR data.  

- Baseline correction – where (linear and undulating) baseline effects in transmission 
and transflection spectra occur due to scattering effects, the presence of a baseline 
in raw ATR data (Figure S3) is mainly due to substrate effects for non-infinite 
samples (i.e., the penetration depth is larger than the sample thickness). Since the 



baseline correction is not able to correct for more complex scattering and physical 
artifacts, it should be used with care before multivariate analyses, clustering, or 
classification tasks. This is usually not a large concern when dealing with scatter 
free ATR spectra measured on Au and ZnSe substrates, where the baseline can 
be well approximated by a simple exponential function. 

- Normalization – this can be used to minimize the effects of differing optical 
pathlengths (e.g., due to varying thickness of the sample), intensity variations in the 
IR source79 or scattering (in transmission and transflection) or surface contact 
variations (ATR), making spectra more intercomparable. Numerous normalization 
methods exist.79 

- (Extended) ATR correction – this correction is necessary when the goal is to 
compare ATR data with transmission data and arises from the fact that the 
penetration depth of the incident IR light in ATR depends on its wavelength, as well 
as its incidence angle and the refractive indices of the IRE and the sample. 
Anomalous dispersion causes strong fluctuations in the refractive index of the 
sample around intense absorption bands.94 ATR correction is only sensible when 
the sample thickness is larger than the penetration depth, which is not always the 
case for dinocysts and should therefore be used with care. As long as the sample 
is thick enough and if all the spectra in the dataset are collected with the same IRE 
crystal and angle of incidence, the penetration depth variations will be nearly 
identical between all samples, since most organic materials have a refractive index 
of around 1.5.95 ATR correction is in practice only necessary when comparing 
measured dinocyst spectra with library reference spectra on pure compounds, 
which are often measured in transmission mode.  

- Model- or deep learning-based correction algorithms – these include algorithms 
designed to correct for spectral distortions caused by nonchemical factors. A 
popular model-based algorithm is the extended multiplicative signal correction 
(EMSC), which uses a reference spectrum and polynomial curve fitting.51,96 With 
respect to FTIR spectra of biological specimens, a polynomial order of two (EMSC 
including a quadratic term) is mostly used, since it approximates the relatively broad 
absorption bands present in these spectra. Extensions to basic EMSC exist to 
account for specific types of light scattering like resonant Mie-type scattering 
(RMieS-EMSC) that dominantly occur in spherical scatterers54,55,59 or scattering in 
fibers and cylindrical domains.97 It is however still unclear if EMSC-based 
algorithms are able to correct perfectly and extract pure absorbance spectra, a feat 
which might only be currently achievable by other modelling and deep learning 
approaches,58,60–62,64 which are nonlinear by nature.98 For some deep learning 
classification algorithms the best classification results are observed without any 
prior data processing, except for assignment of a target class and splitting of the 
dataset into training, validation and testing sets.60 

 
For clarity some of the above-mentioned preprocessing steps have been carried 

out on and visualized for the ATR data from cultured L. machaerophorum cysts, 
measured on different substrates (Figure S3). This figure shows that further 
processing via PCA, HCA and RF classification allows to distinguish spectra collected 
on different substrates. Similar workflows using dimensionality reduction, clustering 



and classification techniques (e.g., with taxonomic class as the target variable; i.e., 
chemotaxonomy) can be applied to dinocyst datasets in order to quantify or highlight 
spectral (dis)similarities and are the scope of future research. Most of these 
calculations are embedded in software packages which are also used to collect 
spectra, of which an overview is presented in Baker et al.18 Many studies have rewritten 
these calculations into programming languages like R, Python and MATLAB and often 
distribute them freely on popular code repositories like https://github.com/. An intuitive, 
open-source and recommendable software package is Quasar (https://quasar.codes/), 
which is a Python-based data analysis toolbox of the Orange suite99 extended with an 
add-on for processing and analysis of FTIR (hyper)spectral data. Custom-written or 
freely available classification models in Python can easily be imported and applied 
(e.g., PyChem).100 For an overview of other freely available chemometric toolboxes, 
the reader is referred to Morais et al.84 
 
4. Conclusions and outlook 
 
 Micro-FTIR spectroscopy measurements on culture and sediment-derived 
single specimen dinocysts from several species were carried out using three major 
sampling modes (transmission, transflection and ATR) and three different 
measurement substrates (Au-mirror, Si-window, and ZnSe-window). ATR spectra 
consistently showed a higher repeatability and reproducibility over spectra collected in 
nondestructive sampling modes, which typically contain (severe) specimen-specific 
scattering artifacts and whose quality (mainly SNR) varied with the measurement 
substrate used. The ATR method proved nearly insensitive to the substrate type and 
dinocyst geometry and size. The use of strong acids HCl and HF might have a 
differential impact on the chemistry of the walls from different dinocyst species and 
should therefore be considered during intercomparison of various samples. Given the 
diversity of dinoflagellate sample types, specific sample preparation protocols have 
been proposed to ensure the optimal isolation of individual, clean dinocysts while 
introducing as little chemical alteration as possible. Depending on the desired research 
objective, several specific spectral data (pre)processing protocols have been outlined 
to extract as much qualitative chemical information from acquired micro-FTIR datasets. 
The proposed and evaluated ATR method can be considered a large methodological 
step forward in the relatively new field of spectrochemical characterization of 
dinoflagellates (most notably their cyst walls) and facilitates the collection of robust 
datasets which more closely reflect the true chemistries of the samples at hand. Ideally 
in conjunction with other independent and complementary (geo)chemical 
characterization methods, ATR micro-FTIR spectroscopy could be used to provide 
answers to major biological and geological standing questions regarding the chemical 
composition and chemical diversity of dinocysts as well as to evaluate its applicability 
as a proxy (through geological time).  
 
 The use of micro-FTIR spectroscopy in the field of dinoflagellate research is still 
relatively new. This study is a first attempt in optimizing the methods for collecting, 
processing, and interpreting FTIR data from single specimen dinocysts by enumeration 
of relevant variables and based on experimental results. Collection of reliable data 



combined with sensible data exploration and interpretation is fundamental for 
answering standing questions on recent and fossil dinocyst composition and its 
variability. Following is a selection of currently unresolved questions within the field: 
 
- Can FTIR data from recent dinocysts be used to construct robust 

chemotaxonomies? 
- If so, does this also work for fossil cysts or to what extent does a diagenetic 

overprint exist? 
- Can FTIR spectroscopy be used to gain insights on the transition from bio- to geo-

molecules in the walls of dinocyst during burial and diagenesis? 
- Can dinocyst chemistry be used as a proxy (e.g., for trophic affinity, temperature, 

salinity, or UV-flux)? 
- To what degree does selective dinocyst preservation exist, what is the link with the 

depositional environment and what does this imply for the fossil record? 
 

Formulating substantiated answers to these questions will likely require large 
spectral datasets which can be considered as one of the main challenges as manual 
picking and measurement of individual specimens is often a tedious and time-
consuming task. The methods proposed in this study can also be applied to proof-test, 
further explore and possibly redefine hypotheses suggested by earlier pioneering 
micro-FTIR works on dinocysts.6,8–14,73 
 Some FTIR applications on dinoflagellates would require full penetration of the 
IR light in the sample, which requires measuring in transmission. For example, when 
characterizing the chemistry of the cell contents of live cells or cysts with the aim of 
toxin detection. In those cases, it could be helpful to flatten or break open the 
specimens first to minimize the scattering distortions produced by their irregular 
morphology. Another alternative would be to extract and homogenize the cell contents 
and deposit them as very thin layer (~ penetration depth in ATR) on the substrate, 
which can afterwards be measured in either transmission or ATR. 
 Apart from chromatography, mass spectrometry-based methods and nuclear 
magnetic resonance (NMR) other spectroscopy-based methods can be applied in 
conjunction with micro-FTIR for studying dinocyst chemistry. Since conventional micro-
FTIR systems are diffraction-limited to a spatial resolution of about 10–20 µm101, only 
whole cyst chemical information can be retrieved. However, by combining visible light 
with IR light, Optical Photothermal Infrared (O-PTIR) micro-spectroscopy reduces this 
spatial resolution to about 0.5 µm.102,103 This allows to measure IR spectra from 
different locations (e.g., different wall layers, processes, ornamentations) on a single 
microscopic sample, which can afterwards be merged into hyperspectral chemical 
maps. O-PTIR can also be used in conjunction with Raman spectroscopy, which 
utilizes high intensity laser light and is able to reach similar spatial resolutions.104,105 
Raman spectra are typically considered to hold complementary information to FTIR 
spectra, but no Raman spectroscopy studies have been done on dinocysts so far. 
Raman spectroscopy only works on samples which exhibit limited autofluorescence. 
Future research will be focused on exploring and evaluating these methods when 
applied to dinocysts.  
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Figure 1. Schematic representation of the three main sampling modes for FTIR 
spectroscopy applied to single specimen of Selenopemphix nephroides, microscopic 
dinocysts. 
 
  



 
Figure 2. Graphic representation of the isolation, cleaning, and transfer procedure of 
individual dinocysts prior to micro-FTIR analysis. Adapted from Gurdebeke15 with 
permission from the author. 
 
  



 
Figure 3. Micro-FTIR measurements of Lingulodinium machaerophorum cysts using 
multiple sampling modes and measurement substrates: (a) Si-window, (b) ZnSe-
window and (c) Au-coated mirror. The full lines represent the mean culture-derived L. 
machaerophorum spectrum from transmission, transflection and ATR data, as 
measured on the respective substrates. The grey area surrounding the mean spectra 
visualizes the mean standard deviation at each recorded wavenumber. (c) The dashed 
lines represent sediment-derived L. machaerophorum spectra. (d) Box plots showing 
the mean standard deviations from the mean culture-derived L. machaerophorum 
spectra for each of the measurement substrates and sampling modes. The box 
encompasses Q1–Q3, the whiskers represent the minimum and maximum values and 
outliers are represented by individual dots.  
 
  



 
Figure 4. Comparison of micro-FTIR transflection and ATR measurements on an Au-
mirror measurement substrate, for morphologically different dinocyst species 
(photographs and scale bar on the left). (a) full spectra and (b) the fingerprint region, 
both min-max normalized over their respective extent. Line types indicate sample 
locations. 
 
  



 
Figure 5. Flowchart showing proposed dinocyst sample preparation protocols, 
depending on the sample archetype at hand. AOM = amorphous organic matter. 
 
  



 
Figure 6. Flowchart showing proposed single specimen dinocyst ATR micro-FTIR data 
processing steps, depending on the desired analysis and research goals. PCA = 
principal component analysis. 
 
  



Tables 
 

Location  Akkeshi Bay (Hokkaido, 
Japan) Uvic 110-3XX Diana Lagoon 

(Corsica, France) Uvic 110-3XX Diana Lagoon 
 (Corsica, France) Station 1, Olhão Port  

(Algarve, Portugal) 
Station B, Patricia Bay, Saanich 

Inlet  
(Vancouver Island, Canada) Xiamen Bay (China) 

Latitude 43°01.013' N 42°07.66' N 42°07.66' N 37°01.3572' N 48°39.150' N 24°35.568' N 
Longitude 144°51.826' E 9°31.72' E 9°31.72' E 7°50.2303' W 123°26.976' W 118°9.198' E 

Water depth (m) 1 1 1 3 9.8 10 
Sampling method TFO corer Hand sampling Hand sampling Petite Ponar grab Van Veen grab Van Veen grab 

Sampling date  20/07/2011 10/01/2018 18/01/2016 8/10/2019 19/05/2009 27/02/2018 
Sample type Sediment Culture (at 21 °C) Sediment Sediment Sediment Sediment 

Processing steps  
(in downwards order of 

occurrence) 

Palynological maceration Disperse 5 ml  
of culture (Milli-Q) Disperse several g  

of sediment (Milli-Q) Disperse several g  
of sediment (distilled water) Disperse several g  

of sediment (distilled water) Palynological maceration 
Filter (125+ 8 µm) Ultrasonicate (60s) Ultrasonicate (60s) Ultrasonicate (30s) Ultrasonicate (60s) Filter (125+ 8 µm) 
Disperse several g  
of residue (Miili-Q) Filter (8 µm) Filter (125+ 8 µm) Filter (125+ 8 µm) Filter (125+ 8 µm) Disperse several g  

of residue (Miili-Q) 
Ultrasonicate (30s) Collect residue in  

glass vial (Milli-Q) Ultrasonicate (30s) Rinse with organic solvents Collect residue in  
glass vial (distilled water) Ultrasonicate (30s) 

Filter (20 µm)   Density separation: SPT (2.1 
g/ml) Ultrasonicate (60s) Fixate (EtOH) Filter (20 µm) 

Rinse with organic solvents   Ultrasonicate (60s) Density separation: SPT (2.1 g/ml)   Rinse with organic 
solvents 

Ultrasonicate (30s)   Filter (8 µm) Filter (5 µm)   Ultrasonicate (30s) 
Filter (20 µm)   Collect residue in  

glass vial (Milli-Q) Collect residue in  
glass vial (Milli-Q)   Filter (20 µm) 

Collect residue in  
glass vial (Milli-Q)   Fixate (EtOH) Fixate (EtOH)   Collect residue in  

glass vial (Milli-Q) 
 
Table 1. Sediment and culture samples from which dinocysts were isolated and analyzed: background information and sample 
processing steps.  



Taxon Location  Sample type Measurement substrate Palynological treatment micro-FTIR sampling mode + no. of spectra 
Transmission Transflection ATR 

Brigantedinium spp. Xiamen Bay sediment Au-mirror yes   3 3 
Lingulodinium machaerophorum Diana Lagoon culture Au-mirror no    10 10 
Lingulodinium machaerophorum Diana Lagoon sediment Au-mirror no      3 
Lingulodinium machaerophorum Diana Lagoon culture ZnSe-window no  10 10 10 
Lingulodinium machaerophorum Diana Lagoon culture Si-window no  5 5 5 

Quinquecuspis concreta Patricia Bay sediment Au-mirror no    3 3 
Spiniferites bentorii Diana Lagoon  sediment Au-mirror no      3 
Spiniferites bentorii Akkeshi Bay sediment Au-mirror yes   3   

Trinovantedinium applanatum Xiamen Bay sediment Au-mirror yes   2 2 
Trinovantedinium applanatum Akkeshi Bay sediment Au-mirror yes   2   
Trinovantedinium applanatum Olhão Port sediment Au-mirror no      2 

Votadinium calvum Xiamen Bay sediment Au-mirror yes   3 3 
Votadinium calvum Patricia Bay sediment Au-mirror no    2   

 
Table 2. Dinocyst species and number of specimens per micro-FTIR sampling mode and measurement substrate analyzed in this 
study. 



Region Group frequency, 
Wavenumber (cm-1) Origin Assignment 

High 
wavenumber 

region 

3550–3200 (broad) O-H OH stretching 

3000–2800 (medium, several) C-H Aliphatic CH and CH2 
(a)symmetric stretching 

Fingerprint 
region A. 

1750-1700 (weak to medium) C=O Lipid ester and carboxyl 
stretching 

1700-1600 (medium to strong) C=O Amide I (protein) 
stretching 

1680–1620 (medium) C=C Alkenyl C=C stretch 

1650-1550 (medium to strong) N-H, C-N Amide II (protein) N-H 
bending, C-N stretching 

1600 (medium) C=C Conjugated C=C 
stretch 

1555 (weak to medium) N-O NO stretch 

1510 (medium) C=C Aromatic C=C 
stretching 

Fingerprint 
region B. 

1450–1350 (medium, several) C-H Aliphatic CH and CH2 
bending 

1350-1200 (weak to medium) N-H, C-N Amide III (protein) N-H 
bending, C-N stretching 

1335 (weak) O-H OH in-plane bending 
1315 (weak) C-H CH2 wagging 

1203 (weak) C-O Asymmetric ester 
stretching 

Fingerprint 
region C. 

1160 (medium) C-O-C Asymmetric ether 
stretching 

1110 (medium) C-O Glucose ring stretch 

1060 (strong) C-OR Anhydroglucose ring 
stretching 

1030 (strong) C-O-C Pyranose ring skeletal 
vibration 

1000-985 (medium, several) C=C Monosubstituted alkene 
bending 

897 (weak) C-H CH wag of !-glycosidic 
bond 

860 (weak) C-H Aromatic C-H 
deformation 

715 + 615 (weak) C-H (CH2)n-rocking  (n ≥ 3) 

665 (weak) C-OH Out-of-plane bending 
(Fan et al. 2012) 

 
Table 3. Common absorption bands in micro-FTIR spectra from individual dinocysts. 
The fingerprint region (1750-600 cm-1) is divided in three subregions, based on the 
presence of characteristic groups of absorptions.  
  



Mode Pathway of IR light Measurement 
substrate Measurement 

area (µm) Advantages Limitations 
Transmission Travels one time through 

sample and IR-transparent 
substrate and is detected at 
opposite side of the source.  

Potassium 
bromide, 
calcium or 
barium fluoride, 
zinc selenide, 
silicon. 

20 × 20 to  
100 × 100 
(adaptable, 
square) 

Nondestructive 
Full sample 
penetration 
Adaptable 
aperture 
Less complex 
scattering effects 
than for 
transflection 

Scattering artifacts 
(correctable to a 
certain degree) 
Lower SNR than 
ATR 
Minimal sample 
thickness for 
sufficient absorption 
Maximal sample 
thickness limit for 
sufficient signal 
collection 

Transflection Travels twice through sample 
as it is reflected on an IR-
reflective substrate and is 
detected at the same side as 
the source. 

Calcium or 
barium fluoride, 
zinc selenide, 
MirrIR low-E 
coated glass 

20 × 20 to  
100 × 100 
(adaptable, 
square) 

Nondestructive 
Full sample 
penetration 
Adaptable 
aperture 

Increased scattering 
artifacts (not fully 
correctable)  
Lower SNR than 
ATR 
Minimal sample 
thickness for 
sufficient absorption 
Maximal sample 
thickness limit for 
sufficient signal 
collection 

ATR Evanescent or transient wave 
is created by total internal 
reflection of incident wave 
within crystal (Internal 
Reflection Element, IRE) with 
high refractive index (e.g., 
Ge, Si, diamond…) in direct 
contact with sample. 
Internally reflected wave gets 
partially attenuated and 
detected.  

Calcium or 
barium fluoride, 
zinc selenide, 
MirrIR low-E 
coated glass 

Depends on 
refractive index 
of the IRE, 
aperture and 
diffraction limit 
of the 
microscope 
objective.67, 68  
(variable) 

Only weak 
‘physical artifacts’ 
due to non-
complete contact 
with IRE (minor in 
comparison to 
scattering 
artifacts) 
High signal-to-
noise ratio (SNR) 
No maximal 
sample thickness 

Destructive 
Shallow sample 
penetration (~0.20 to 
1.50 µm for organic 
compounds and 45° 
angle of incidence, 
depends on IRE 
material, wavelength: 
longer wavelengths 
penetrate deeper) 
Aperture only 
adaptable to discrete 
values by IRE choice 

 
Table 4. Details on the three main FTIR spectroscopy sampling modes applied in this 
study. Adapted from Baker et al.18 with respect to the measurement of individual 
dinocysts. 
  



Supplementary figures 
 

 
Figure S1. Map showing the locations of the samples analyzed in this study. 
  



 
Figure S2. Individual measured culture-derived Lingulodinium machaerophorum 
spectra, using different sampling modes and measurement substrates (a–c). Full 
spectra (left) and fingerprint regions (right) both min-max normalized over their 
respective extent. Legends show original filenames of spectra. Note that Si Cyst2 
strongly deviates from all others in all cases, strongly suggesting a different chemical 
composition recorded.   



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3. Graphic representation of a sequential data processing procedure on culture derived Lingulodinium machaerophorum ATR 
micro-FTIR data, recorded on different measurement substrates. Processing steps depend on the desired analysis goal. 
Abbreviations: SG = Savitzky-Golay, EMSC = extended multiplicative signal correction, PCA = principal component analysis, HCA = 
hierarchical cluster analysis, RF = random forest. 


