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Endotoxins are commonly present
in both naturally derived and syn-
thetic biomaterials. This Forum
highlights the consequences of
endotoxin contamination in bio-
materials on different engineered
tissues, such as bone, skin, or car-
tilage, and discusses the potential
effects on novel 3D immunocompe-
tent pathophysiological models.
Endotoxins in biomaterials
Endotoxins, also known as lipopolysac-
charides (LPSs), are toxins found in the
outer membrane of Gram-negative bacte-
ria, which are present in all biomaterials,
either pre- or post-contamination [1,2].
Endotoxins are released in large amounts
upon destruction of the bacteria cell mem-
brane (e.g., by antibiotics or the host
immune system) but also during cell divi-
sion in smaller quantities. They consist of
three main units; a lipid moiety (lipid A),
an oligosaccharide (core), and a sequence
of repetitive subunits (O-specific antigen)
(Figure 1).

Endotoxins can initiate strong immune
responses, mainly facilitated through Toll-
like receptor (TLR)4 found on various cell
types (Box 1) [1,2]. The immune system
is able to detect and react to endotoxin
at low concentrations (~1 ng/ml), while
higher concentrations can induce fever,
hypotension, septic shock, respiratory
distress syndrome, and other chronic
diseases [1,2].
Endotoxins have an average molecular
mass of 10–20 kDa, and tend to form stable
micelles with a diameter of up to 100 nm,
and are difficult to excrete from the body.
Furthermore, endotoxins are heat stable
up to 180°C and UV stable [1,2].

The rapid developments in the biofabrication
field have facilitated the need for novel
(commercially available) biomaterials [3].
In recent years several biomaterials have
found application in biofabrication including
naturally derived (modified) or synthetic
polymers (Figure 1). While there is a lot
of focus on developing biomaterials that
replicate the target tissue’s composition
and mechanical setup as well as provide
cells with the optimal environment for
proliferation and differentiation, the presence
of a potential endotoxin contamination is an
often overlooked problem. Either because
people are not aware of this problem or
commercially available products do not pro-
vide sufficient details on endotoxin contents
in their products.

Naturally derived biomaterials are mainly
affected by endotoxin contamination due
to the natural presence of bacteria,
whereas synthetic biomaterials are largely
affected due to contaminated laboratory
equipment or reagents [1,2]. The removal
of endotoxins can be challenging. A combi-
nation of different alkaline and acidic solu-
tions, organic solvents, or mechanical
attenuation (ultrasonication) allows removal
of endotoxin from materials [1–3]. While
these methods, combined with the use
of endotoxin-free laboratory reagents, for
instance, commercially available pyrogen-
free water [1], might secure an endotoxin-
free laboratory environment, such treat-
ments might damage the biomaterials or
alter their performance [1–3]. Biomaterials
in solutions, however, can hardly be freed
from endotoxins in conventional laboratory
settings. Although techniques such as
ultrafiltration, extraction, phase separation,
chromatography, or adsorption exist, they
are often limited by the viscosity or pH of
the solution [1–3]. As a result, different
companies have developed endotoxin-
free products as commercially available
quality-controlled alternatives.

While the potential effects of endotoxin
contamination in biomaterials have been
known for years, with the recent rapid de-
velopments in the biofabrication field, this
problem might be more present than ever
[4,5]. Commercially available biofabrication
platforms, such as 3D bioprinters, and bio-
materials allowed a broad range of re-
searchers to work on tissue engineering
applications, which might not yet be
aware of the effects of endotoxin contami-
nation in their materials [4,5]. This Forum
provides a brief overview of studies ad-
dressing this issue and discuss the related
complications of endotoxins in the clinical
translation of engineered tissues. Further-
more, it is discussed how endotoxins can
directly affect the performance of patho-
physiological in vitro models, which so far
has not been investigated in any available
study. This Forum is intended to raise
awareness on the effects of endotoxin con-
tamination in biomaterials and might cause
researchers to choose their materials more
selectively, as well as analyze their tissues
and interpret results more carefully.

Engineered tissues
In recent years, the field of tissue engineer-
ing has demonstrated success in the fabri-
cation of tissue constructs that might
be translated into clinics [4,5]. Such ap-
proaches are often based on commercially
available biomaterials optimized for the
fabrication of such tissues. Only a few
studies actively investigate the effects of
endotoxins on 3D engineered tissues for
patient transplantation, although, endo-
toxins can have significant effects on the
performance of such tissues (Figure 1).
For instance, it has recently been dem-
onstrated that a sustained presence of
a high endotoxin levels in gelatin can in-
hibit bone tissue formation in mice for
up to 3 weeks while causing significant
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Figure 1. Schematic overview of different characteristics of lipopolysaccharide (LPS). The structure of
LPS is shown highlighting the three main parts; the lipid moiety (lipid A), the oligosaccharide (core), and the
repetitive sequence of subunit (O-specific antigen), as well as key characteristics of LPS including the
formation of micelles, heat stability, and UV stability. Furthermore, different biomaterials are mentioned that are
potentially demonstrating LPS contamination as well as the effects of LPS contamination for tissue engineering
and for pathophysiological models.
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cellular senescence [6]. Low endotoxin
levels in biomaterials have shown to pro-
mote bone formation, demonstrating that
different levels of endotoxins in biomaterials
can create drastic differences in the perfor-
mance of engineered tissues [7].

Similarly, it has been found that endotoxins
can have significant inhibitory effects on
dermal wound healing [8]. As a result, high
endotoxin biomaterials might experience
limited integration into the skin and cause
severe inflammation at the site of implanta-
tion. Recently, it was also demonstrated
Box 1. LPS and TLR4

In serum, LPS initially binds to the LPS-binding protein (
protein with high affinity for the LPS–LBP complex [1
eventually forms a complex with TLR4 and myeloid dif
complex. However, LPS might also directly bind to TLR
follows two pathways: the myeloid factor 88 (MyD88)-d
(TRIF–TRAM) pathways [15]. Both terminate with the p
including TNF-α and IL-1, which in turn initiate the acute
activation of several factors: nuclear factor κB, interferon
the production of several cytokines [1,15]. Besides mono
both TLR-4 and CD14 are also expressed by several oth
cytes, astrocytes, oligodendrocytes, fibroblasts, endothe
cells, which might all respond to LPS stimulation [15].
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that endotoxin in biomaterials can alter the
performance of engineered cartilage tissues
based on the differentiation of mesenchy-
mal stem cells, a cell type often used in
tissue engineering applications [9]. In low
endotoxin gelatin methacryloyl, a signifi-
cantly higher amount of glycosaminogly-
cans was detected in formed tissues
compared to high endotoxin gelatin
methacryloyl, demonstrating a more bio-
logically relevant performance [9].

Independent from the tissue and site of im-
plantation, all tissues with high endotoxin
LBP), which further transfers it to CD14, a membrane
,15]. As CD14 itself lacks an intracellular domain, it
ferentiation factor 2, creating an active LPS receptor
4 in some cases. Once bound, LPS–TLR4 signaling
ependent (TIRAP–MyD88) and MyD88-independent
roduction of proinflammatory effectors and cytokines
phase of the inflammatory response. These drive the
regulatory factor 3, and activator protein 1, as well as
cytes, macrophages, dendritic cells, and granulocytes,
er cell types such as mesenchymal stem cells, adipo-
lial cells, intestinal cells, and pancreatic alpha and beta
levels display a significant inflammatory re-
sponse characterized by high expression
of tumor necrosis factor (TNF)-α, CC-
chemokine ligand (CCL)2 or interleukin
(IL)-1β, -6 and -10 [1,9,10]. It has also
been shown that endotoxin can delay the
foreign body response for up to 3 weeks
based on the prolonged presence of
granulocytes as well as altered functionality
of macrophages [10].

In particular, the strong inflammatory reac-
tion towards endotoxins also motivated
the US Food and Drug Administration
(FDA) to define strict limits for endotoxin
level. Medical devices are limited to 20
EU/device in general or 0.5 EU/device for
intrathecal application [2], and on a yearly
basis the FDA has to recall many medical
devices because of being out-of-spec for
endotoxins (https://www.accessdata.fda.
gov/scripts/cdrh/cfdocs/cfRES/res.cfm).
Meeting these limits can be challenging
given that some commercial biomate-
rials can drastically vary in terms of en-
dotoxin levels and can reach even more
than 10 000 EU/g [9]. Although these
would not find their way to the clinics, it is
recommended that, even in preclinical
phases, endotoxin levels in biomaterials
should be monitored due to the clear
effects of endotoxins in engineered tissues.

Pathophysiological models
While engineered tissues for human applica-
tion fall under strict regulation before
clinical use, laboratory-based in vitromodels
do not require such common regulations. In
the recent years, 3D pathophysiological
models have experienced a great increase
in complexity, often including multiple
cell types or biomaterials [11]. Models
have been used to understand underlying
pathophysiological processes in different
diseases, such as cancer, or even identify
novel subpopulations of cells [11]. Given
the effects of endotoxins on multiple cell
types (Box 1), controlling the levels of en-
dotoxins in models is of upmost impor-
tance as it might alter cellular phenotype
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and hence conclusions based on these
outcomes (Figure 1). Although, so far,
no studies have directly focused on the
effects of endotoxins on cellular crosstalk
in pathophysiological models, it has been
shown that endotoxins can alter the be-
havior of cancer cells, increasing growth
and metastasis [12].

With the increasing number of in vitro
models that incorporate macrophages,
dendritic cells, or T cells, the presence of
endotoxin plays an even more important
role [13]. LPS is a common stimulant to po-
larize macrophages towards an inflamma-
tory phenotype in vitro, and it has been
shown that macrophages can react to a
concentration of as low as 0.01 ng/ml LPS
in vitro [1]. 3D in vitro models including
immune cells to study, for instance, the im-
munosuppressive environment in cancer,
should be based on endotoxin-free bioma-
terials as even low quantities can alter the
outcome of cellular interactions. Further-
more, with the evaluation of immunothera-
pies in such models, the therapeutic
efficacy of such treatments might be biased
by the pre-reaction of immune cells towards
the biomaterials itself [13]. Hence, patho-
physiological models for investigating bio-
logical processes or evaluating novel drug
candidates, should present strictly con-
trolled endotoxin levels.

Concluding remarks
Endotoxins are commonly present in natu-
rally derived and synthetic biomaterials as
well as in the general laboratory environ-
ment, are difficult to remove, and can sig-
nificantly alter the performance of 3D
tissues and models [1,2]. Especially be-
cause products aimed for clinical use are
subject to strict regulations before reaching
patients, the levels of endotoxins should
also be strictly monitored in preclinical
models or pathophysiological models.
Commercially available assays such as the
Limulus amoebocyte lysate test allow re-
searchers to assess and monitor potential
contamination in their environment [14].
However, due to the challenging removal of
endotoxins from contaminated products,
using commercially available endotoxin-free
products might be the simplest way of
avoiding endotoxins in the first place. In gen-
eral, it is recommended that researchers,
which use biomaterials to generate tissue
transplants, study cellular interactions and
evaluate novel therapeutics, treat endotoxin
contamination as a serious problem. This
not yet widely well-known issue can signifi-
cantly alter the outcome of novel engineered
tissues, cause problems in later clinical
translation, and bias the interpretation of cel-
lular interactions or therapeutic outcomes in
novel in vitromodels.
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