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Abstract. The documentation of wet-lab experiments is essential for
the reproducibility of experimental investigations and their results. The
semantic representation of such documentation in a machine understand-
able format allows the implementation of automated understanding and
comparison. Objective of this study is to investigate whether a semantic
model can be created from the information available in the protocols
from the wet-lab. By analysing a protocol from a biomedical wet-lab ex-
periment, we demonstrate that Electronic Laboratory Notebooks could
serve as a mechanism for the in-situ knowledge acquisition about ex-
perimental investigations. The protocol and the model is available at:
https://github.com/m6121/Semantic-Modelling-CA-Imaging

Keywords: Provenance · Ontology · Electronic Laboratory Notebook.

1 Introduction

The documentation of research investigations is essential for the reproducibil-
ity of their scientific results [7]. Moreover, it plays an important role for the
provenance documentation of the research data that was created and modified
during these investigations. When it comes to the wet-labs, such as in the bio-
medicine, chemistry, or physics, documentation is typically done in laboratory
notebooks. While analogue lab notebooks are well established for the individ-
ual documentation of such investigations, with the digital turn and the rise
of (virtual) collaboration, Electronic Laboratory Notebooks (ELNs) become in-
creasingly important. ELN protocols, thus, include notes of the researcher, but
also measurements and the resulting data. This is in contrast to experimental
protocols such as published instructions to conduct experimental investigations.
ELN protocols can be seen as instances of experimental protocols with measure-
ments, comments and information of a particular execution of the instructions
including timestamps, the employed software and the performing researcher.
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In their article, Stocker et al. [29] propose the usage of Virtual Research
Environments (VREs) for the curation of scientific information to overcome the
document centred scientific communication. They propose the usage of seman-
tic technologies for the representation of such information and illustrate the
effectiveness of their approach by modelling the process of statistical hypoth-
esis testing in a machine understandable format. Their approach enables the
automatic processing of such for further exploration [4].

We use the term in-situ knowledge acquisition to refer to the systematic gen-
eration of knowledge within the VRE. In this work, we investigate, whether it is
possible to implement in-situ knowledge acquisition about experimental investi-
gations and the raised research data from the information available in ELNs. To
this end, we implement a semantic provenance model based on general purpose
and domain specific ontologies to incorporate the information from a wet-lab
protocol. The ELN protocol describes a particular execution of an experimen-
tal protocol for Calcium Imaging [28]. Furthermore, the semantic provenance
model is connected to other public Knowledge Graphs (KGs) providing addi-
tional sources of semantic knowledge. Thus, we demonstrate that ELNs can
serve as a basis for in-situ knowledge acquisition about the provenance of re-
search data.

2 Electronic Laboratory Notebooks

ELNs are software tools that provide a convenient method for the textual doc-
umentation of wet-lab investigations which in contrast to analogue lab note-
books provide additional features such as sharing and searching. According to
Schnell [21], ELNs can provide a single place for all information about the ex-
periment. This includes research data, such as microscopy images, tabular mea-
surement data, or results of statistical analyses. The use case in this paper has
been documented employing the general purpose ELN software elabFTW.

Beside the editor for the textual description of investigations, ELNs often
comprise an inventory database, which contains detailed information about re-
search objects (see Figure 2) including used materials and devices. Linking to
such research object entries allows the re-use of existing information and, thus,
increase the quality of the documentation. Devices and materials can be cen-
trally maintained reducing wrong documentation information. Furthermore, the
revisions of a protocol provide enhanced provenance information about the ex-
periment. Thus, the textual description with links to the employed research ma-
terial, and the raised research data makes ELNs the ideal source for provenance
modelling of the entire research process.

Experimental protocols are often supported in ELNs by templates. These can
be centrally created by experienced researchers and then used for particular ELN
protocols. In other words, an ELN protocol describes a concrete investigation
including a set of parameters filled into the template. This is in contrast to pub-
lished experimental protocols e. g., at protocols.io, where the general procedure
but not a specific execution of this is documented. Figure 1 illustrates an excerpt

https://www.protocols.io/
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Fig. 1: Excerpt from an ELN protocol of a calcium imaging procedure. A log of
the experimental steps is given at the left side with time stamps on the right.
Links to inventory items or attached research data are represented in blue.

of the ELN protocol of the use case in this paper: a Calcium Imaging procedure.
Note that the ELN protocol contains information specific to the actual execution
such as timestamps and measurement data.

3 Use Case: Detection of Intracellular Ca2+ Dynamics

Objective of this study is to represent a complex experimental investigation
based on the description available from the protocol in the ELN in a machine
understandable form. To this end, we focus on the detection of intracellular
calcium ions (Ca2+) dynamics by Ca-imaging, which was previously published
by Staehlke et al. [28] in their article “Enhanced calcium ion mobilization in
osteoblasts on amino group containing plasma polymer nanolayer”. The detailed
documentation of this in-vitro method is decisive for the reproducibility of the
research results. A description of the experimental procedure follows.

Cells are able to sense their environment, e. g., material surface modifications,
and transmit external stimuli via cellular structures (like integrin adhesion recep-
tors and actin cytoskeleton) and downstream signalling cascades (intracellular
biochemical signalling molecules) into the cell nucleus to modulate cell function
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Table 1: Public Knowledge Graphs (KGs) providing structured information
about topics relevant to research.

Name Website Details

Wikidata https://www.wikidata.org Knowledge transferred from Wikipedia and
other Wikimedia projects

DBpedia https://wiki.dbpedia.org Similar approach to Wikidata
ORKG https://www.orkg.org Knowledge about papers
RRIDs https://scicrunch.org/resources Knowledge about research resources

such as proliferation or differentiation [27]. In their work, Staehlke et al. [28]
investigate whether intracellular calcium dynamics are important for the trans-
mission of external stimuli into the cell and reflect the cellular behaviour.

Intracellular Ca2+ are responsible as a second messenger system for signal
transmission [30], which ultimately control cell functions [27,28]. For example
mechanical stimuli or adenosine triphosphate (ATP) [27] induce a short-term
Ca2+ rise from the smooth endoplasmic reticulum and thus the intracellular
Ca2+ dynamic, which trigger further signal transmission [12]. To investigate
the role of intracellular Ca2+ dynamic on different chemical surface conditions
1.) bare titanium (Ti), 2.) Ti with plasma polymerized allylamine (Ti+PPAAm)
which was provided by Leibniz Institute for Plasma Science and Technology
(INP) Greifswald 3.) Ti with a collagen type-I-layer (Ti+COL) 4.) tissue culture
plastic (IBIDI), 24 h-cultured human osteoblasts MG-63 were stained with a
common established non-ratiometric Ca2+ indicator [30,27,28] and examined by
a confocal laser scanning microscope. The global calcium signal was recorded in
vital fluo-3-labelled osteoblasts over a period of 240 cycles every 2 s using mode
“time series” (Zen2011, black edition, Carl Zeiss). To stimulate intracellular
Ca2+ dynamic, ATP was added after the 90th cycle. The fluorescence intensity of
the stimulated cells was quantified using the ZEN2 (blue edition, version 2.0.0.0)
software by “Mean ROI” mode for 10 defined areas of individual single cells per
experimental set-up. The important data such as time and mean fluorescence
intensity of ROIs were recorded as tabular data. In the final step, statistical
analysis was performed using GraphPad Prism7 software (GraphPad Software
Inc., LaJolla, CA USA).

To illustrate the effectiveness of the ELN usage, the analogue documentation
was digitized together with the authors of the original study. Only information,
available from the original protocols were transferred. Figure 1 illustrates an
excerpt from the resulting protocol.

4 Semantic Modelling of ELN Protocols

In the following, the semantic modelling process is described. Afterwards, a
summary of the model and a discussion of the representation details are given.

https://www.wikidata.org
https://wiki.dbpedia.org
https://www.orkg.org
https://scicrunch.org/resources
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### MG−63 ( LOT 57840088 )
<MG−63 ( LOT 57840088)>

rd f : type owl : NamedIndividual ,
obo : CLO 0007699 ;

: has lot number : lot MG−63 ;
: s u pp l i e r i d ”CRL1427” ;
obo : OBI 0000647 obo : CLO 0000006 ;
r d f s : l a b e l ”MG−63 (LOT 57840088) ” .

### MG−63 ( P25 , LOT 57840088 )
<MG−63 (P25 , LOT 57840088)>

rd f : type owl : NamedIndividual ,
obo : CLO 0007699 ;

: i s p a s s a g e o f <MG−63 ( LOT 57840088)>;
obo : CLO 0051628 ”Passage number 25” ;
r d f s : l a b e l

”MG−63 ( Passage 25 , LOT 57840088) ” ;
prov : wasAttributedTo : S−St .

MG-63_(P25,_LOT_57840088)
supplier_id: "CRL1427"

obo:CLO_0051628: "Passage
number 25"

MG-63_(LOT_57840088)
supplier_id: "CRL1427"

is_passage_of

lot_MG-63
rdfs:label: "LOT

57840088"

has_lot_number

has_lot_number
(MG-63 cell)

obo:CLO_0007699

(lot number)
obo:IAO_0000132

(Organization)
prov:Organization

(ATCC)
obo:CLO_0000006

(Person)
prov:Person

S-St
prov:wasAttributedTo

(has_supplier)
obo:OBI_0000647

(has_supplier)
obo:OBI_0000647

Fig. 2: MG-63 cell line entry from the inventory database Left: screen shot from
the inventory database; Right: excerpt from the model describing the MG-63
cells used in the experiment; Bottom: graphical representation: green: ontolog-
ical classes, orange: instances, solid lines: relations, dotted lines: inheritance.

4.1 Modelling Process

We employed the Protegé (https://protege.stanford.edu/, v5.5.0) software for
the formal ontology modelling. The modelling itself was structured as follows:

1. Using the ELN protocol and the elements from the inventory database,
we identified relevant ontologies by employing BioPortal (https://bioportal.
bioontology.org/) and Ontobee (http://www.ontobee.org/).

2. From these search results, a set of ontologies was selected based on maximis-
ing the coverage of terms used in the ELN protocol. Ontologies compatible
with the Basic Formal Ontology (BFO) [25] from the OBO Foundry Ontolo-
gies (http://www.obofoundry.org/) [23] were preferred.

3. Identifier of the ontology classes are included into the inventory database
entries in the ELN (see Figure 2) as a reference for the semantic modelling.

4. In the semantic model, instances of these classes were created to repre-
sent the particular entities and activities of the protocol and the inventory.
Each instance got a persistent id in the local namespace reflecting the in-
dividual instance, e. g., http://provenance.elaine.uni-rostock.de/ontologies/
ca-imaging/MG-63 (P25, LOT 57840088) is used to encode passage 25 of
the MG-63 cells that were delivered with the LOT number 57840088.

https://protege.stanford.edu/
https://bioportal.bioontology.org/
https://bioportal.bioontology.org/
http://www.ontobee.org/
http://www.obofoundry.org/
http://provenance.elaine.uni-rostock.de/ontologies/ca-imaging/MG-63_(P25,_LOT_57840088)
http://provenance.elaine.uni-rostock.de/ontologies/ca-imaging/MG-63_(P25,_LOT_57840088)
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Table 2: Ontologies selected for the semantic model of the use case. Upper rows
list general ontologies; the lower rows domain specific ontologies for resources
and activities.

Name Source Details

BFO [25] Basic Formal Ontology
PROV-O [15] PROV Ontology

BTO [9] BRENDA Tissue Ontology
CHEBI [6] Chemical Entities of Biological Interest Ontology
CLO [20] Cell Line Ontology
FaBiO [17] FRBR-aligned Bibliographic Ontology
OBI [1] Ontology for Biomedical Investigations
RO [24] Relation Ontology

5. References to other KGs (see Table 1) were partly included by employing the
owl:sameAs relation. Employing this mechanism, we also include references
to Research Resource Identifiers (RRIDs, https://www.rrids.org/). However,
when it comes to concrete instances such as the MG-63 cells with a particular
LOT number, RRIDs do not reflect these information.

In order to demonstrate the potential of ELN protocols, we concentrated on
employing classes that are at the same granularity as the documentation of the
experiment in the ELN. Furthermore, despite the references to other KGs, we
omitted information in the semantic model that was not present in the ELN.

4.2 Semantic Model of the Calcium Imaging Procedure

The original experiment investigated four different surface conditions: 1.) Ti,
2.) Ti+PPAAm, 3.) Ti+Col, and 4.) IBIDI. Here, we concentrate on the con-
dition Ti+PPAAm, as apart from the material the setting were equal. Table 2
lists the ontologies selected for the semantic representation of the use case. BFO
represents the upper level ontology. In addition, the PROV-O ontology [15] was
employed to provide a formal semantic representation of the provenance of exper-
imental results. The other ontologies provide classes for the entities documented
in the protocol respectively inventory database. In summary, the protocol in-
volves eleven steps and 19 inventory items that are represented in about 80
instances of classes by use of six ontologies.

4.3 Re-usable Semantic Structures

During the modelling process, several different semantic patterns have been iden-
tified. A brief description of them is provided here. When using existing concepts,
the source ontology is given in parentheses.

https://www.rrids.org/
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Inventory Items Documenting the use of biological and chemical resources
within an experiment is essential for the credibility of the findings and of par-
ticular interest when re-using the data. The ELN inventory items contain infor-
mation about biological and chemical resources (e. g., the type or a category) as
well as information about the supplier (e. g., name, a supplier specific identifier
and a web page) which are essential provenance information.

The following information was added to the items of the inventory database
to prepare the semantic modelling: 1.) Ontology-Item refers to the corresponding
ontological class we identified for this item, and 2.) Wikidata-Item refers to the
corresponding wikidata element, which holds information about this item. Fig-
ure 2 illustrates the inventory entry for the MG-63 cell line entry and illustrates
the resulting semantic model of the MG-63 cells of the use case. The particular
lot number and the passage number 25 have been used from the protocol docu-
mentation. An instance of the MG-63 cell (CLO) has been created that encodes
the specific MG-63 cells with lot number 57840088. This has been connected to
the instance of the lot number (IAO) with relation has lot number which was
newly created. The manufacturer respectively supplier is modelled as instance
of class Organization (PROV) and added to the instance of the resource with
the relation has supplier. For the modelling of a passage, two instances of the
MG-63 cell (CLO) are connected with the relation is passage of. Furthermore,
the person creating the passage is connected with the relation wasAttributedTo
(PROV) to the resource.

Similar to biological and chemical resources, devices and software used in the
experiment have been modelled including information about the device respec-
tively software but also the manufacturer respectively developer.

Protocol The documentation of the running example encoded in the ELN pro-
tocol is mainly composed of a list of individual instructions tagged with a time
stamp. Examples include the washing of the cells, the combination of biological
resources into a mixture, or the incubation. These steps can semantically be
modelled by corresponding activities, e. g., washing (OBI) and elution (OBI);
creating a mixture of molecules in solution (OBI); or cell line cell culturing
(CLO), cell fixation (OBI) and acclimatization (OBI). Additionally, these pro-
cesses are inherited from Activity (PROV) in order to encode general provenance
information.

This modelling approach can be employed for most steps until the experi-
mental procedure results in the creation of data files that often are created by
devices and software (see Section 3). The last three steps in Figure 1 contain
the relevant steps in the ELN protocol. The upper two steps describe the cre-
ation of the observation data while the last step is the actual analysis which was
originally done using Microsoft Excel.

These instructions in general are encoded as the sub-class of planned process
(OBI). For the data creation, this results in the image creation (OBI) activity.
The output of this is a data set (IAO) of images (IAO) containing a file with the
proprietary format CZI encoded as data format specification (IAO). The data
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plan_NUNC_MG-63_Ti-
PPAAm_Record_Observation_data

rdfs:comment: "..."

ZEN_2011
rdfs:label: "ZEN 2011 (black edition)"

Publisher: "Carl Zeiss"
....

LSM-780
has_camera_objective: 'C-Apochromat 40× water

immersion objective'

(data set)
obo:IAO_0000100

(measurement datum)
obo:IAO_0000109

(image)
obo:IAO_0000101

(data format specification)
obo:IAO_0000098

S-St
prov:wasAssociatedWith

(image creation)
obo:OBI_0001007

(laser scanning confocal
microscope)

obo:OBI_0001125

(image acquisition function)
obo:OBI_0000397

NUNC_MG-63_Ti-PPAAm_Observation_data

NUNC_MG-63_Ti-PPAAm_Observation_data_CZI
fabio:hasURL: "file://..."

sha256sum: "a2c5d909..."

czi
rdfs:label: Carl Zeiss

Image Data File

NUNC_MG-63_Ti-PPAAm_Record_Observation_data

LSM-780_Scan_Function

(Activity)
prov:Activity

(Person)
prov:Person

(has_specified_output)
obo:OBI_0000299

has_format

(part of continuant at all times that whole exists)
obo:BFO_0000186

(inheres in)
obo:RO_0000052

(realized in)
obo:BFO_0000054

(plan specification)
obo:IAO_0000104

(has_specified_input)
obo:OBI_0000293NUNC_MG-63_Ti-

PPAAm_IBIDI_Relocated
cell_count: 100,000

(cell line culture)
obo:OBI_0001911

(realizes)
obo:BFO_0000055

(software)
obo:IAO_0000010

prov:used

(data file)
fabio:DataFile

ATP

(ATP)
obo:CHEBI_15422

prov:used

Fig. 3: Graphical representation of the semantic model describing the data
recording (see also Figure 2).

file itself is an instance of the class measurement datum (OBI). The laser scan-
ning confocal microscope (OBI) including its image acquisition function (OBI)
are related to this process employing realized in (BFO). Furthermore, the per-
son executing the experiment wasAssociatedWith (PROV) the activity. Figure 3
illustrates the semantic model of this data recording activity.

Afterwards, the data in the file itself might be further modelled. In the case of
tables, this information can be directly formalised employing the ontologies. For
images as the primary data format in our running example, regions of interest
might be identified and the contained information be semantically described.
However, for the sake of brevity, we omit this modelling here.

5 Related Work

The semantic representation of ELN protocols employs a set of methods and
technologies from different domains: 1. semantic modelling and knowledge rep-
resentation, 2. mechanisms to analyse and foster reproducibility, and 3. process
tracking technologies. Related work from each of these domains will be discussed
in the following.

Semantic models can technically be represented as a KG. According to Hogan
et al., KGs are “intended to accumulate and convey knowledge of the real world,
whose nodes represent entities of interest and whose edges represent relations
between these entities” [11]. Examples of such KGs are listed in Table 1. To
avoid ambiguities and enable automated reasoning of KGs, ontologies can be
used. They provide the definition of the terms and concepts of a KG. The OBO
Foundry creates and maintains ontologies for the biomedical domain that are
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designed to be interoperable and logically well formed [23]. A general purpose
ontology for the semantic definition of provenance information is the PROV
ontology [15]. Ontology databases such as the BioPortal help in finding suitable
ontologies for particular applications.

Soldatova et al. proposed the EXACT2 ontology and sketched a natural
language processing framework aiming at the automatic semantic extraction of
knowledge from biomedical protocols [26]. Similarly, the SMART Protocols on-
tology for representing experimental investigations has been proposed by Giraldo
et al. [8]. In difference to both, we focus on the in-situ knowledge acquisition of
ELN protocols, i. e., instances of experimental protocols which include measure-
ments, research data and are often written employing abbreviations and incom-
plete sentences. Thus, we are not relying on the high quality of the experimental
protocols that were published at e. g., protocols.io.

An ontology for the semantic documentation of provenance in microscopy
experiments was proposed by Samuel and König-Ries: Reproduce Microscopy
Experiments (REPRODUCE-ME) [18]. This ontology uses PROV as the upper
level similar to the approach used in this paper. However, in contrast, here the
properties and relations for the objects are already existing and defined in the
domain-specific ontologies identified from the terms used in the ELN protocol.

Apart from these efforts to represent wet-lab investigations, a multitude of
methods and tools have been proposed aiming at the representation of prove-
nance of data analyses. Samuel and König-Ries proposed ProvBook, a software
extension that tracks provenance in Jupyter notebooks [19], which are used for
interactive literate data analysis. Dataprov [2] is a general purpose tool enabling
the generation of provenance information from the execution of tools. Similarly,
the noWorkflow tool has been proposed to non-intrusively keep track of such in-
formation [16]. Other methods of provenance tracking are also known as lineage
tracking or lineage retrieval [3] and workflow tracking systems [5].

6 Discussion and Conclusion

To summarize, in this paper we encoded the documentation of a wet-lab investi-
gation available as ELN protocol including inventory database items as semantic
knowledge by employing existing ontologies. ELN protocols often contain domain
specific notes including abbreviations, incomplete sentences and comments. On
the other hand, these notes encode a log of what the researcher actually con-
ducted in the wet-lab based on experimental protocols. Thus, the ELN protocol
can provide further details about the experiment and the involved research data,
which enables researchers from the same domain to repeat the experiment under
equal conditions. The resulting model illustrates that the information available
from the ELN protocol is indeed sufficient to describe the provenance of the
resulting research data.

Scientists documenting their experiments in ELNs have to be careful to in-
clude all necessary details, e. g., time stamps, quantities and biological and chem-
ical resource details such as lot numbers. In our use case, the necessary infor-

https://www.protocols.io/
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mation was available and transferred from the analogue documentation together
with the original authors of the study [28] in order to document future investiga-
tions in the ELN. However, no information was added to the protocol. Typically,
an experiment is conducted several times, with only minimal changes to the set-
ting. Considering the use case, the investigations of the four different surface
conditions represents this. Also, lab specific procedures are often used within
the same team, which results in semantically similar, but syntactically different
descriptions. By employing templates for experimental protocols and individual
procedures, this could be exploited to create easy-to-use documentation frame-
work. By use of RDFa [10], templates for protocols and inventory items could
be annotated during curation and the information could later be used for the
semantic documentation of provenance.

ELN protocols can be semantically encoded in a highly diverse manner by
employing existing ontologies. The large number of ontologies existing as well
as their compatibility to each other, but also the selection of appropriate classes
are questions arising during the semantic modelling. Domain experts have to
find ontologies that cover a large amount of their terms at the same granularity.
But also the use of ontologies structuring ELN protocols respectively experi-
mental protocols itself or their reproducibility such as SMART Protocols [8]
and REPRODUCE-ME [18] can be employed. At the same time these ontolo-
gies ideally are accepted in the community, maintained, and well documented
itself. This set of requirements renders this task especially for researchers in-
experienced with ontological modelling a complex task. Thus, (semi-)automatic
services supporting the selection and mapping are needed. For the identifica-
tion of the concepts of interest in the ELN protocols, techniques of natural
language processing could potentially be employed to extract information from
ELNs and support the semantic modelling. This, however, requires highly so-
phisticated methods due to the usually bad textual quality of ELN protocols
when compared with experimental protocols. Information extraction from the
latter shown to be successful [14,26].

Following the examples of Stocker et al. [29], and Samuel and König-Ries [19],
the data analysis and its provenance could semantically be represented by use
of jupyter notebooks, which were previously established [22] for the use case
discussed here. The combination of the semantic description of the experiment
and the data analysis would result in a provenance model covering more as-
pects of the investigation and could help to automatically check for validity and
reproducibility.

Finally, modern techniques of knowledge graph based text generation [13]
could be used to automatically create parts of the methods and materials section
under restrictions of word count or granularity of the description.
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