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Written by Jan Majer (ESR13)

Before a novel medicine can be introduced 
on the market, it needs to undergo a drug 
development process which today on aver-
age consists of six stages – drug discovery, 
pre-clinical testing, phase I, phase II and 
phase III clinical testing and finally drug 
licensing. The drug development process 
from target discovery to the launch can 
take up to 15 years [1]. Moreover, the vast 
majority of pharmaceutical candidates fail 
in the pipeline causing so called “attrition”.  
The pressure of attrition drives scientists 
to discontinue research of candidates in 
very early stages of drug development 
during pre-clinical studies.   Indeed, high 
attrition rates are steadily decreasing in 
all clinical stages over the recent years 
[2]. The application of coherent Raman 
scattering (CRS) has been one of many 
drivers behind the attrition rate decrease 
and continues to take up role in various 
pharmaceutical pipeline stages. CRS has 
drawn substantial attention since the 
beginning of the millennium spanning 
over plethora of biologically relevant ap-
plications including pharmaceutical tablet 
mapping, histology, drug delivery, ion 
transport and lipid disease studies.

Tablet formulation of a drug is commonly 
associated with Raman in pharmaceutical 
research. Drug tablets generally consist of 
an active pharmaceutical ingredient (API) – 

the active drug substance itself – and also 
“excipients” (e.g. polyethylene glycol, corn 
starch, and mannitol etc.) which stabilize 
and support the API. CRS has been widely 
implemented in understanding the crys-
tallisation polymorphism which is known 
to impact solubility and bioavailability of 
an API. In Raman spectra, polymorphism 
can manifest in spectral shifts on a scale 
of tens of wavenumbers. Such shifts are 
distinctive enough in stimulated Raman 
scattering (SRS) -generated spectra to al-
low highly precise analysis of drug tablets 
as shown in figure 1 [3].

Furthermore, SRS is increasingly utilized 
in analysis of biological samples and has 
proven highly efficient in histology re-
search. In histology, haematoxylin & eosin 
(H&E) staining has been a gold standard 
for decades owing to its robustness in 
cells and nuclei detection and allowing 
fast imaging and analysis in brightfield 
optical microscopy. However, a pitfall of 
H&E is the sample preparation. Despite 
the highly streamlined procedures today 
decreasing the preparation time of H&E 
samples to ~20-30 min, stimulated Raman 
histology (SRH) offers significantly faster 
alternative in terms of sample prepara-

RAMAN SPECTROSCOPY:  
From applications to laser sources and detectors

Figure 1: SRS analysis of spatial distribution of individual components within a drug tablet in-
cluding 2 API polymorphs (B-F1, B-F2). Adapted from Sarri et. al. [3] 

Section n. 1
Prospects of stimulated Raman scattering in pharma research
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tion while achieving the same tissue and 
cell segmentation data (figure 2) without 
any sample treatment, fixing or staining 
[4]. Moreover, in combination with deep 
learning methods SRH has been employed 
in brain tumour analysis with highly precise 
distinction rate of tumour and non-tumour 
tissues while using only two Raman shifts 
– 2850 cm-1 and 2950 cm-1 attributed to 
CH2 and CH3 molecular stretches, respec-
tively. Due to the significantly shorter 
time period required for data extraction, 
SRH can be utilized in interoperational 
screening allowing the surgical team to 
quickly evaluate the tissue morphology 
and decide the direction of the procedure 
[5]. Moreover, CRS optical imaging can be 
enhanced by incorporating further opti-
cal modalities such as second harmonic 
generation (SHG). This is exploited for 
imaging of non-centrosymmetric struc-
tures, which in biological environment 
are typically collagen fibres and muscle 
fibres. Sarri et. al. lead a comparative 
study between the combined SRH and 
SHG with H&E staining of cryogenic bi-
opsies of healthy and cancerous colon. 
Herein, Sarri simultaneously targets  CH2 
and CH3 stretches by coupling two opti-
cal parametric oscillators (OPOs) and a 
dual lock-in-amplifier and thus further 
increasing the acquisition speed [6]. More 
recently CRS technology co implemented 
with  SHG and multi-photon modalities 
has been fitted into a compact, portable 
device which was successfully used in 
clinical imaging translation by obtaining 
non-invasive skin biopsies from patients 
suffering from psoriasis and atopic der-
matitis [7]. In commercially available SRS 
systems, hyperspectral data is commonly 
acquired through continuous spectral 
tuning during which Stokes laser wave-
length remains constant and pump laser 
wavelength is tuned. This process is time 
consuming and hence we envision that 
next-gen SRS optical systems will also 
exercise the application of multiplex SRS. 
In multiplex SRS, the tuneable narrowband 
pump laser is replaced by a broadband 
laser with a 32-channel lock-in-amplifier 
(figure 3) allowing virtually to scan through 
the CH region in one raster scan [8]. This 
speed would then almost revolutionize 
the capability of SRS in label-free live-cell 
imaging and in vivo.

In order to detect and track target mole-

cules in biological environment, molecules 
of interest require chemical modifica-
tions through introduction of -C-D, -C≡C, 
and -C≡N moieties. These bonds vibrate 
at frequencies in “cell-silent” regions of 
the Raman spectrum and therefore can 
be detected at high contrast and poten-
tially at low concentrations as there is 
no endogenous vibrational source within 
that spectral region. Ponatinib [9] and 
erlotinib [10], both anti-tumour drugs 
with an integrated alkyne bond in their 
structures were successfully detected 
with SRS in cell cultures after one hour 
of incubation. Entire cell components 
can be visualised, with SRS, through a 
combination of alkynes with (deoxy) ribo-
nucleosides, amino acids, fatty acids [11]. 
The variety of individual Raman tags in a 
single cell sample exceeds the amount 
of fluorescent dyes significantly owing to 
relative narrow spectral bands intrinsic to 

nitrile and alkyne vibrations. Tuning the 
spectral resonance of Raman tags has 
been achieved through the introduction 
of changes in the chemical structure of the 
tag. By varying the amount of xanthene 
rings, substituting single atom with an 
alternative element and through isotope 
editing, Wei et. al. introduced a pallet of 
20 polyyne dyes for Raman multimodal 
imaging [12]. Isotope editing can be further 
picked-up in different imaging techniques, 
such as PET (18F) and MRI (19F) imaging.

Using truly multimodal probes allows the 
analysis of the same sample with multiple 
imaging technologies, such as CRS, PET, 
MRI and mass spectrometry imaging ena-
bling us to virtually zoom in from whole 
organisms to sub-cellular imaging and drug 
tracking with a single probe. 

Figure 2. SStimulated Raman histology comparison of quasi-coloured data from SRS (SRH) and 
H&E analysis. Adapted from Sarri et. al. [6] 

Figure 3: Multiplex Raman imaging using 32-channel channel lock-in and a broadband pump 
laser. Adapted from Huang et. al. [8] 
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Written by Dominykas Gudavičius (ESR15)

In coherent anti-Stokes Raman scatter-
ing (CARS) microscopy two laser beams 
are used to produce radiation at a third 
wavelength when energy difference be-
tween pulses matches vibrational energy 
of a sample. For this vibrationally specific 
microscopy method it is critical to have a 
reliable wavelength-tunable light source 
to address different Raman bands. Optical 
parametric amplifiers (OPAs) and oscilla-
tors (OPOs) are well suited for this task; 
both cases will be introduced next.

One of the methods to implement CARS 
is raster-scanning. Currently, the majority 
of raster-scanning CARS setups rely on an 
OPO with multiple outputs. The biggest 
advantage of such a system is its compact 
one-box solution that allows a relatively 
simple overlap of beams in space and time. 
However, typical OPO output is a coupled 
signal-idler pair with a residual pump beam, 
limiting the Raman shift’s tunability. To 
solve the issue, a new generation of OPOs 
have emerged in the market with widely 
tunable and independent outputs. One of 
such system is CRONUS-2P (Light Conver-
sion), with parameters presented in Table 1.

The femtosecond pulses come with a 
broad spectrum; thus, the spectral reso-
lution might not be suitable for some 
CARS applications. However, a spectral 
focusing scheme could be implemented 
which greatly increases spectral resolution 
[13,14]. An image taken by using CRONUS-
2P with the spectral focusing scheme is 
presented in Figure 4. 

By tuning Raman band to 3082 cm-1 and 
then shifting the pump beam in time by a 
delay line, one can sweep through reso-
nant frequencies of different materials. In 
Figure 4, the test sample contains a mix-
ture of polystyrene (PS) and polymethyl 
methacrylate (PMMA) microspheres with 
their frequencies at 3050 cm-1 and 3950 
cm-1, respectively. Time required to take 
a single image was 10 seconds.

If raster scanning is not suitable due to a 
long scanning time, a wide-field approach 
could be taken. A wide-field CARS imaging 
offers a much faster image acquisition but 
requires a light source with a much greater 
pulse energy. One of the solutions is a laser 
coupled with an OPA. Parameters of the 
laser system used (from Light Conversion) 
are presented in Table 2. In addition to 
CARS, this configuration made it possible 
to perform second harmonic generation 
(SHG) imaging of human skin tissue sam-
ple. The combined image is presented in 
Figure 5. The imaged area of the sample 
spans roughly 750 µm and takes only 0.5 s 

Section n. 2
Light sources for CARS microscopy

Output 1 Output 2 Output 3

Tunability 680 – 960 nm Fixed at 1025 nm 960 – 1300 nm
Group delay dispersion 

(GDD) control
Implemented - Implemented

Pulse duration ~ 150 fs
Pulse energy ~ 13.5 nJ

Repetition rate 76 MHz
Average power ~ 1 W

Table 1: Wavelength-tunable femtosecond laser CRONUS-2P parameters.

Figure 4. Excerpt of a CARS image taken with 
CRONUS-2P indicating PMMA (green) and PS 
(red) beads at different Raman frequencies. 
Time required to take the full single image 
was 10 s with 2.5 µs per pixel and the average 
power for both beams was around 30 mW.

Figure 5. SHG (red) and CARS (green) images 
of human skin tissue. Raman band was select-
ed to be 2791 cm-1 for optimal signal. Pulse 
energies were around 1 µJ and repetition rate 
was pulse picked to 5.15 kHz. Acquisition time 
for a single image was 0.5 s. Experiments 
were conducted at Institut Fresnel, Marseille. 

Output 1 (OPA) Output 2 (Laser)

Tunability Signal range: 630 – 1030 nm
Idler range: 1030 – 2600 nm

Fixed at 1030 nm

Average power ~ 1.7 W at 800 nm ~ 1 W
Pulse energy ~ 3.3 µJ ~ 1.9 µJ

Pulse duration ~ 150 fs
Repetition rate 515 kHz

Table 2.Laser system used for wide-field CARS imaging, consisting of femtosecond laser PHA-
ROS and ORPHEUS-HP OPA.
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Written by Ediz Herkert (ESR8)

The emergence of faster and more sensi-
tive scientific cameras allows to acquire 
images with unprecedented sensitivity and 
speed. This is particularly important for ap-
plications in life sciences where techniques 
like Raman imaging require low-noise 
detectors while other techniques like fluo-
rescent correlation spectroscopy rely on 
frame rates in the upper kilohertz range. 
To obtain meaningful data it is therefore 
essential to choose the scientific camera 
according to the experimental conditions 

The three prevalent scientific camera 
technologies are charge-coupled device 
(CCD) cameras, electron-multiplying CCD 
(EMCCD) cameras, and scientific comple-
mentary metal-oxide-semiconductor (sC-
MOS) cameras. In this newsletter we focus 
on current EMCCD and sCMOS cameras as 
they mostly outperform traditional CCD 
cameras aside from long exposure appli-
cations  [15] and as EMCCD cameras can 
be operated without multiplication. The 

presented cameras are all optimized for 
operation in the optical regime between 
300 – 1000 nm and are compared using 
the same key figures. These figures are the 
number of pixels, the pixel size, the maxi-
mum quantum efficiency, the full-frame 
frame rate, the highest sub-array frame 
rate, the full well capacity, the read noise 
at full read-out speed, the dark noise, and 
in the case of EMCCDs the gain. These key 
numbers allow to easily compare the latest 
camera systems regarding their speed, 
dynamic range [16,17], and signal to noise 
ratio (SNR)[18] for your particular experi-
mental conditions. When comparing the 
numbers it is important however to keep 
in mind a few differences between sCMOS 
and EMCCD cameras. On the one hand, 
due to the pixel-wise charge-to-voltage 
conversion of sCMOS cameras the read 
noise is a statistical measure and speci-
fied as the root mean square (RMS). On 
the other hand, the multiplication process 
in EMCCD cameras effectively halves the 
quantum efficiency [19,20] and can reduce 
the dynamic range at high gains [17].

The iXon Ultra 888 from Oxford Instru-
ments [21] provides single photon counting 
due to a quantum efficiency above 95%, 
very low dark noise of 0.00011 e- per pixel 
and second, and a read noise below 1 e- at 
the maximum gain of 1000. The low noise 
level and high quantum efficiency also al-
low to reduce the used laser powers and 
therefore phototoxicity being particularly 
important for life cell experiments. At the 
full resolution of 1024x1024 pixels the 
iXon Ultra 888 provides 26 fps and up to 
2053 fps when reading only 64x64 of the 
13µmx13µm sized pixels. Compared to the 
other EMCCD cameras it provides a rela-
tively low full well capacity of only 80,000 
e- potentially limiting the dynamic range. 

With 370,000 e- the ImagEM X2 from 
Hamamatsu [22] offers a significantly high-
er full well capacity and a higher dynamic 
range. The EMCCD camera from Hama-
matsu can read out the full 512x512 pixels 
at 70.4 fps which is slower than the 93 fps 
that can be reached at 512x512 pixels with 
the iXon Ultra 888. Also in the sub-array 

Section n. 3
EMCCD and sCMOS cameras for scientific imaging
A comparison of the key figures of current camera models

Figure 6. The upper row shows the EMCCD cameras from Oxford Instruments (iXon Ultra 888), Hamamatsu (ImagEM X2), and Princeton Instru-
ments (ProEM). In the lower row the different sCMOS cameras from Oxford Instruments (Zyla 4.2 PLUS), Hamamatsu (ORCA-Fusion BT), and 
Photometrics (KINETIX) are shown.
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mode the model from Hamamatsu reads 
out 16x16 of the 16µmx16µm sized pixels 
at a lower speed of 820 fps. With a read 
noise of below 1e-, a slightly higher dark 
noise of 0.0005 e- per pixel and second, 
and a slightly higher maximum gain of 1200 
the SNR of the ImagEM X2 can be expected 
to be comparable to the iXon Ultra 888 for 
many experimental conditions. Therefore, 
the key advantage of the ImagEM X2 is 
the high dynamic range originating from 
the very high full well capacity. However, 
as pointed out before this advantage can 
be lost at high gain factors.

The ProEM camera from Princeton Instru-
ments [23] positions itself between the 
two previous EMCCD cameras with a full 
well capacity of 150,000 e-. Like the other 
cameras it offers a read noise of below 
1e- at the maximum electron-multiplying 
gain of 1000 and a maximal quantum ef-
ficiency above 95%. However, with a pixel 
area of 10µm x 10µm and a dark noise of 
0.002 e- per second and pixel it provides 
the smallest pixels and highest dark noise 
out of the three EMCCD cameras. While 

the full-frame of 1024x1024 pixels is read 
out at 30 fps it is the fastest of the EMCCD 
cameras in the 32x30 sub-array mode cap-
turing 4830 fps pixels. Due to the higher 
dark noise but comparably high read out 
speed the ProEM camera is particularly 
suited for observing transient events with 
high sensitivity.

With 101 fps the Zyla 4.2 PLUS from Oxford 
Instruments [24] offers the fastest full-
frame frame rate. The frame rate can be 
increased up to 26,041 fps when reading 
only 1024x8 of the 2048x2048 pixels and 
is thus ideally suited for highly transient 
measurements like fluorescence correla-
tion spectroscopy (FCS). With a pixel size 
of only 6.5µm x 6.5µm it offers a relatively 
small area which is however comparable 
to similar high-speed sCMOS cameras. 
A good quantum efficiency of 82%, dark 
noise of only 0.019 e- per pixel and sec-
ond, low read noise of 1.3e-, and full well 
capacity of 30,000 make it furthermore 
a good candidate when low noise and a 
high dynamic range are required. 

With the ORCA-Fusion BT from Hama-
matsu [25] and the KINETIX from Pho-
tometrics [26] two very similar ultrafast 
sCMOS cameras were recently introduced. 
Both cameras are based on 6.5µm x 6.5µm 
sized pixels, have a quantum efficiency 
of around 95%, and a full well capacity 
of 15,000 e-. The KINETIX has speed ad-
vantages and offers 498 fps at full frame 
(3200x3200 pixels) read-out and up to 
60,000 fps at 3200x16 pixels. In contrast 
to that, the ORCA-Fusion BT can read 
out it’s 2304x2304 pixels at 89 fps and 
goes up to 41,000 fps at 2304x4 pixels. 
While the ORCA-Fusion BT is slower than 
the KINETIX it is better in terms of noise 
providing 1.6e- read noise and 0.7e- per 
pixel and second dark noise. The KINETIX 
offers a median read noise of 2e- (RMS not 
specified) and 1.03e- per pixel and second 
dark noise. With these specifications both 
cameras enter unprecedented temporal 
scales at good noise levels and therefore 
pave the way towards experiments that 
require microsecond temporal resolution 
with the typical advantages of sCMOS 
cameras like super-resolution FCS. 

sCMOS Zyla 4.2 PLUS ORCA-Fusion BT KINETIX
Resolution 2048x2048 px 2304x2304 px 3200x3200 px
Pixel size 6.5 µm 6.5 µm 6.5 µm
Quantum efficiency 82 % 95 % 95 %

Frame rate (full-frame) 101 89 498
Frame rate (sub-array) 26,041 fps (1024x8 px) 41,000 fps (2304x4 px) 60,000 fps (3200x16 px)
Full well capacity 30,000 e- 15,000 e- 15,000 e-
Read noise 1.3 e- (rms) 1.6 e- (rms) 2 e- (median)
Dark noise 0.019 e-/px/s 0.7 e-/px/s 1.03 e-/px/s

Table 4: Summary  sCMOS cameras comparison

EMCCD iXon Ultra 888 ImagEM X2 ProEM
Resolution 1024x1024 px 512x512 px 1024x1024 px
Pixel size 13 µm 16 µm 10 µm
Quantum efficiency > 95 % > 90 % > 95 %

Frame rate (full-frame) 26 fps 70.4 fps 30 fps
Frame rate (sub-array) 2053 (at 64x64 px) 820 (16x16 px) 4830 (32x30 px)
Full well capacity 80,000 e- 370,000 e- 150,000 e-
Read noise < 1 e- < 1 e- < 1 e-
Dark noise 0.00011 e-/px/s 0.0005 e-/px/s 0.002 e-/px/s
Gain 1000 1200 1000

Table 3: Summary EMCCD cameras comparison
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Which of the two cameras is more suitable 
for an experiment is mostly a question 
of whether a lower noise or the absolute 
highest frame rate is required.

The recent development of EMCCD and 
sCMOS based cameras allows the detec-
tion of photons will less noise, higher sen-
sitivity, and higher speed. While EMCCD 
cameras are still the best choice at the 
absolute lowest signal levels as in Raman 
spectroscopy the rapid progress of the 
sCMOS technology can replace it for most 
other application and particularly when 
high speed read out is required as for 
FCS applications. Since the latest qCMOS 
technology from Hamamatsu [27] has an 
extremely low read noise of only 0.27e- it 
provides photon number resolving capa-
bilities. Therefore, sCMOS cameras could 
soon replace the EMCCD technology also 
in the single-digit photon regime. However, 
more studies are required confirming that 
this is indeed the case for experiments in 
biophotonics.

Figure 7. Relative SNR of various cameras to the SNR of a perfect camera (100% quantum ef-
ficiency, no read noise, no multiplicative noise), which is only limited by the photon shot-noise. 
The Flash 4.0 is chosen exemplary for an older sCMOS model. The figure is taken from [18]. A, 
B, and C indicate various regimes for each camera in which the read noise (A), the read noise, 
quantum efficiency, and multiplicative noise (B), and the quantum efficiency (C) are the domi-
nating limitations. The triangles and arrow indicate the transition from one regime to the other 
and the stars represent the point at which the SNR is 1. At around 4 photons per pixel the SNR 
of the sCMOS surpasses the SNR of the EMCCD. For newer sCMOS models like the ORCA-Fusion 
BT or ORCA-Quest this crossover point is even earlier [27]. In the presence of an optical back-
ground sCMOS cameras become even more favorable.
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