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The constant need to develop more rapid and cost-effective technologies for accurate, sensitive and specific detection in
biological samples is a driving force behind the integration of new sample preparation tools, automation and informatics
across the bioanalytical workflow. These technologies have potential applications in different fields of research ranging
from microbiology, toxicology and medicinal chemistry to the pharmaceutical and cosmetic industries, 1 as well as food
and environmental safety.2 We present the design characteristics, operational features and key advantages of a new digital,
time-lapse, bright field technology with demonstrated uses and great potential across a range of applications involving
bioanalysis of microbial and mammalian cells.
For instance, the evaluation of the effect of active compounds that modulate a particular biochemical pathway in a specific
microorganism can provide a starting point for drug design, 3 but it can also improve our understanding of the role of such
a pathway in biology.4 Higher throughput analysis facilitates simultaneous detection of the effect of multiple compounds
in the same experiment and, hence, it can reduce the time, cost and labour associated with more conventional detection
technologies. Higher throughput bioanalysis has been enabled by the integration of new sample handling tools used to
prepare arrays of cells (e.g., microtiter plates), technologies for automated analysis (e.g., imaging systems) and
informatics tools for large-scale data production, manipulation and storage, which have consequently boosted the
development of so-called large-scale cell biology (LSCB).
In LSCB, several combinatorial experiments are performed in order to test multiple variables, such as cell type, drug
concentration, treatment times, and different cellular parameters measured in the individual experiments at various
frequencies and time points.5 Such experiments make it possible to dissect biochemical pathways using highly relevant
measurements made in intact cells and can play a significant role in the development of targeted antimicrobial agents 6
and "smart" chemotherapeutic drugs for personalised medicine.7 Additionally, LSCB aims to gain insights into molecular
details involved in multiple cellular activities that can be monitored in individual cells within a population in real time. 8
It is also an effective approach for screening the effects of suppression or amplification of gene expression to validate
molecular targets and consequent therapeutic intervention.9

Existing Technologies: Challenges and Limitations
The integration of automated technologies for higher throughput bioanalysis, as well as data manipulation and
management, are crucial for the development of LSCB in research and biotechnology. To date, light microscopy
techniques have provided powerful tools for LSCB studies as they are compatible with living cells and allow highsensitivity measurements of specific molecules and molecular events. 10 Automated microscopes and advances in digital
image analysis have enabled higher throughput studies by automating the imaging process and overall cell-based
analysis.11 When selecting which optical technology to use for imaging living cells, three elements should be taken into
account: sensitivity of detection, speed of acquisition and viability of the specimen. In this regard, light microscopy of
living cells allows for acquisition of images with a high signal-to-noise ratio while reducing damage to the sample, which
is a particularly critical issue in live cell imaging. Bright field microscopy is often used along with fluorescence
microscopy to provide information on cell shape, position and motility. 12–14 Bright field microscopy, in which white light
is transmitted through the sample, is the simplest available microscopy technique. The specimens absorb part of the
transmitted light and, therefore, they appear darker compared to the background.15,16
Bright field microscopy is typically used in systems where the field of view (FoV) is relatively small. A small FoV limits
the volume that can be imaged, thus introducing poor counting statistics for the objects being visualised in the sample.
Moreover, in conventional bright field microscopy it is difficult to visualise so-called “phase objects,” for which light
propagation through them results in a small phase shift of the light wave, which makes the object appear transparent. This
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occurs with bacteria, some cell components in protozoans and several mammalian cells at the level of the cell nucleus,
cytoplasm, organelles and even sperm tails. To overcome such challenges, phase contrast microscopy and confocal
microscopy play an important role in biological imaging, providing increased optical resolution. 17 Phase contrast
microscopy18 converts phase shifts in light passing through the sample to brightness changes in the image, whereas
confocal microscopy19 only allows detection of the light produced by fluorescence very close to the focal plane. Such
techniques provide increased optical resolution; however, they are expensive and require a long acquisition time and
improper settings can cause significant artefacts in the images. 20

New Digital, Time-Lapse Technology
To circumvent the limitations described above, we designed, developed and tested a new portable bright field technology
for digital21 time-lapse22 scanning through a miniaturised sample. This technology is well suited for liquid samples such
as bacterial cultures and clinical isolates (e.g., urine23) but also for solid cultures of a single bacterial colony growing on
a semi-transparent medium. The method relies on an imaging system that consists of a digital camera, an illumination
unit and a lens where the optical axis is tilted 6.25° relative to the horizontal plane of the stage (Figure 1). Due to this tilt,
scanning of volumes and extraction of phase information are possible when recording a series of images along the scan
direction to form an image stack. Therefore, the tilting of the optical axis grants also more freedom of operation at both
high and low cell concentrations. When all the biological species (e.g., bacteria in Figure 1) are sedimented at the bottom
of the sample container, an image stack is obtained, which is a parallelepiped covering the detection volume in the sample
(Vdetection) and contains the all-in-focus image as well as the adjacent out-of-focus images along the vertical axis.
Vdetection = L · H · W · sin(6.25) · n

(Equation 1)

In Equation 1, L and H are the camera chip dimensions divided by the magnification factor, W is the scan length and n is
the refractive index of the sample medium. Along the scan direction, the total number of longitudinal steps for image
acquisition (N) can be chosen to cover up to the entire length of the sample, with a minimum step length of 7.5 µm. For
instance, if an image stack consisting of two images separated by six steps is used, the perpendicular displacement
between the object planes of the images (Zplane) in air and the detected volume (Vdetection) will be:
Zplane = sin(6.25) · 6 · 7.5 µm = 4.9 µm

(Equation 2)

Vdetection = 4.9 µm · (N - 1) · L· n

(Equation 3)

with L = 1.4 mm, H = 1.0 mm, W = 7.5 mm, and n = 1.34 for a water-like medium.23
An optical resolution of 1.3 μm is achieved using the proprietary lens system and a 5 Mpx complementary metal oxide
semiconductor (CMOS) camera chip (5.6 mm length and 4.0 mm height) with a focus depth of ~ 10 µm and an optical
magnification factor of 4. When all the biological species (Fig. 1) are sedimented at the bottom of the sample container,
all objects of interest are caught in focus along the horizontal plane. The generated digital image can be visualised on a
computer screen and recorded using a dedicated software (UniExplorer, BioSense Solutions ApS). Such technology is
integrated in the oCelloScope imaging system (Fig. 2), with dimensions of 45 × 26 × 25 cm, which allows portability and
the possibility of operation in standard laboratory incubators for biological applications (temperature: 20–40C, humidity:
20–93%). The system has reduced scanning time down to 2 min 36 sec for a 96-well microtiter plate and supports different
types of samples and containers including microscope slides and any kind of microtiter plate up to 96 wells.
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Figure 1. Schematic showing the oCelloScope optical scanning technology applied to a microwell containing a bacterial suspension.
The optical axis of the miniaturised imaging system is tilted 6.25° relative to the horizontal plane of the stage to allow scanning of
volumes. Images are acquired to form an image stack which contains the all-in-focus image as well as the adjacent out-of-focus images
located along the vertical axis. As all the bacteria are sedimented at the bottom of the microwell, along the horizontal plane, all the
bacteria are in focus.

Figure 2. Photograph of the open oCelloScope
imaging system loaded with a 96-well plate. The
dedicated software displays images and curves
resulting from a growth experiment performed on
samples of Saccharomyces cerevisiae.

When setting an experiment, the focus and illumination level for image
acquisition can be automatically adjusted through dedicated algorithms. Additional algorithms facilitate online image
processing and analysis. These include (i) estimation of the cell-covered area in each image of the stack and (ii) calculation
of a number of parameters (e.g., cell-covered area, cells’ eccentricity, symmetry and intensity) that can be used for sample
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characterisation. Once the images are collected, such parameters can be modified and an offline analysis can be performed
on the same data set. Each algorithm provides specific advantages depending on the type of analysis and the sample
properties, such as cell concentration and translucency.
Three main types of analysis can be performed: (i) segmentation, (ii) growth kinetics and (iii) cell proliferation and
migration. The segmentation algorithm identifies and quantifies feature belonging to individual objects (or groups of
objects) within the sample, such as microbes, spores and cells. The growth kinetics algorithms allow monitoring of
microbial growth and growth inhibition over time. This also includes antimicrobial susceptibility testing (AST) and
determination of minimum inhibitory concentration (MIC) value for antimicrobial compounds 24. In this regard, the
oCelloScope provides a semi-quantitative method, where positive controls should be always included in the analysis. This
is also crucial in order to remove the influence of bacterial settling when performing growth analysis. Finally, the cell
proliferation algorithm quantifies mammalian cell division and proliferation using the total area covered by cells. This
finds application in monitoring mammalian cell migration and proliferation 25, as well as scratch wound healing assays.
These kinds of analysis, together with the oCelloScope technology have been shown to provide considerable advantages
in several research fields, from microbiology24 to medicinal chemistry26 and pharmaceutical biotechnology,27 as well as
having great potential in basic cancer biology.28 Furthermore, the different algorithms are implemented in a software
program (UniExplorer) that provides a user-friendly interface for adjusting the experimental settings and achieving highquality image data (Fig. 2). The output data can also be exported (e.g., to Microsoft Excel) for further processing. In
addition, the software supports the automatic generation of time-lapse videos of the recorded images. The software
communicates with the imaging system via an Ethernet connection, thereby allowing for design of the experiment,
monitoring of cells and processing of data outside of the laboratory, which is a considerable advantage when working
with microorganisms that require a high biosafety level.

Proven Applications and Future Developments
To date, the oCelloScope imaging system has found a large application area in monitoring bacterial and fungal growth
(Fig. 3), growth kinetics and growth inhibition26,29–31, as well as investigating dynamic changes in cell morphology over
time32,33 (Fig. 4). Fredborg et al. demonstrated that the system can be succesfully used for distinguishing between different
growth patterns in filamentous bacteria34 (Fig. 5) and detecting a statistically significant effect of antibiotics within only
6 minutes with a level of accuracy comparable to commercially available methods. 23,24 Within this same field of
application, Uggerhøj et al. showed that the oCelloScope can be used to determine the MIC of antimicrobial peptides,
even when the MIC could not be reliably evaluated with more conventional assays based on standard broth microdilution
due to the formation of aggregates in solution.26 Results such as these are particularly relevant since bioanalytical research
constantly warrants advanced technologies able to perform faster and higher throughput analysis for monitoring microbial
susceptibility to drugs and, in general, cellular responses to toxic agents (Fig. 6).
As the oCelloScope system facilitates the visualisation of low bacterial concentrations, it improves the ability to capture
the important early stages in microbial growth that could not otherwise be detected with conventional optical density
measurements.23 This significantly reduces hands-on and incubation times when performing experiments and analyses,
thus shortening the time required for obtaining results. Moreover, as the technology is based on an optical method, it has
the advantage of focusing on the specific microorganism of interest, hence excluding any other type of cell in a mixed
population or exogenous contaminants in a clinical or environmental isolate. Together, these advances and advantages
highlight the great potential our technology offers for designing early targeted antibiotic therapy and for creating new
perspectives that can lead to novel applications in the fields of mammalian cell research, 28 which may soon give further
insights in the fields of cancer biology, personalised medicine, and stem cell research.
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Figure 3. Monitoring of Staphylococcus aureus growth over time using the oCelloScope and the Background Corrected Absorption
(BCA), Segmentation and Extraction of Surface Area (SESA) and Total Absorption (TA) algorithms (mean ± SD, n = 8). Each
algorithm is designed to have specific advantages depending on the type of analysis and the sample properties. The BCA algorithm is
based on the same principle of optical density (OD) measurements, but with increased sensitivity and robustness even at very low or
high cell concentrations. The SESA algorithm identifies all the objects in a scan based on their contrast against the background and
then calculates the total surface area covered by such objects. It is not sensitive to background intensity changes (caused by, e.g.,
condensation on the microtiter plate lid) and can measure microbial growth with high accuracy at very low cell concentrations.
However, when more than 20% of the total image area is covered by objects, the SESA algorithm accuracy starts to decline. The TA
algorithm is designed as an equivalent of OD measurements. TA sensitivity is limited if compared to the BCA algorithm, as growth
and cell concentration need to be quite considerable before affecting light transmission. When monitoring bacterial growth over time,
the starting cell concentration should be optimised depending on the type of microbes and the time of analysis. A starting concentration
of 104 cells/mL is suggested when monitoring Escherichia coli growth in 96-well plates (100 µL/well) over 24 hours.

Figure 4. Video frame of a time-lapse video
showing Aspergillus niger development over
time. Images can be used for generation of growth
curves as well as for quantification of changes in
morphology using the SESA algorithm.
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Figure 5. Effect of different concentrations of the
β-lactam antimicrobial, piperacillin, on bacterial
length of Escherichia coli from blood culture
monitored using the oCelloScope imaging system
and the Segmentation Extraction of Average
Length (SEAL) algorithm. The SEAL algorithm
allows discrimination between bacterial growth
and filamentation. It also determines the average
bacterial length along the major axis and performs
segmentation.

Figure 6. Response of two different gastric cell
lines (SNU-638 and HFE-145) to ICG-001, a
small molecule antagonist of β-catenin/T cell
factor signaling. The deregulation of this
biochemical pathway is of great interest as it is
involved in most colon cancers. Studies were
performed in collaboration with the Department
of Clinical Biochemistry at Næstved Hospital
(Næstved, Denmark).
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