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Abstract
The use of in vitro assays to inform decision-making requires robust and reproducible results across studies, laboratories, 
and time. Experiments using positive control materials are an integral component of an assay procedure to demonstrate 
the extent to which the measurement system is performing as expected. This paper reviews ten characteristics that should 
be considered when selecting a positive control material for an in vitro assay: 1) the biological mechanism of action,  
2) ease of preparation, 3) chemical purity, 4) verifiable physical properties, 5) stability, 6) ability to generate responses 
spanning the dynamic range of the assay, 7) technical or biological interference, 8) commercial availability, 9) user 
toxicity, and 10) disposability. Examples and a case study of the monocyte activation test are provided to demonstrate 
the application of these characteristics for identification and selection of potential positive control materials. Because  
specific positive control materials are often written into testing standards for in vitro assays, selection of the positive control 
material based on these characteristics can aid in ensuring the long-term relevance and usability of these standards.

This is an Open Access article distributed under the terms of the Creative Commons 
Attribution 4.0 International license (http://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted use, distribution and reproduction in any medium, provi-
ded the original work is appropriately cited. 

information about human-relevant effects (Avila et al., 2020). 
Positive control experiments are important to determine whether 
an in vitro assay is performing as expected and to gain confidence 
in the reliability and reproducibility of the test result. 

Positive control experiments use positive control materials 
to generate a known, repeatable response of the endpoint be-
ing evaluated in the assay (Elliott et al., 2017; Petersen et al., 
2020; Rösslein et al., 2015). For example, a cell cytotoxicity as-
say would have a positive control material that causes cell death  

1  Introduction

A robust testing strategy is often built upon multiple sources of 
information, including existing data, physicochemical properties 
(e.g., pH, particle size, and distribution), non-testing sources (e.g., 
quantitative structure-activity relationships (QSAR) and read-
across), and/or in vitro assays (Basketter et al., 2019). Important-
ly, mechanistic in vitro assays can query specific biological mech-
anisms or key events that lead to an adverse outcome and provide 
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(Elliott et al., 2017; Rösslein et al., 2015; Nelson et al., 2013; Lei-
brock et al., 2020), while an assay evaluating the potential for a 
chemical to cause inflammation would require a positive control 
material known to induce inflammation-like responses in a par-
ticular cell type (Petersen et al., 2020). Results from the positive 
control experiment can be used to develop specifications and pro-
vide a quantitative strategy to ensure confidence in the assay mea-
surement system. The fundamental component of positive control 
experiments is a positive control material or set of positive control 
materials that provide the expected response in the test system.

Positive control materials should be fit-for-purpose in a mea-
surement system. Depending on the assay, different characteris-
tics of a positive control material may be more or less important. 
For example, both physicochemical properties (e.g., solubility in 
test media and stability in storage media) and pharmacological 
properties (e.g., estrogenicity and cytotoxicity) may need to be 
considered to identify an appropriate positive control material. 

The use of positive control materials in in vitro assays is wide-
ly accepted, and recommendations on the selection of a positive 
control material have been discussed previously (OECD, 2018; 
Hartung et al., 2002). However, an in-depth rationale for the im-
portance of certain characteristics and the problems that may oc-
cur if a positive control material does not exhibit these character-
istics is often not provided. There are characteristics of a positive 
control material that may limit the information it provides, the 
transferability of an assay to other laboratories, or the ability to 
reproduce the results of an assay across time.

This discussion focuses on choosing a positive control mate-
rial during assay development based on ten characteristics that 
can influence an assay’s response to, and the long-term usability 
of, a positive control material: 1) the biological mechanism of 
action, 2) ease of preparation, 3) chemical purity, 4) verifiable 
physical properties, 5) stability, 6) ability to generate responses 
spanning the dynamic range of the assay, 7) technical or biologi-
cal interference, 8) commercial availability, 9) user toxicity, and 
10) disposability. Many of these characteristics should also be 
considered for proficiency test chemicals to demonstrate labo-
ratory competency and increase the reproducibility of respons-
es among laboratories (OECD, 2018). Assay developers often 
have to prioritize some characteristics over others when choosing 
among different potential positive control materials. Therefore, 
we present examples to highlight a decision process for selecting 
positive control materials and provide a case study evaluating the 
use of lipoteichoic acid (LTA) as a positive control material in the 
monocyte activation test (MAT). 

2  Definitions

The following definitions are used to maintain consistency within 
this manuscript. These definitions are not intended to be recom-
mendations for broader adoption.
– Fit-for-purpose: The positive control material is suitable or ap-

propriate for testing the measurement system based on material 
characteristics such as physicochemical properties (e.g., stabili-
ty or ease of handling) and biological activity. 

– Dose-response function: The change in assay readout over 
varying concentrations of the test substance. 

– Positive control experiment: An experimental procedure that 
uses a positive control material to reproducibly yield a measur-
able response that indicates a test method is performing as ex-
pected.

– Positive control material: A well-characterized reference mate-
rial that can reproducibly yield a known response in a test meth-
od to indicate that the method is performing as expected (adapt-
ed from ISO, 2012).

– Reference material: Material, sufficiently homogeneous and 
stable with respect to one or more specified properties, which 
has been established to be fit for its intended use in a measure-
ment process (ISO, 2015).

– Repeatability: The agreement among test results obtained with-
in a single laboratory (intra-laboratory) when the procedure is 
performed on the same substance under identical conditions 
(OECD, 2005).

– Reproducibility: The agreement among results obtained from 
testing the same substance using the same test protocol between 
laboratories (inter-laboratory; adapted from OECD, 2005).

– Robustness: Resistance to measured change in the assay re-
sulting from experimentally established or possibly unintended 
variations in experimental reagents, laboratory conditions, or 
protocols (adapted from Plant et al., 2014).

– Stability: The ability of a material to maintain a specific char-
acteristic (e.g., biological response or chemical structure) for a 
specified period of time (adapted from ISO, 2012).

3  Relationship between reference materials 
and positive control materials

Reference materials are defined as materials that are stable and ho-
mogeneous with respect to specific properties that are relevant to 
a measurement process. These materials may play a key role in in 
vitro test methods by confirming that some aspect of the method is 
working as expected, such as verifying the performance of a plate 
reader. In the case of positive control materials, the property that 
should be stable and homogeneous is the response that the positive 
control material yields when evaluated in the assay, which often 
provides the basis for comparison when evaluating the response 
of other test materials. Once suitable positive control materials are 
identified, they are used routinely in positive control experiments 
to monitor the performance of the measurement system. 

4  Considerations for selecting a positive  
control material

Important characteristics of a positive control material to consider 
are shown in Figure 1. These characteristics can be aggregated into 
three main themes: consistent performance (numbers 1 through 7), 
accessibility (number 8), and safety (numbers 9 and 10). If there 
is significant intra- or inter-laboratory variability in the positive 
control experimental results for a positive control material, one 
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single positive control material relevant to the mode of action of the 
test chemical is commonly used, and the assumption is made that 
results for that material will be sufficient to determine if the assay 
results will be comparable across experiments and laboratories.

Another example of when the use of multiple positive control 
materials may be advantageous is for the testing of engineered 
nanomaterials (Barosova et al., 2020). In one study (Barosova 
et al., 2020), following exposure to a nanomaterial known to in-
duce toxicity, the expected induction of inflammatory markers 
was not observed in the test system. Therefore, a second chemi-
cal (non-nanoparticle) positive control material was included in the 
experiment to determine whether the issue was the nanomaterial 
or the test system itself. The positive control chemical also did not 
produce the expected inflammatory response, ruling out the possi-
bility of some nano-specific issue (e.g., deposition efficiency) and 
showing a more general issue with the system. This information 
led to identification of a proprietary ingredient in the medium used 
for culturing the tissue model that was inhibiting inflammation 
and, following its removal, the nanomaterial and chemical posi-
tive control materials showed the expected inflammatory response. 
This example highlights the importance of using a positive con-
trol material that acts through the same mechanism of action as the 
test substances (in this case the induction of inflammation) and the 
potential need to include an additional positive control material to 
rule out indirect complications (e.g., deposition efficiency of nano-
materials). 

4.2  Ease of preparation
Positive control materials can ideally accommodate different ex-
perimental setups (e.g., different solvents). For chemicals used 
in a liquid-based exposure system, the ease of preparation of a 

of the characteristics in the consistent performance theme may be 
driving that variability. When choosing among possible positive 
control materials, fulfilling more characteristics within each theme 
suggests that the material is expected to achieve the objective of 
that theme more thoroughly than other materials. Overall, fulfill-
ing characteristics in each of these themes will support the long-
term usability and performance of the positive control material. 

4.1  Biological mechanism of action
The positive control material should result in an assay response by 
activating the biological mechanism of action being monitored in 
the assay. Mechanisms can range from broad cellular processes to 
fine scale intermolecular interactions, and the level of complexity 
the assay is interrogating must be clear. For example, an assay may 
broadly assess cytotoxicity or it may be specific to apoptosis or ne-
crosis (Petersen et al., 2020). For skin sensitization, covalent pro-
tein binding is a key event measured by a variety of assays (e.g., 
those in OECD, 2019), but can be broken down into several mech-
anisms, such as Michael acceptors, acetylating agents, SN2 agents, 
and Schiff bases (Chipinda et al., 2010; Urbisch et al., 2015).

Multiple positive control materials can be used in in vitro assays 
to parse out broad mechanistic endpoints as well as discriminate 
between finer mechanisms. When multiple positive control materi-
als are used, it is possible to test multiple specific mechanisms and 
a large dynamic range of positive responses (i.e., strong, medium, 
and weak responses from different positive control materials). For 
example, well studied pathways, such as estrogenic and androgen-
ic modulation, provide the opportunity to select from a range of 
potential positive control compounds to provide reference points 
along the biological response continuum for test material compar-
ison (Browne et al., 2015; Kleinstreuer et al., 2017). However, a 

Fig. 1: 
Characteristics  
to consider  
when selecting  
a positive  
control material
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cause interference (e.g., produce an absorbance or fluorescence 
signal similar to that being measured in the assay), impacting 
the assay result. Positive control materials may also be complex 
mixtures (e.g., biological extracts). As such, they may contain 
chemicals, some of which may be unknown, that elicit different 
mechanisms of action, which may problematic if assay develop-
ers aim to target a single mechanism of action. For example, un-
certainty can arise from the use of positive control materials with 
a range of similar chemical structures (e.g., standard preparations 
of endotoxin, which are a mixture of lipopolysaccharides derived 
from Escherichia coli) or a product that is a complex mixture 
(e.g., fetal bovine serum). These issues can be alleviated by using 
chemically synthesized positive control materials that have a sin-
gle chemical structure. If a positive control material with a chem-
ically defined structure is not available, additional steps can en-
sure its quality. Endotoxin reference standards, for instance, are 
routinely prepared in international collaborative studies using the 
same bacterial strains, growth conditions, extraction methods, 
purification procedures, and chemical analyses (Rudbach et al., 
1976). Considering the biological source and inherent heteroge-
neity of endotoxin batches produced in this manner, new batches 
are further defined by their biological activity relative to existing 
batches using compendial assays (Poole et al., 2012). 

4.4  Verifiable physical properties
Physical properties of a positive control material, such as the iden-
tity, purity, concentration, and mass, should be easily measurable. 
These properties of reference materials should be evaluated using 
multiple independent analytical methods that are traceable to inter-
national standards (OECD, 2018). This reduces the risk of unde-
tected impurities being present at sufficiently high concentrations 
to impact the positive control’s dose-response function.

The selection of cadmium sulfate for an MTS (3-[4,5-di-
methylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-2-[4-sul-
fophenyl]-2H-tetrazolium) nanocytotoxicity assay is a success-
ful example of the use of a positive control material with known 
purity and concentration. The cadmium sulfate positive control 
material can be readily quantified using multiple methods, such 
as inductively coupled plasma-mass spectrometry, and the con-
centration is traceable to a reference material (e.g., NIST stan-
dard reference material (SRM) 3108 – Cadmium (Cd) Standard 
Solution) (Elliott et al., 2017; Rösslein et al., 2015). Results 
from an interlaboratory comparison of this assay revealed that 
the results for the positive control experiments of one laborato-
ry were an outlier compared to the other four laboratories (El-
liott et al., 2017). Because the cadmium concentration is readily 
quantifiable, it was straightforward to ensure that differences in 
the cadmium sulfate concentration in vials was not the cause of 
the discrepant results. Comparisons among the laboratories later 
indicated that unintentionally removing cells during the rinsing 
process by one laboratory caused the discrepant results. 

4.5  Stability 
Having a positive control material that is stable in storage and in 
a stock suspension facilitates performing the assay in a repeat-
able and reproducible manner. Good laboratory practice (GLP) 

stock suspension of a chemical in the solvent of interest can have 
a substantial impact on the stability and precision of the positive 
control material. For example, in the ongoing development of a 
skin sensitization assay at the National Institute of Standards and 
Technology, both 2,4-dinitrochlorobenzene (DNCB) and benzyl 
bromide were investigated as positive control materials. DNCB 
is challenging to weigh precisely because it is an oily solid, while 
the benzyl bromide powder is easier to weigh, which is a desirable 
trait for a positive control material. Ease of weighing can also be 
a challenge for engineered nanomaterials in powder form, where 
static forces can necessitate weighing the material first into an 
aluminum container prior to adding to a plastic or glass container 
and, even then, losses due to spilling from the static electricity 
need be carefully minimized. While these challenges do not pre-
clude the use of a material as a positive control, the most straight-
forward of the relevant options should be selected to avoid poten-
tial complications. 

Test method developers can consult guidance provided by 
other groups (e.g., US Pharmacopeia) related to the acceptable 
precision for weighing substances. To increase precision, a suf-
ficient mass of the test substance should be weighed. For liquid 
substances, adding a precise volume can also be challenging for 
viscous substances or those that adhere to the pipette tip. Pipet-
ting small volumes (e.g., < 10 µL) should be avoided due to re-
duced precision in transferring this volume range. In addition to 
the weighing process, challenges related to preparing the stock 
suspension include incomplete dissolution or the potential for 
reprecipitation. Dissolution is often evaluated by observing the 
solution for the presence of gradients or precipitates. A lack of 
complete dissolution may cause higher variability in the results 
because the substance in the delivery vehicle may not be homo-
geneous among different aliquots. 

For some product types, such as medical devices, having a pos-
itive control material that can be dissolved in various solvents 
spanning the range of solvents that are used within the assay’s 
applicability domain is advantageous. For cell-based assays in 
which the exposure occurs under submerged conditions, this will 
often include aqueous solvents, such as phosphate buffer, and po-
tentially semi-polar solvents, such as dimethyl sulfoxide (DM-
SO). It may be necessary for some contexts of use, such as testing 
the extractions from medical devices (ISO, 2010) or consumer 
products (United States, 1973), to use polar, semi-polar, and non-
polar solvents. It may be that a single positive control material 
is not dissolvable in this range of solvent types, in which case it 
may be necessary to have more than one positive control material 
for an assay. For testing medical devices, it may be possible to 
have a single positive control material, such as a polymer, that 
can undergo chemical extraction using different solvents (Nomu-
ra et al., 2018; Coleman et al., 2018). 

4.3  Chemical purity
The performance of a positive control material can be impact-
ed by its purity. Highly pure positive control materials produce 
less variability than less pure materials because impurities, which 
may vary between substance batches, may generate a biological 
response in the assay for the endpoint being evaluated or could 
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measurement bounds of the assay. Assay dose-response functions 
can often be fitted to linear or logistic models, and the fitting pa-
rameters can provide evidence that assays conducted on different 
days or in different laboratories are likely comparable; in the con-
text of this paper, the assay dose-response function will refer to 
that of the positive control material. While the optimal number of 
concentrations to test for a dose-response curve for toxicological 
studies has been previously evaluated (Holland-Letz, 2017; Hol-
land-Letz and Kopp-Schneider, 2015) and is beyond the scope of 
this paper, it is possible to establish the assay repeatability (e.g., 
that the instrumentation is performing consistently across the as-
say’s dynamic range) and reproducibility by having a comprehen-
sive understanding of the assay dose-response function.

A second function of a positive control experiment is to gen-
erate a calibration curve to enable comparisons among unknown 
experimental test samples. The implicit assumption is that the as-
say results for the test substance may be described in terms of the 
activity caused by a specific concentration of a positive control 
material. For example, this approach is used in in vitro endocrine 
disruption experiments, where 17β-estradiol or testosterone is the 
standard positive control material. Often, in assays designed to 
mimic a biological response, a positive control material “equiva-
lent” score will be the assay result, such as “17β-estradiol equiv-
alent,” “methyl-testosterone equivalent”, or “2,3,7,8-TCDD 
equivalent”. This means that the compound at a given concen-
tration has the same magnitude of a response in the assay as the 
positive control material at a given concentration (EPA, 2014). 
Other commonly used assay test material response readouts are 
expressed as a percentage of positive control response (at a des-
ignated active concentration). For this function of a positive con-
trol experiment, using complementary methods to measure the 
concentration of the positive control material will increase confi-
dence in the generated calibration curve.

4.7  Technical and biological interference
Interference, in the context of this manuscript, describes the 
processes through which the positive control material interacts 
with other constituents in an assay or produces an aberrant sig-
nal (e.g., absorbance at a particular wavelength) similar to the 
intended measurand. Interferences can enhance or diminish a 
readout of an assay and bias the results. Potential interference 
for certain types of test substances has been observed in various 
in vitro assays. For example, the potential for engineered nano-
materials and other particulate substances to cause interferences 
or artifactual results is widely recognized (Hanna et al., 2018; 
Petersen et al., 2014, 2020; Keene et al., 2014; Guadagnini et 
al., 2015). It is also possible for other substances to cause tech-
nological interferences in an assay if they have an absorption 
or fluorescent signal similar to that of the probe molecule in an 
assay and are present at a sufficiently high concentration. An-
other possibility is that components of the cell culture medium, 
such as serum, could interact with the positive control material 
and change its biological capacity to generate the desired assay 
response. In addition, impurities (addressed above) may cause 
interferences in the assay response; these interferences are lim-
ited when highly pure positive control materials are used. Test-

and good manufacturing practice (GMP) conditions require con-
ducting stability studies. Stability studies should be performed for 
all compounds and solutions made, and should include informa-
tion about freezing/thawing, storage (i.e., benchtop, refrigerator, 
or freezer), and any other conditions relevant to the study. These 
studies should take into account the amount of time the positive 
control material will be in any given storage condition. Sepa-
rate freezing/thawing studies need to be conducted for any pos-
itive control material that will be frozen (OECD, 2018; US FDA, 
2018). To evaluate the stability of a stock suspension, careful 
documentation is required regarding when stock suspensions are 
prepared, and the results for the stock suspension should be mon-
itored over time to assess how long a particular positive control 
material yields a consistent result. Efficacy of the positive control 
material should remain within acceptability ranges given the stor-
age and use conditions over a specified time frame. In general, 
positive control materials with longer stability are advantageous 
because fewer cross-validation studies will be needed to ensure a 
similar performance among batches of the material.

Instability of positive control materials during storage and han-
dling may pose a fundamental challenge to the repeatability and 
reproducibility of the assay. Depending upon how unstable a pos-
itive control material is, it may be challenging to demonstrate a 
repeatable dose-response function. An example of positive con-
trol materials that degrade over time are those that generate reac-
tive oxygen species (ROS) and reactive nitrogen species (RNS) 
(e.g., H2O2 or SIN-1) and need to be freshly prepared each time 
the assay is performed. ROS/RNS are often the cause of cellular 
damage, which may lead to downstream effects including acute 
toxicity, inflammation, or genotoxicity. Accurately correlating the 
concentration of ROS/RNS precursors with cell damage would 
be ideal, yet the inherent chemical instability of these precursors 
makes the accurate determination of their concentration very dif-
ficult (Roesslein et al., 2013). For example, the initial concentra-
tion of H2O2 in a stock solution is not precisely known. Opera-
tions, such as dilution steps or simple pipetting, can cause decom-
position of the instable ROS/RNS precursors due to the increased 
exposure to O2, severely limiting their capability as a positive 
control material (Roesslein et al., 2013). Even if the concentration 
of a ROS/RNS precursor can be analyzed through chemical anal-
ysis before performing the assay, it is challenging to ensure that 
this value remains accurate for the duration of the assay. There-
fore, quantitative comparisons between ROS/RNS precursors are 
difficult (Roesslein et al., 2013), although qualitative evaluations 
using categories, such as mild, moderate, or severe effects, may 
be possible. 

4.6  Generates responses spanning the assay  
dynamic range
Positive control experiments can be used to evaluate the repeat-
ability and reproducibility of the assay dose-response function 
and to calibrate test samples. To evaluate repeatability and repro-
ducibility, it is important for the positive control material to yield 
responses spanning the dose-response range. Measurements made 
at different concentrations ranging from no response to the maxi-
mum response capture the assay’s full dynamic range and set the 
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4.9  User toxicity
It is ideal for a positive control material to be of low toxicity to 
operators in case exposure occurs. It is also important to consider 
that many laboratories may not have high biosafety level certifi-
cates, and thus these types of positive control materials should be 
avoided if possible. It is also worth considering the types of labo-
ratories that may be conducting a certain test, as academic settings 
with graduate students may be less willing to use more toxic sub-
stances than a contract research organization. For example, one of 
the co-authors was involved in a study where a decision was made 
not to use asbestos as a positive control material for a respiratory 
toxicity assay to avoid potential exposure to graduate students at a 
university conducting the research. 

It is important to note that the toxicity of the positive control 
material also depends upon the concentration that is needed to 
cause the desired response in the assay; using a high concentra-
tion of a chemical may raise the risk to workers for a chemical 
that may otherwise be perceived as being of relatively low tox-
icity. For example, a higher concentration may be needed when 
exposing more robust cell types or if the deposited dose is only 
a small fraction of the generated dose (e.g., for exposure of cells 
grown at the air-liquid interface to an aerosolized substance); 
therefore, certain assays may require a sufficiently high concen-
tration that could pose worker health risks. 

4.10  Disposability
Ideally, waste disposal should be straightforward. The positive 
control material should not be likely to react with other com-
pounds in the waste disposal collection unit or require expensive 
disposal. For assays evaluating toxicity endpoints, the positive 
control materials will also likely be toxic to some degree, and thus 
there may be specific disposal requirements based on the type of 
compound (e.g., pesticide or heavy metal). On the other hand, if 
an antibiotic is used as a positive control material, it can be de-
graded at high temperatures prior to disposal to avoid disposal as 
a toxic material. 

5  Case study evaluating the use of lipoteichoic acid as a 
positive control material for the monocyte activation test

The safe use of drugs, medical devices, and other medical prod-
ucts relies on accurate detection of contaminating agents. Pyro-
gens are contaminants that include constituents from gram-posi-
tive or gram-negative bacteria, viruses, fungi, or other substances, 
which cause an inflammatory response leading to a fever re-
sponse in humans (Netea et al., 2000). Most regulated medical 
products must not contain pyrogen levels above specified limits, 
and several test methods can be used to quantify pyrogen con-
tamination to different levels of accuracy and precision. Current-
ly, pyrogen testing is often conducted using the rabbit pyrogen 
test, which requires at least three rabbits per test. Each year, an 
estimated 130,000 rabbit pyrogen tests are conducted worldwide, 

ing for potential interference effects from a positive control ma-
terial is assay-specific and should be evaluated as appropriate. 
Pharmacological counter-screens, such as ALAMR NMR, have 
been developed to identify promiscuous compounds, such as 
those causing nonspecific enzymatic inhibition and pan-assay 
interference compounds (PAINS) (Huth et al., 2005; Dahlin et 
al., 2017). Recently, structure-based computational tools1 were 
developed to predict chemical-assay interference via luciferase 
inhibition and autofluorescence, using various cell types and cul-
ture conditions (Borrel et al., 2020a,b).

4.8  Commercial availability 
Another key consideration for a positive control material is its 
long-term availability. The best scenario is for the material to be 
available through multiple commercial vendors, thus avoiding 
challenges if one vendor stops selling the material. Long-term 
availability of a positive control material is also supported when 
a robust synthesis procedure is publicly available, enabling any 
manufacturer to continue production.

To minimize variability, a positive control material would pref-
erably be purchased from a single vendor for use within a lab-
oratory or in an interlaboratory validation. An alternative focus 
is to evaluate the robustness of the positive control material by 
comparing results among vendors to evaluate what range of vari-
ability could be encountered by different groups performing an 
assay who may select different vendors. Any time a new lot or 
vendor is used by a laboratory, a cross validation study should be 
conducted to ensure the positive control materials are responding 
equivalently. In this instance, cross validation refers to ensuring 
that the positive control materials pass all quality control (QC) 
parameters in a given number of tests to establish confidence that 
an equivalent or known response is obtained in the new batch 
of positive control material. If the response of the new positive 
control material is significantly different or out of the QC range, 
a new set of QC parameters may need to be established for the 
new positive control material. Efforts should also be made to ver-
ify purity with each vendor. For example, a certificate of analysis 
from the vendor should document the specifications for a given 
batch or lot. In addition, expensive substances should be avoided 
for the positive control material, when possible, since this may 
limit the widespread adoption of an assay. 

Anecdotally, one of the co-authors found a promising positive 
control material for an assay under development, but it was only 
available for purchase once a year at a mass of 10 mg per year 
per organization. Thus, if the bottle containing the positive con-
trol material was unintentionally damaged, that laboratory would 
have to wait up to a year before obtaining more of the substance. 
As another example, a lack of commercial availability of a rea-
sonably priced proficiency chemical for Organisation for Eco-
nomic Co-operation and Development (OECD) test guideline 
456 (human chorionic gonadotropin) was recently noted and 
could hinder new laboratories from proving their proficiency 
with this assay (Kolle et al., 2019). 

1 https://sandbox.ntp.niehs.nih.gov/interferences/

https://sandbox.ntp.niehs.nih.gov/interferences/
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(RSE) is the reference material commonly accepted by the World 
Health Organization, US Pharmacopeia, European Pharmacopoe-
ia, and Japanese Pharmacopoeia (US Pharmacopeia, 2012; Poole 
et al., 2012). However, there are no internationally harmonized 
reference materials for gram-positive bacteria, and there are dif-
ferences in guidance for the use of non-endotoxin positive control 
materials among governing bodies. Guidance from the US FDA 
(US FDA, 2012, 2016) refers to the International Organization 
for Standardization (ISO, 2012). ISO 10993-12 specifies that ref-
erence materials should be validated by individual laboratories, 
but provides no guidance on the selection of reference materials 
(ISO, 2012, section 5.1). Furthermore, positive control materials 
are recommended to display grades of responses, such as mini-
mum, intermediate, and severe (ISO, 2012, section 6), a recom-
mendation in agreement with characteristic number 6 (“Generates 
responses spanning the assay dynamic range”) described above. 
The European Pharmacopoeia specifies that two non-endotoxin 
positive control materials should be used once they are qualified, 
including peptidoglycans, lipoteichoic acid (LTA), synthetic bac-
terial lipoproteins, flagellin, or crude bacterial whole cell extract 
(EDQM, 2020). The recommendation of multiple positive con-
trol materials with different mechanisms of action, all of which 
are relevant to the outcome being measured in the assay, is re-
flective of characteristic number 1 (“Biological mechanism of ac-
tion”) described above. To be qualified, the positive control ma-
terial must follow a significant log-linear response (characteristic 
number 6 described above) and have the ability to detect previous 
contaminants or match previous methodologies (EDQM, 2020). 
For a quantitative approach, a standard curve must be performed 
at four doses to estimate potential pyrogen levels, which falls un-
der characteristic number 6 described above. Pass/fail testing of 
pyrogenicity can be determined by comparing the test article to a 
threshold (contaminant limit concentration). 

One of the key advantages of the MAT is its ability to detect 
gram-positive bacteria (Hasiwa et al., 2013). It is important to 
have a gram-positive bacterial control so that the assay is con-
firmed to function as expected with this mechanism. Below, we 
present a case study evaluating the characteristics and appropri-
ateness of using LTA as a positive control material in the MAT for 
pyrogen testing of medical devices. Medical devices represent a 
diverse set of products that come into contact with bodily fluids 
through implantation or injection; therefore, MAT assay condi-
tions can vary depending on the device shape, size, or materi-
al make-up (Brown, 2021). Here, we consider use of LTA as a 
positive control material for different types of medical devices 
and assay formats and evaluate it based on the ten characteristics 
discussed above. 

1. Biological mechanism of action
LTA is a cell wall polymer from gram-positive bacteria that can 
be naturally- or synthetically-derived. A comparison of LTA from 
these two sources can be found in Table 1; LTA from both sources 
has been mechanistically well characterized. Human monocytes 
sense LTA through TLR2 receptors and trigger a signal cascade 
to release pro-inflammatory cytokines, such as IL-6, IL-1β, and 
TNF-α (Schwandner et al., 1999; Netea et al., 2000). An enzyme- 

requiring approximately 400,000 rabbits (Hartung, 2015). These 
numbers are loose extrapolations, since in most regions there are 
no requirements for companies or regulators to track or disclose 
the number of animals used in specific procedures. This is not the 
case in Europe, though, where these figures are routinely collect-
ed. In Europe, roughly 35,000 rabbits were used for pyrogen tests 
in 2017 (EC, 2020). 

Several in vitro methods have been developed to assess pyro-
gen contamination. The monocyte activation test (MAT) detects 
the innate immune response in human monocytes by quantifying 
the degree of pro-inflammatory cytokine release following expo-
sure to substances that induce fever (Hartung, 2015; Molenaar-de 
Backer et al., 2021). The MAT can assess the presence of diverse 
types of pyrogenic substances, and there are several positive con-
trol materials that can be used to show monocyte activation. 

The MAT uses human whole blood, peripheral blood mononucle-
ar cells (PBMCs), or the Mono-Mac-6 (MM6) cell line (Hartung,  
2015, 2021). Regardless of cell source, monocytes recognize 
pathogens through toll-like receptors (TLRs), whose signaling 
cascade ultimately leads to the pro-inflammatory cytokine release 
that is the hallmark of the human fever response (Hasiwa et al., 
2013; Netea et al., 2000). Various factors can trigger the TLR re-
sponse and be detected by the MAT, including general bacterial 
constituents, flagellin, double-stranded RNA, and fungal constit-
uents, but bacteria are the most common contaminant of greatest 
concern (Hayashi et al., 2001; Alexopoulou et al., 2001; Figueire-
do et al., 2011; Borton and Coleman, 2018). One poorly defined 
group of materials, referred to as “material mediated pyrogens” 
(MMPs), are thought to cause fever, but there is no literature avail-
able to support this claim (Borton and Coleman, 2018). Further-
more, while MMPs have been suggested to have pyrogenic effects 
in vivo, there is no consensus that these materials mechanistically 
are pyrogens or that they are likely to be involved in the medi-
cal device manufacturing process (e.g., cocaine and LSD are two 
examples given in the ISO 10993 document, both of which are 
described as disruptors of neurological thermoregulatory centers 
rather than activators of the inflammatory signaling cascade) (Bor-
ton and Coleman, 2018). Substances that are cytotoxic to blood 
cells interfere with the test system and may not be compatible with 
this method (ICCVAM, 2008).

Heat-killed gram-negative or gram-positive bacteria contain 
complex bacterial constituents that can trigger diverse TLRs, and 
the MAT is broadly compatible with a wide range of substances 
and materials used in medical products. For gram-negative bac-
teria, lipopolysaccharide (LPS, endotoxin) is a ligand for TLR4 
and represents the most significant class of pyrogen for most bio-
medical products (Park and Lee, 2013). For gram-positive bacte-
ria, major cell wall components, such as peptidoglycan and lipo-
teichoic acid (LTA), trigger TLR2 receptors (Schwandner et al., 
1999). Overall, possible positive control materials for the MAT 
will test for monocyte activation through TLR-mediated signal 
transduction.

The selection of a positive control material can depend on the 
regulation and the purpose of testing. Because the vast majori-
ty of contaminating pyrogens are endotoxins derived from gram- 
negative bacteria, the international reference standard endotoxin 
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or MM6 cells (ISO, 2012, section 10.3.3), avoiding the additional 
complexity of an extraction step, which itself needs a positive con-
trol material to ensure it was performed successfully. Thus, LTA is 
amenable to diverse assay formats and a range of solvents.

3. Chemical purity 
LTA of varying purity may be used, which will affect the perfor-
mance of the MAT assay. For example, naturally-derived LTA 
may be used as heat-killed bacteria or may be extracted from bac-
teria. Heat-killed gram-positive bacteria possess LTA and other 
pyrogenic constituents recognized by monocytes (de Oliviera Na-
scimento et al., 2012). Alternately, LTA can be extracted and puri-
fied from bacteria, and its immunostimulatory ability will depend 
on the extraction method. There is greater monocyte activation 

linked immunosorbent assay (ELISA) quantifies cytokine release, 
preferably using sequence-defined recombinant antibodies (Groff 
et al., 2020). LTA can be used to evaluate monocyte activation in 
response to gram-positive bacteria. 

2. Ease of preparation 
LTA can be prepared in the desired matrix for pyrogen testing of 
medical devices. In order to test a device eluate, medical devices 
can be spiked with the positive control material followed by ex-
traction in polar (e.g., PBS) or non-polar (e.g., sesame oil) vehicles 
(ISO, 2012, section 10.3.5). LTA is an amphipathic substance that 
can be extracted using polar or non-polar solvents (Morath et al., 
2005). In addition, the MAT allows for smaller medical devices to 
be tested by complete immersion in human whole blood, PBMCs, 

Tab. 1: Outline of the characteristics of two sources of lipoteichoic acid (LTA): 1) naturally-derived and 2) chemically-defined  
Each source has advantages and disadvantages to its use; however, both are suitable positive control materials for the monocyte  
activation test (MAT).  

Characteristic Naturally-derived LTA Chemically-defined LTA

1. Biological The mechanism of action of naturally-derived LTA  Studies have elucidated the minimal structure and 
    mechanism of is well known and it reflects the relevant mechanism  chain length needed for the successful use of 
    action of action being studied in the MAT (TLR2 activation  chemically-defined LTA as a positive control material 
 resulting in cytokine release from monocytes;  in the MAT (through TLR2 activation; Deininger 
 Stadelmaier et al., 2003).  et al., 2007, 2003).

2. Ease of LTA is a component of the cell wall of gram-positive  LTA is synthesized in a chemical process. The chemical 
    preparation bacteria. It is easy to use LTA in the form of heat-killed  structures and mixture ratios are quantified (Morath 
 bacteria or to purify it from bacteria (de Oliviera et al., 2002; Stadelmaier et al., 2003). 
 Nascimento et al., 2012).  

3. Chemical purity LTA is amphipathic and can be dissolved in many  Chemically-defined LTA possesses the same 
 polar (e.g., aqueous) and non-polar solvents (Morath  amphipathic properties as naturally-derived LTA and 
 et al., 2005). As a complex mixture and natural  can dissolve in polar (e.g., aqueous) and non-polar 
 product, the constituents may vary between strains  solvents (Morath et al., 2005). A highly purified LTA can  
  and vendors.  be produced. 

4. Verifiable NMR and LC-MS can be used to quantify the identity, purity, and concentration of the material (Morath et al., 2005). 
    physical Other methods can be used to ensure preparations are endotoxin-free. 
    properties

5. Stability Naturally-derived LTA is stable for 1-6 months,  Chemically-defined LTA is a smaller polymer of the 
 depending on storage temperature and handling. It  naturally-derived LTA, and its stability is expected to be 
 contains no chemical groups that can undergo  similar (Morath et al., 2005). 
 redox or other modifications.   

6. Generates Both can be used at concentrations that do not initiate a response (minimum readout value) and concentrations  
    responses that demonstrate a saturated response (maximum assay readout value; Deininger et al., 2003). 
    spanning the  
    assay dynamic  
    range

7. Technical and Neither shows evidence of enhancing or diminishing the assay read-out (i.e., cytokine release) through either  
    biological technological interference or indirect biological activity. 
    interference

8. Commercial Naturally-derived, endotoxin-free LTA is commercially  Chemically-defined LTA is not commercially available, 
    availability available at reasonable cost. Vendors have certificates  but the synthesis process is published (Stadelmaier 
 of analysis. et al., 2003). 

9. User toxicity There is low expected toxicity for operators given that the correct personal protective equipment is used.

10. Disposability Both can be disposed through a professional waste disposal service without additional complications.
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cytokine read out. As per the European Pharmacopoeia, medical 
device extracts are tested within the ELISA detection system to 
account for the effect of interference (EDQM, 2020). 

8. Commercial availability 
The availability of highly pure LTA is critical for widespread use 
in the MAT. Natural LTA is accessible at multiple commercial 
vendors (e.g., Sigma or Invivogen) at high purity, at a reasonable 
cost, and without detectable endotoxin contamination. Highly 
pure synthetic LTA is not currently commercially available, but 
the synthesis process is published (Morath et al., 2002), which 
will facilitate commercialization. 

9. User toxicity and 10. disposability
LTA is relatively safe to handle and dispose. In silico Collabo-
rative Acute Toxicity Modeling Suite (CATMoS) models (Klein-
streuer et al., 2018) implemented in OPERA (version 2.52) pre-
dicts LTA (CASRN: 56411-57-5; PubChem) to have low acute 
oral toxicity (GHS category 5). The Safety Data Sheet (Invivo-
gen, USA) of a natural LTA directs users to avoid contact with 
eyes, skin, and repeated exposure. While respiratory protection is 
not required, inhalation should be avoided and personal protective 
equipment, such as impermeable gloves and lab coat, should be 
worn. According to the Safety Data Sheet (Invivogen, USA), a 
licensed professional waste disposal service should be in charge 
of disposing LTA. 

Summary on the use of LTA as a positive control material  
in the MAT
Natural or synthetic LTA shows promise as a suitable positive 
control material based on the aforementioned set of character-
istics. Its mechanism of action is well known, and it is easy to 
prepare, use, and dispose of. Multiple, independent methods are 
able to assess the purity of LTA. Naturally-derived and synthetic 
LTA can elicit similar magnitudes of effect in the MAT. Natural-
ly-derived LTA isolated from gram-positive bacteria is commer-
cially available at a reasonable cost and can be used in currently 
available MAT kits from numerous vendors. Synthetic LTA is not 
currently commercially available, but the process to synthesize 
LTA is published and is publicly available to use for commercial-
ization. Future efforts should focus on developing a commercial-
ly available synthetic LTA and showing its reproducibility in the 
MAT. In addition to LTA, other positive control materials should 
be considered, especially considering that the European Pharma-
copoeia recommends two non-endotoxin pyrogen positive control 
materials. For example, general bacterial components, such as tri-
acylated lipoproteins (Aliprantis et al., 1999) and CpG oligonu-
cleotides (Hartmann and Krieg, 1999), capture both gram-posi-
tive and gram-negative pyrogen sources, and are therefore good 
candidates for consideration under the ten characteristics outlined 
here. Establishing a harmonized positive control material for 
non-endotoxin pyrogens will build greater confidence in the MAT 
and lead to more widespread adoption. 

using LTA extracted with butanol rather than phenol (Morath et 
al., 2005). Contamination with endotoxin (which is of particular 
concern when using higher LTA concentrations) should be avoid-
ed in LTA preparations. The absence of endotoxin can be con-
firmed using commercially available kits (e.g., HEK-Blue TLR4 
cells (Invivogen, USA) or recombinant factor C assay (Lonza, 
Switzerland)). Whether heat-killed or extracted, there may be dif-
ferences depending on the strain of bacteria used, which may in-
fluence interlaboratory comparisons. 

In contrast to naturally-derived sources, LTA can be synthe-
sized as a shorter polymer with immunostimulatory ability simi-
lar to the natural form (Deininger et al., 2003, 2007; Stadelmaier 
et al., 2003). While natural LTA allows for broad monocyte rec-
ognition, the synthetic version allows more control over the pro-
duction of the reference material. 

4. Verifiable physical properties
Physical properties, such as the identity, purity, concentration, and 
mass, should be assessed before using LTA. There are multiple 
methods for assessing the purity of LTA. LTA extractions have 
been evaluated with hydrophobic interaction chromatography, 
followed by mass spectroscopy (Morath et al., 2005). Howev-
er, chromatography measurements are destructive. NMR offers 
a non-destructive LTA characterization method (Morath et al., 
2002). While not a physical property of LTA, these assessments 
could also uncover contaminants, such as endotoxin (LPS) con-
tamination. 

5. Stability
The stability of LTA is critical for determining its usefulness as 
a positive control material. Information is available for the natu-
ral form of purified LTA. Upon suspension, purified LTA from S. 
aureus can be stored at 4°C for 1 month and -20°C for 6 months 
(Invivogen, USA). It is recommended to avoid freeze-thaw cycles 
(Invivogen, USA). Stability information is lacking for synthetic 
LTA; however, structural quality, such as polymer length, can be 
monitored over time with NMR and mass spectroscopy. 

6. Generates responses spanning the assay dynamic range 
Acceptance criteria for a valid positive control MAT experiment 
are based on the properties of the dose-response function. The Eu-
ropean Pharmacopoeia outlines two critical criteria: 1) a log-lin-
ear relationship, and 2) a statistically significant slope in the re-
gression (EDQM, 2020). These two criteria can be historically 
tracked and can form the basis of comparison for monitoring con-
sistent among-assay performance.

7. Technical and biological interference 
There are no known reports of LTA enhancing or diminishing the 
read-out of cytokine concentration in the ELISA assay. Interfer-
ence can be assessed by measuring cytokine release in the pres-
ence of LTA in the absence of cells. Separately, it is possible for 
medical devices themselves to cause interference with the ELISA 

2 https://github.com/kmansouri/OPERA

https://github.com/kmansouri/OPERA
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acs.est.5b02641

Chipinda, I., Ajibola, R. O., Morakinyo, M. K. et al. (2010). Rap-
id and simple kinetics screening assay for electrophilic dermal 
sensitizers using nitrobenzenethiol. Chem Res Toxicol 23, 918-
925. doi:10.1021/tx100003w

Coleman, K. P., Grailer, T. P., McNamara, L. R. et al. (2018). 
Preparation of irritant polymer samples for an in vitro round 
robin study. Toxicol In Vitro 50, 401-406. doi:10.1016/j.tiv. 
2018.01.018

Dahlin, J. L., Nelson, K. M., Strasser, J. M. et al. (2017). As-
say interference and off-target liabilities of reported histone  
acetyltransferase inhibitors. Nat Commun 8, 1527. doi:10.1038/
s41467-017-01657-3

de Oliviera Nascimento, L., Massari, P. and Wetzler, L. (2012). 
The role of TLR2 in infection and immunity. Front Immunol 3, 
79. doi:10.3389/fimmu.2012.00079

Deininger, S., Stadelmaier, A., von Aulock, S. et al. (2003). Defi-
nition of structural prerequisites for lipoteichoic acid-inducible 
cytokine induction by synthetic derivatives. J Immunol 170, 
4134-4138. doi:10.4049/jimmunol.170.8.4134

Deininger, S., Figueroa-Perez, I., Sigel, S. et al. (2007). Use of 
synthetic derivatives to determine the minimal active structure 
of cytokine-inducing lipoteichoic acid. Clin Vaccine Immunol 
14, 1629-1633. doi:10.1128/CVI.00007-07

EC – European Commission (2020). 2019 Report on the Statistics 
on the Use of Animals for Scientific Purposes in the Member 
States of the European Union in 2015-2017. https://ec.europa. 
eu/environment/chemicals/lab_animals/pdf/Statistical%20 
report_SWD_p1_EN.pdf 

EDQM – European Directorate for the Quality of Medicines and 
HealthCare (2020). Monocyte Activation Test Chapter 2.6.30 
European Pharmacopoeia (Version 07/2017), 10th edition. 

Elliott, J. T., Rosslein, M., Song, N. W. et al. (2017). Toward 
achieving harmonization in a nanocytotoxicity assay measure-
ment through an interlaboratory comparison study. ALTEX 34, 
201-218. doi:10.14573/altex.1605021

EPA – Environmental Protection Agency (2014). SW-846 Test 
Method 4435: Screening for Dioxin-Like Chemical Activity 
in Soils and Sediments Using the Calux Bioassay and Toxic 
Equivalents (TEQs) Determinations. https://bit.ly/3e83cr1 

Figueiredo, R. T., Carneiro, L. A. M. and Bozza, M. T. (2011). 
Fungal surface and innate immune recognition of filamentous 
fungi. Front Microbiol 2, 248. doi:10.3389/fmicb.2011.00248

Groff, K., Allen, D., Casey, W. et al. (2020). Increasing the use 
of animal-free recombinant antibodies. ALTEX 37, 309-311. 
doi:10.14573/altex.2001071

Guadagnini, R., Kenzaoui, B. H., Walker, L. et al. (2015). Toxic-
ity screenings of nanomaterials: Challenges due to interference 
with assay processes and components of classic in vitro tests. 
Nanotoxicology 9, 13-24. doi:10.3109/17435390.2013.829590

Hanna, S. K., Montoro Bustos, A. R., Peterson, A. W. et al. (2018). 
Agglomeration of Escherichia coli with positively charged 
nanoparticles can lead to artifacts in a standard Caenorhabdi-
tis elegans toxicity assay. Environ Sci Technol 52, 5968-5978. 
doi:10.1021/acs.est.7b06099

6  Conclusion

The characteristics outlined in this paper will help in selecting 
potential positive control materials. The selection of a positive 
control material involves consideration of the following: 1) the 
biological mechanism of action, 2) ease of preparation, 3) chem-
ical purity, 4) verifiable physical properties, 5) stability, 6) ability 
to generate responses spanning the dynamic range of the assay, 7) 
technical and biological interference, 8) commercial availability, 
9) user toxicity, and 10) disposability. In vitro assay developers 
should recognize that these characteristics are goals to consider 
rather than absolute requirements. Fulfilling these characteristics 
is ideal for the longevity and robustness of an assay, but selection 
of a positive control material may require flexibility in how strin-
gently they are applied. 
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