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Fig. 1. Modified “CERO 3D Incubator & Bioreactor”
with integrated sensor intelligence.

A peristaltic pump gently transfer the spheroids
out of the tubes through a transparent micro-
channel, where images are taken for subsequent 
classification and analysis, and back to the 
tubes. Two separate deep learning models
based on the YOLO5 (You Only Look Once) and 
YOLO8 architectures [3, 4] were trained respec-
tively for these two types of optical sensors to 
detect, classify, and segment the spheroids. The
results of the models are used to calculate mor-
phological characteristics.

Electrochemical sensors are integrated inside
the bioreactor tubes by the same adapter, which
is employed for the spheroid extraction. Highly
integrated measurement electronics with wire-
less data interface and four high-precision poten-
tiostat circuits measures up to five parameters
simultaneously (temperature, pH, glucose, lac-
tate, and dissolved oxygen) per rotating tube.
Sensor data is transmitted via Bluetooth Low En-
ergy (BLE). Fig. 2 shows the compact measure-
ment electronics with a diameter of 30 mm. Al-
ternatively, the sensors are implemented into the
microfluidic system leading to the at-line analy-
sis. However, we focus on results for the optical
at-line sensor in this paper.

Fig. 2. Electrochemical meas-
urement electronics with four 
potentiostat circuits and BLE
interface.

Validation
The trained machine learning (ML) model for the 
optical at-line sensor processes each image in
roughly 16 ms (± 6 ms), allowing the microscope 
camera to operate at around 40 FPS. Thus, the
system can, in its current setup, process 5 ml 
sample volume per minute. Mean average preci-
sion at an intersection over union threshold of
0.50 (mAP50) of the trained model is 0.68.
Throughout the process, the system provides
real-time updates of descriptive statistics, offer-
ing an overview of the cultivation progress. Fig.
3 shows a visualization of the ML model’s re-
sults. To assess the potential influence of sphe-
roid transport through the peristaltic pump, we
conducted two types of experiments:

1. On the third day, one tube was processed, 
leaving the final 10 mL untouched. This step
was repeated twice on the same day using
a tube with more than 10 mL of content. As
a result, four tubes were obtained, each 
containing 10 mL of medium with spheroids.

2. In a separate experiment, 10 mL of medium 
containing spheroids was pumped through 
the at-line circuit and analyzed by the sys-
tem on days 3, 5, and 7.

The spheroids in all 8 tubes were then cultivated
under standard conditions for 10 days in total. 
Fig. 3 displays spheroids from human iPSC-de-
rived neural stem cells (EBiSC cell line UKKi011-
A) after 10 days of growth. The results suggest
that the physical stress exerted by the system
does not impact the spheroids' morphology.

Fig. 3. Example of the ML model's output: classi-
fication, segmentation taken on day 10 of cultivation.

Conclusion
The reported outcomes indicate promising re-
sults for the optical at-line sensors. By enhancing
the integration of our system, we will generate 
more data to further improve the performance 
and accuracy of our ML models and use hetero-
geneous data generated by the optical and elec-
trochemical sensors to achieve our previously
stated goals.
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Summary:
We present a read-out technology for cardio high throughput screening of cardiac 3D tissue models. It 
is based on optical diffraction and allows non-contact, label-free and parallel operation on any 96 well 
plate formats.
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Background, Motivation an Objective
Pharmaceutical drug and toxicology screening 
is facing a paradigm shift today. For decades, 
compounds were tested on adherent, two-
dimensional cell cultures. As endpoint, the cel-
lular response to the respective candidate com-
pound was determined using tailored assays. In 
future, three-dimensional tissue and organ 
models will increasingly replace the simple cell 
cultures [1]. These three dimensional models 
are far more physiological and render not only 
cellular functions, but also organ function be-
yond the cellular level [2]. This opens up the 
potential, to rule out much more candidates 
(false leads) from further examination at an 
early stage, saving time, resources and subse-
quent animal tests. The most prevalent phar-
maceutical screen is evaluating compounds 
regarding their effect on the cardiac system. To 
this end, beating cardiomyocyte cell aggregates 
are exposed to drug candidates and the effect 
on the beating behavior is recorded. At present, 
confluent adherent cardiomyocyte cell cultures 
are grown on multi electrode arrays (MEA)]. But 
modern three-dimensional cardiac models are 
not suited to contact methods like MEA. Hence, 
a sensitive, contact-less read-out technology is 
needed, capable of parallel operation on multi-
wall-plates and preferably automatable.

Description of the New Method or System
Here we present an optical non-contact and 
label-free technology based on Speckle diffrac-
tion. In contrast to imaging modes, diffraction 
methods reduce the 3D information to a 2D 
pattern, eliminating the need for delicate focus-

ing and adjustments. Together with a signal 
analysis algorithm without any image rendering, 
the technology meets all requirements for high 
throughput screening (HTS) of cardiac 3D 
models [3].

The samples in the 96-well plate are illuminated 
by 96 laser diodes at a power of < 1 mW. Beam 
shaping is performed by 12×8-aperture array 
and a 12×8-lens array. Laser power may be 
adjusted individually for each well to ensure 
uniform signal amplitude over the well plate,
alternatively to create power gradients or power 
patterns.

Since diffraction obeys different optical rules as 
imaging, a camera only may record the speckle 
pattern of the well on its optical axis. Instead of 
arranging 96 cameras under the well plate, we 
use a diffusive screen for Speckle pattern pro-
jection, transforming diffraction optic into imag-
ing optics. The projection screen with 96 Speck-
le patterns may now be recorded by a single 
video camera. The video image is then seg-
mented to 96 Speckle patterns, which are then 
analyses pixel-wise before summation:

(1)

The simple data processing allows to record the 
ΔD(t) of all 96 wells in parallel at a rate up to 50 
Hz using a standard notebook computer.
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Results 
The technology was tested using spheroids of 
cardiomyocytes derived from induces pluripo-
tent stem cells (hiPSC). Such spheroids are 
very basic heart muscle tissue models, exhibit-
ing cardiac contractions at rates around 1 Hz. 
They consist of approximately 10.000 cells and 
are about 400 µm µm in diameter. 

Fig. 1. 12×8 segmentation of the video signal into 
96 individual Speckle patterns. The centered patterns 
appear brighter due to the angular dependence of 
diffuser scattering properties. 

As a first result, the camera image displays 
appropriate Speckle patterns from the entire 
well plate. Slight dislocations of the well plate 
do not compromise the dynamic signal. The 
segmentation of the video signal works well and 
the contractions of the cardiac tissue models 
lead reliably to nicely modulated ΔD(t) readings. 

Fig. 2. Parallel in-line recording of ΔD(t) from all 
samples of the well plate. Some samples are inactive 
in this example, the beating frequencies vary signifi-
cantly between the channels. 

In order to extract the beating frequency of car-
diac tissue model we calculate a frequency 
spectrum using Fast Fourier Transformation 
(FFT) and fit an error function to the data. 

20,0 22,5 25,0 27,5 30,0 32,5 35,0 37,5 40,0

160000

240000

320000

400000

480000

D
D

(t)

t / s

0,0 0,5 1,0 1,5 2,0 2,5 3,0

0

5000

10000

15000

20000

25000

N
(D

D
)

f(DD) / Hz

Fig. 2. A section of a ΔD(t) data set and the respec-
tive frequency spectrum. 

The technology proved to be capable of sensi-
tive HTS on modern cardiac 3D tissue models. 
The parallel operation and the insusceptibility to 
spatial dislocations, as well as the low require-
ments to data processing resources make the 
technology an ideal candidate for automated 
screening workflows. 
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