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Research Article

A smart device application for the automated
determination of E. coli colonies on agar plates

The manual counting of colonies on agar plates to estimate the number of viable or-
ganisms (so-called colony-forming units—CFUs) in a defined sample is a commonly
used method in microbiological laboratories. The automation of this arduous and
time-consuming process through benchtop devices with integrated image process-
ing capability addresses the need for faster and higher sample throughput and more
accuracy. While benchtop colony counter solutions are often bulky and expensive,
we investigated a cost-effective way to automate the colony counting process with
smart devices using their inbuilt camera features and a server-based image pro-
cessing algorithm. The performance of the developed solution is compared to a
commercially available smartphone colony counter app and the manual counts of
two scientists trained in biological experiments. The comparisons show a high ac-
curacy of the presented system and demonstrate the potential of smart devices to
displace well-established laboratory equipment.
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The open and universal programming interfaces of most smart

More than 20 years after IBM introduced their personal com-
municator “Simon”, which is said to be the father of all smart-
phones, the technology, and software constantly evolved into
today’s smartphones that do not have a lot in common anymore
with its ancient predecessor [1]. While “Simon” was already able
to receive and send faxes and e-mails, to browse the internet and
even had a touchscreen user interface and basic applications in-
stalled, modern smartphones are, in addition to these standard
features, full of sensors, and advanced wireless technologies and
their processing capability stands up to even most demanding
tasks. Due to constant innovations, miniaturized hardware be-
came both powerful and affordable and handheld smart devices
are now a substantial part of our life.

The number of smartphone users worldwide currently ex-
ceeds more than two billion people [2]. In addition to that also
wearables like smartwatches, and smart glasses are rising stars
that more and more pervade and accompany our everyday life.

Correspondence: Dr. Sascha Beutel (beutel@iftc.uni-hannover.de),
Institute of Technical Chemistry, Leibniz University Hannover,
Callinstr. 5, 30167 Hannover, Germany

Abbreviations: CFU, colony-forming unit; FTP, file transfer protocol;
IP, internet protocol; ROI, region of interest; SSL, secure sockets layer;
TCP, transmission control protocol
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devices open the door to create not only software applications
(so called “apps”) that serve as “daily little helpers,” but also di-
verse professional apps. The quickly evolving mobile hard- and
software technologies make the technical concept of “ubiquitous
computing” more and more a reality [3].

Within the last years many scientists began to harness the
possibilities mobile devices offered to them whether to support
them during experiments or to perform whole experiments in-
dependent of conventional laboratory devices [4, 5]. The era of
“scientific apps” began [6].

1.1 Scientific apps

Currently a lot of research effort is put into using smart
devices for scientific purposes. Not only the use of tablets
as modern lab journals is evaluated to digitally document
lab processes and to make old-fashioned paper notes obso-
lete, but also the built-in sensors of smartphones and other
wearables are used to record experimental data and physical
quantities [7-12].

Scientific apps in the area of life science research can roughly
be divided into two areas. One big area summarizes apps that
function as “little helpers” in the lab. They range from apps that
help to easily access relevant information, for example restriction
sites within a given DNA sequence, to apps that help with buffer
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design, that align DNA sequences and even apps that allow to
control devices within the laboratory [5].

The other area summarizes apps that are able to displace
conventional laboratory devices. Some of them just use the
unmodified inbuilt sensors, for example the camera for protein-
and DNA-gel analysis [13, 14]. Others take advantage of ad-
ditionally installed constructions that expand the capabili-
ties of the inbuilt sensors or add new sensors to the smart
device.

Examples for apps that harness modified smartphone hard-
ware are frequently found in the field of diagnostic sensing.
Coskun et al. developed a cell phone module and an app that can
be used to detect and quantify Albumine in urine samples [15].
Other cell phone constructions were used to detect allergens in
food, for the quantification of glucose in urine and for pathogen
DNA detection [16-21]. Also a lot of effort was put into the es-
tablishment of efficient smartphone-based microscopes by sev-
eral research groups [22-25]. In addition to smartphones, also
emerging technologies like smart glasses gained the interest of
the scientific community. So far applications for smart glasses
as a reader platform for diagnostic lateral flow devices and for
the determination of the chlorophyll content of plant leafs were
published [26,27].

1.2 Applications of colony counting

The counting of colonies on agar plates is a both tedious and
error-prone, but absolutely essential task in laboratories with
a focus on microbiological work. The approach is a common
technique to estimate the concentration of viable cells within a
given liquid sample [28]. In order to do this, a dilution series
is performed of a given culture suspension, which afterwards
is dropped and spread onto agar plates [29]. After a specific
incubation time under specific conditions, the grown colonies
can be counted and used to calculate the concentration of colony-
forming units (CFUs) within the original cultivation liquid.

1.3 Automated colony counting systems

Due to the time-consuming and monotonous nature of man-
ual colony counting, automated approaches to facilitate this job
were developed. These solutions process the images taken from
colony agar plates and can be subdivided into fully automated
systems and semi-automated systems. The difference between
the two approaches is that semi-automated systems need to be
set up by the user in terms of specific parameters like plate
dimension, the maximal colony diameter or contrast, whereas
fully automated systems do not need user input and have built-
in algorithm steps to determine those characteristics [30, 31].
Many automated colony counting systems include a suitable un-
derground illuminated setup for image acquisition to ensure
a reproducible and uniform Petri dish illumination and image
quality. An example for a fully automated colony counting sys-
tem is the PetriJet platform, which is an automated Petri dish
handling and content analyzing device that is able to successively
analyze plates within stacks of up to 20 Petri dishes. Another fully
automated solution is the apparatus presented by Chiang et al.
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thatis based on a illumination chamber concept to block external
light sources [30,32].

1.4 Colony counting apps

Currently at least five different Apps are listed in Google’s An-
droid Play Store, which enable the use of smart devices as colony
counters (search word: colony counter). The “Promega Colony
Counter” is a fully automated colony counter whose detection al-
gorithms are based on Open Computer Vision (OpenCV) library
programming functions [33]. Other Apps are “Colony Count
BETA,” “Colony Counter,” “Colony Counter (automated),” and
“APD Colony Counter App PRO.” Of the mentioned apps only
the “APD Colony Counter App PRO” offers a functioning feature
for the import and analysis of previously taken agar plate images
or images acquired by other devices. The App was developed by
Wong et al. in 2016 and is based on a watershed and threshold
algorithm provided by the OpenCV library [34].

This study aims at the development of a fully automated
colony counting app for the processing of images of E. coli LB
agar plates acquired at nonstandardized conditions. The applica-
tion should be developed for the use with smartphones, tablets
as well as smart glasses. The developed “TCI colony counter”
Android application is compared to a commercially available
colony counter app and quantitative and qualitative differences
are shown.

2 Materials and methods
2.1 Chemicals

All used bulk chemicals were purchased from Sigma—Aldrich
Chemie GmbH (Taufkirchen, Germany). Deionized water was
prepared with a Sartorius Arium® device (Sartorius Stedim
Biotech, Gottingen, Germany).

2.2 Flask and plate cultivations

The flask precultivations for the CFU determinations were per-
formed in 100 mL baffled shake flasks containing 10 mL of
lysogenic broth (LB) kanamycine medium consisting of yeast ex-
tract (10 L™1), tryptone (10 g/L), NaCl (5 g/L), and kanamycine
(25 mg/L) set to a pH of 7.5. For the inoculation of the medium
either 1 mL of Escherichia coli BL21 (DE3) (Novagen, Germany)
cryo culture or a single colony of Escherichia coli BL21 (DE3)
picked from a previously prepared agar plate was used. Flask
cultivations were done with a rotary shaker set to 250 min™"' at
37°C in darkness. The preculture was cultivated until an ODgg
of 0.04 was reached. Afterwards dilutions of the preculture were
prepared (Dilutions: 1/100, 1/1000, 1/2000, 1/4000, 1/8000, and
1/16000) and 50 pL of the dilutions were dropped onto Petri
dishes, containing LB kanamycine agar medium consisting of
yeast extract (10 L™'), tryptone (10 g/L), NaCl (5 g/L), Agar
(15 g/L), and kanamycine (25 mg/L) set to a pH of 7.5. There-
after the cell suspension was spread homogeneously across the
agar medium using a Drigalski spatula. A total of nine biological
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replicates of the precultivations and the following dilutions were
done, whereas four resulting bacterial plates were discarded due
to no colony growth (probably due to too high dilutions and
inconsistent bacterial growth). After a short drying period the
plates were incubated at 37°C for 24 h. Subsequently images
were taken by several smart devices using the developed colony
counter application.

2.3 Image acquisition

The images of the E. coli colony plates, which were processed
within this study, were acquired using a Samsung Galaxy S4
mini (Samsung Electronics Co., Ltd., South Korea) using the
developed colony counter application. The colony plates were
placed onto a black polyoxymethylene plate to increase the con-
trast. The images were acquired under standard laboratory light
conditions. It was tried to minimize reflections due to a non-
standardized light environment. The taken images had a resolu-
tion of 2,048 x 1,152 pixels and an average file size of 456 +
28.5 kilobyte.

2.4 Method comparison

The comparison of the automated app counting results was done
to the gold standard of manual counts. The acquired high res-
olution pictures were analyzed independently by two scientists.
Individual colonies were manually marked within a picture pro-
cessing program (GIMP 2.9.4, www.gimp.org) and afterwards
manually counted. The means of the specific manual counts
were used as a comparison with app achieved counting results.
The “APD Colony Counter App PRO” was chosen as compari-
son and as a benchmark for the developed app, since its “Lite”
version was one of the most downloaded colony counters within
Google’s Play Store and it received the highest ratings of all colony
counting apps. It also has the feature implemented to process pre-
viously taken pictures of colony agar plates, which enabled the
processing of the same image data with both apps. To determine
the accuracy of the colony detection of the developed app and
the benchmark app the following equation was used:

Mcc—min (!MCC—ACC} ,Mcc)
Mcc

Mcc = Mean of manually counted colonies on a plate;
Acc = App counted colonies on a plate

%100 (1)

Accuracy in % =

A linear regression graph of the respective counting results
was plotted using OriginPro 2017G (OriginLab Corporation,
USA) (see Fig. 3). A Bland-Altman diagram was plotted to depict
differences of the respective apps in terms of counting deviation
(see Fig. 4) [35].

2.5 Smart devices

The created application was installed and tested on different
smartphones including LG G3 (LG Corporation, South Korea),
Huawei Ascend Mate 7 (Huawei Technologies Co. Ltd, China)
Samsung Galaxy S4 mini (Samsung Electronics Co., Ltd., South
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Korea) and smart glasses Vuzix M100 (Vuzix Corporation, USA).
The data shown in this study were acquired by using the Samsung
Galaxy S4 mini.

2.6 Application development

The application was programmed using the MIT App Inven-
tor 2 development environment on a Windows 7 Professional
64-Bit desktop PC. A modified version of the Java-based appli-
cation with a trimmed and voice triggered user interface was
programmed to fit the needs of Vuzix M100 smart glasses (Vuzix
Corporation, USA). Data transport between the app and the im-
age processing server was realized using the file transfer protocol
(FTP).

The CFUs/mL concentration is calculated within the app by
using the user-entered parameters (dilution factor and the vol-
ume dropped onto the agar plate) and the counting data, which
is provided by the counting server. The following equation was
used:

number of single colonies x dilution f actor

CFUs/mL =
s/m volume dropp ed onto the agar plate (in uL)
1
— 2
x 1000 @

To enhance the usability of the smart glasses based client app,
only the CFUs of the current plate are shown, which does not
require the previous input of experimental parameters.

2.7 Server-based image processing algorithm

The image processing algorithm was programmed in C# us-
ing the Microsoft NET Framework 4.6 (Microsoft Corpora-
tion, USA). For basic algorithm routines (e.g. edge detection
and thresholding) the AForge.Imaging .NET library was used,
whereas more complex algorithm routines were self-developed.
The data exchange between client mobile devices and the
image processing server was established using the FTP. FTP ac-
cess for external clients was realized by opening and forwarding
custom FTP ports (default FTP network TCP ports are 20 and
21) and the use of a Dynamic Domain Name Service (DynDNS)
service. The use of specific name filters within the server software
(FileZilla Server 0.9.60.2, filezilla-project.org) ensures that only
specific files can be up- and downloaded. The described setup
runs 24/7 on a designated desktop computer (Intel i5 6500T CPU,
8 GB of RAM, 256 GB Samsung SSD) running with Windows 7
Professional 64-Bit OS (Microsoft Corporation, USA).

3 Results and Discussion
3.1 Android application for colony counting

Once the developed “TCI colony counter” application is started,
the user is asked to either take a picture of an agar plate or to
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pick an image of an already taken image stored on the smart
device. After clicking the designated button, the image is either
taken or selected. Afterwards the image is shown in a preview
and the dilution factor and the used volume for the plate inocu-
lation can be entered. These values are necessary to calculate the
CFUs/mL within the original sample. After entering those values
and after clicking the “calculate CFUs/mL” button, the image
gets uploaded to a remote server via the inbuilt WiFi function or
a mobile internet connection and is directly processed. The user
subsequently receives information about the counted colonies
that includes the number of single colonies and colonies in clus-
ters, as well as the calculation time and the CFUs/mL within the
original sample.

A cropped image that shows the region of interest (ROI)
with colorized counted colonies is displayed as well. The whole
workflow is visualized in Fig. 1.

Image acquisition by

TAKE A PICTURE OF AN AGAR PLATE

Please enter Data’

inbuilt camera or from Dilution Factor

PICK IMAGE OF AN AGAR PLATE

device storage

Eng. Life Sci. 2017, 17, 959-966

3.2 Server-based image processing algorithm

Although the processing power of some of today’s tablets and
smartphones is sufficient for complex image processing, the
computational power of smart glasses (like Google Glass or the
Vuzix M100) or older devices still often reaches its limits even
while running comparatively low demanding tasks.

To ensure a rapid image processing, the corresponding algo-
rithm was outsourced to a remote server. This enables the fast
processing of image data independent from the hardware speci-
fications of the used mobile device. Prerequisites that need to be
met are either a WiFi internet connection or a mobile internet
connection to ensure the upload and download of image data.

The image processing algorithm is basically divided into five
consecutive steps (see Fig. 2). As soon as an image is uploaded
to the server, the algorithm software handles the image data and

»D

1. Upload of image raw

540000 CFUs/mL
Counted Calonies: 27
Single Colonies: 17
Colonies in Clusters: 10
data Calculation Time: 00.8967782 s
2. Download of

processed data

TAKE PICTURE OF ANOTHER AGAR PLATE

PICK IMAGE OF AN AGAR PLATE

O n 4 o O

Return to Home Screen if
agar plate is not recognized
Request for usage of
different image data

Entering of data for
CFUs/mL determination

= B
o o
c
g 4;_:\\ g Display of counted
3 )= colonies, CFUs/mL and
o g algorithm processing
time
c (e— — ﬂ

M=

—

Image Processing

Figure 1. Screen flow chart of the developed Android application. (A) Welcome screen and buttons for image acquisition from storage or
inbuilt camera. (B) Preview of taken or selected picture, input of dilution factor and used volume for plate inoculation. (C) Data upload and
image processing by server-based algorithm and download of results. (D) Display of counted colonies and processed image, calculation of
CFUs/mL. (E) Return to home screen if image data is not sufficient. Screenshots were taken from actual smartphone screens and used for
the visualization with Microsoft Visio Professional 2013 (Microsoft Corporation, USA).
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Actions performed by Colony Counter App
— — —it Exchange— — —
Step 1 Actions performed by server-based algorithm
Step 5
Determination of missing colonies
based on the size of previously found
colonies. Storage of results.

Plate recognition. Abortion, if
no plate is recognized.

Step 2
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Threshold determination
for colony detection.

Step 3

Detection of single colonies
and colony clusters based on
the previously set threshold.

determines the plate dimensions by using edge detection algo-
rithms. The area of the image occupied by the detected plate is
defined as ROL. If this crucial step is unsuccessful and no plate
can be detected the algorithm is programmed to abort. A pro-
tocol file is then saved and the app asks the user to take another
image under different light conditions or from another angle. In
case of a successful recognition of the agar plate, the image gets
cropped within in the border of the ROIL Only the ROI is used
for further analyses. Within step 2 of the algorithm the opti-
mal binarization threshold for colony detection is defined based
on the roundness of the detected objects by using an iterative
thresholding approach. Afterwards in step 3, based on the previ-
ously defined threshold, the ROI is examined for objects which
than will be divided into single colonies and colony clusters by
using a classification algorithm. Step 4 includes the segregation
of colony clusters into single colonies by making use of a Hough
circle transformation [36, 37]. The last part of the algorithm is
dedicated to the finding of colonies that could not be detected
within the previous steps. For this the sizes of previously found
colonies are compared with other objects that could be found
on the plate. If these objects fit into the size range of previously
found colonies and have as suitable roundness, they are recog-
nized as a colony. The sum of all found single colonies and colony
clusters as well as the calculation time and a result image of the
analyzed plate is then saved and afterwards downloaded by the
colony counting app. Within the result image single colonies are
colored red, colony clusters are colored green and colonies found
in the last step of the algorithm are colored blue.

Many static colony counting solutions utilize a similar se-
quence of image preprocessing and colony detecting steps (e.g.
binarization, circle detection, and colony segmentation) and re-
quire the manual selection of the Petri dish dimensions or only
process an ROI that is defined by the hardware conditions of
the experimental setup [38,39]. The developed solution makes
use of a preceding step that involves the automatic detection
of the dish for further processing. This step especially focuses
on the handling of diverse variations within the input images
and is crucial to offer a user-friendly and fully automatic colony
counting solution under dynamic image acquisition conditions.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Verification of objects. Break
down of colony clusters into
single colonies.

Figure 2. Proceeding of the
5-step server-based image pro-
cessing algorithm after image
takeover.  Visualization  was
done using Microsoft Visio
Professional 2013  (Microsoft
Corporation, USA).

3.3 App performance and accuracy

To determine the performance and the accuracy of the developed
application 50 agar plates incubated with E. coli colonies were
prepared and analyzed by the developed “TCI colony counter”
app. Subsequently the images of the same plates were analyzed
by two scientists trained in biological experiments and present
colonies were counted manually. To see how the developed app
benchmarks against other available counting solutions, the taken
images were analyzed by a commercially available app for smart
devices, the “APD Colony Counter App PRO.” Different from
the application that is presented in this study the “APD Colony
Counter PRO” is following a semi-automatic approach. Besides
the manual cropping of the RO, also the threshold for colony
detection as well as brightness parameters need to be set manually
[34].

The mean number of colonies as determined by manual
counting of scientist 1 resulted in a mean of 72.76 colonies and
a median of 57.5 colonies. The manual counting of scientist 2
resulted in an overall colony mean of 72.4 and a median of 56.5
colonies. The number of colonies on the 50 plates was ranging
from 11 to 268 as determined by the manual countings.

Figure 3 shows the comparisons between the results of the
manual counting method and the outcomes of the analyses
of the developed app and the commercially available “APD
Colony Counter App PRO” app. Here, the developed “TCI colony
counter” conducted a correlation coefficient of R* = 0.977 and
a regression slope of 1.24, whereas the APD app resulted in a
correlation coefficient of R*> = 0.889 and a regression slope of
0.8561.

Considering this, it can be said that the developed Android
app tends to detect not all present colonies, especially on agar
plates with high colony densities. This is probably due to higher
colony densities in the plate rim area of agar plates with high
colony numbers and the fact that the plate rim area often evokes
image obstructions due to light reflections and the uneven ge-
ometry of the Petri dish edge. However, the APD app seems
to recognize noncolony objects as colonies, which results in a
higher counting result than the manual countings.
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Figure 3. Correlation between manual
counted colonies (means of two datasets)
and colonies counted by the developed TCI
colony counter (TCI CC — blue circles) and
the commercially available “APD Colony
Counter App PRO” (APD CC - red trian-
gles). The black line represents an ideal
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R?=0.889
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Colony number (app counting)

—— l|deal counting result * TCI CC counting results
------- Linear fit TCI CC counting results ------- Linear fit APD CC counting results

Figure 4 shows a Bland-Altman plot that displays the devi-
ations between the means of the manual counting results and
the counting results acquired by the respective apps [35]. The
deviation data suggests that the developed colony counter app
is missing colonies, whereas the APD app is detecting colonies
where there are none. This confirms the previously made state-
ment, that the developed app is slightly undercounting and the
benchmark app tends to overcount. Over all the mean value of the
absolute deviation between the counting results of the developed
app and the means of the manual countings was 13.24 & 9.67%,
while 42% of the automatic counting results had a an absolute
deviation of < 10% (see Fig. 4). The absolute deviation mean be-
tween the means of the manual countings and the APD Colony
Counter App PRO was 35.8 £ 37.8%, while only 24% of the
automated counting results had an absolute deviation of < 10%.

The trend of the deviation shows that the developed app has
a higher sensitivity in detecting lower amounts of colonies with
a decreasing sensitivity for the detection of the correct colony
numbers on agar plates with high amounts of colonies. The
benchmark APD app seems to have a lower sensitivity than the
developed app when it comes to the detection of lower amounts

n

APD CC counting results

line (means of manual counting on both
x- and y-axis). The dashed lines in the re-
spective color show the linear fits of the
data. Whiskers represent the respective
standard deviations of the manual counts.

of colonies. Yet it seems to gain more sensitivity with an increased
density of colonies on the agar plate. Since dense plating of
microorganisms is usually avoided with the intention to prevent
nutrient and space competition between neighboring colonies,
the TCI colony counter seems to be a more reliable choice [28].

The average accuracy of the developed application lies at
86.76 £ 9.76%, whereas the average accuracy of the commercially
available app for this experimental setup lies at 66.79 £ 28.2%.
This shows a clear tendency toward a higher accuracy of the
developed app.

Another important detail that needs to be mentioned is the
time that needs to be spent for the use of the apps to get the
counting results. While the average manual counting time was
over 2 min, the automated processing took maximum 2 s. Taking
the picking of a picture from the devices memory or the image
acquisition via built-in camera into account, the whole process
from image acquisition to the counting results usually took under
10 s, including the data up- and download. Due to the semi-
automated approach of the APD Colony Counter App PRO, the
result acquisition took significantly longer. The manual image
cropping, the setting of an adequate brightness and the finding of

250
L ]
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2
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2 100+ < s
tl>.> . . L] @
o 504 o ® .
o ". . . ° Figure 4. Deviation between the means of
oo e *, @ o the manual counting and the results of the
A ,,A:‘:,Ae.,,‘,k‘m* 777777777777777777 . — P : 77777777777777777777777777777777777777777 counting performed by the developed TClI
bl LN Aol A N colony counter (TCI CC—blue) and the com-
g Loaa * mercially available “APD Colony Counter
0 A A 150 e 250 200 AppPRO” (APD CC—red). The dashed lines
Number of colonies (means of manual counting) represent the deviation of the app-count.ed
colonies from manual counted colonies
4  Counting results TCICC ® Counting results APD CC  ----- 10 % and -10 % deviation limit within a 10% and _ ]0% ||m|t
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asuitable threshold take a lot of time especially for inexperienced
users and were in the range of 6080 s due to the tedious cropping
procedure. In some cases the benchmarking app had problems
during the image processing, causing the app to crash on some
of the tested smartphones. Another problem was the detection
of colony artifacts within the discarded image area after the
cropping process. The developed app did not have any stability
problems, most likely due to the outsourcing of the demanding
image processing procedure to a remote server, which saved
processing power and main memory.

4 Concluding remarks

This study shows the applicability of a smart device-based app
for the automated estimation of E. coli colonies on LB agar Petri
dishes at nonstandardized image acquisition conditions. It could
be shown that the developed application provides more reliable
counting results than a similar application within a shorter time.
Although the automated app analysis of the colony plates is sig-
nificantly faster than the manual counting method, its accuracy
yet has to be improved. A possible way might be the introduc-
tion of an additional algorithm step for the removal of image
obstructions caused by light reflections [40]. This would en-
able the detection of colonies covered by those, but requires the
recording of multiple images of the plate from different angles.
Also the removal of image destructions is a hardware demanding
task and even the processing of image sequences with a resolution
of 1152 x 648 with up-to-date hardware can take up to 20 min.

It must also be said that a potential security issue arises by
using FTP for file transport within the internet, which is generally
regarded as unsafe for the use in nonprivate networks due to
its lack of encryption. FTP over Secure Sockets Layer (SSL) or
another secured file transport protocol should be introduced for
the communication out of the private network. Apart from that
also a virtual private network tunnel could be used to assure
a secured server connection, which is a tool often used within
professional environments [41]. Since open transmission control
protocol (TCP) ports are always a risk in terms of security, a way
to prevent unwanted hacker attacks would be the opening of
those to designated Internet Protocol (IP) addresses only.

Since the recent version of the client app accesses a server,
which is also used for other tasks within the laboratory (e.g. data
processing, device handling, and programming), and which is
not dimensioned to handle an enormous number of requests
from external clients, it is not published on an app store so far.
This might be done at a later stage after an appropriate infras-
tructure is provided. Another option would be the individual
set up of a server within a research facility that only handles the
requests of a specific number of known internal clients.

The outsourcing of the image processing procedure to a well-
equipped remote server enabled a faster image analysis than
possible by the internal processing capabilities of modern smart
devices and ensures the use of the app even on older, low per-
forming smart devices. The automated fashion of the underly-
ing processing algorithm does not require the setup of param-
eters by the user and allows the use of the app on devices with
limited user interaction possibilities like today’s smart glasses.
A trimmed and voice command triggered version of the

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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developed app was adjusted to fit the needs of smart glasses
and was successfully tested.

In further developments the app could be adapted to other
organisms and a manual colony marking function could be im-
plemented to include missed colonies to the counting result. It
can be concluded that the shown application shows a high ac-
curacy, although it can probably not compete with designated
benchtop devices so far due to the optimized image acquiring
solutions they deliver. Current developments in digital image
processing as well as hardware innovations could compensate
this in the near future, though [40, 42].

To conclude, it can be said that the rise of scientific apps
and smart devices within the laboratory environment promises
to give researchers independence from traditional laboratory
devices and paves the way for inexpensive science experiments
for everyone [5].

Practical application

We described a convenient and efficient way for automated
colony counting with mobile devices, which offers the po-
tential to replace bulky and costly benchtop colony coun-
ters. An Android application was created that uses the in-
ternal camera of smartphones and smart glasses to collect
data for image processing. A bidirectional wireless commu-
nication between a server-based algorithm and the mobile
device ensures the upload and processing of image data
and the download of counting results to the mobile front
end. Taken images of E. coli agar plates were analyzed in
less than 10 s and the counting accuracy was superior to
commercial smart device-based colony counting solutions.
The application would be useful in all areas of microbiolog-
ical work and could be of special interest for laboratories
in the field of food safety and infection microbiology.
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