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A B S T R A C T   

The rapid developments in biofabrication, in particular 3D bioprinting, in the recent years have facilitated the 
need for novel biomaterials that aim to replicate the target tissue in great detail. The presence of endotoxins in 
these biomaterials is often an overlooked problem. In pre-clinical 3D in vitro models, endotoxins can have 
significant influence on cell behavior and credibility of the model. In this study we demonstrate the effects of 
high levels of endotoxins in commercially-available gelatin on the macrophage-cancer cell crosstalk in a 3D 
bioprinted co-culture model. First, it is demonstrated that, while presenting the same mechanical and structural 
stimuli, high levels of endotoxin can have significant influence on the metabolic activity of macrophages and 
cancer cells. Furthermore, this study shows that high endotoxin contamination causes a strong inflammatory 
reaction in macrophages and significantly inhibits the effects of a paracrine macrophage-cancer cell co-culture. 
At last, it is demonstrated that the differences in endotoxin levels can drastically alter the efficacy of novel 
macrophage modulating immunotherapies, AS1517499 and 3-methyladenine. Altogether, this study shows that 
endotoxin contamination in biomaterials can significantly alter intra- and intercellular communication and 
thereby drug efficacy, which might lead to misinterpretation of the potency and safety of the tested compounds.   

1. Introduction 

In the recent years, novel developments in the biofabrication field, 
involving scaffolds, organoids, bioprinting or organ-on-chip technolo-
gies, have facilitated a need for novel (commercially) available bio-
materials [1–4]. In particular, the wide use of 3D bioprinting as a 
biofabrication technique including multiple cell types, materials or 
gradients, has caused an increasing search and development of novel 
biomaterials [2,3]. Especially the development of novel 3D pathophys-
iological models requires biomaterials that are able to replicate the 
natural environment and allow for the study of cellular interactions and 
efficacy of novel therapeutics in a biologically relevant environment 
[5,6]. A lot of focus has been recently given on 3D in vitro models that 
are able to mimic the complex tumor microenvironment (TME), 
involving different extracellular matrix (ECM) proteins, growth factors 
as well as multiple cell types [7–10]. 

In the last years, it has become evident that tumor-associated mac-
rophages (TAMs) in the TME along with other immune cells such as T 

cells or natural killer (NK) cells, play a crucial role in the progression, 
invasion and development of drug resistance in several cancer types 
[11–13]. As a result, several different 3D in vitro models have been 
developed since then that aim to involve these immune components to 
study immune cell-cancer cell interactions or the efficacy of different 
immunotherapies [13,14]. For instance, we have recently demonstrated 
that 3D bioprinting of gelatin methacryloyl (GelMA), a hydrogel 
demonstrating superior cytocompatibility and broadly tunable physical 
properties, can serve as a promising platform for the fabrication of 
immunocompetent cancer models in the form of 3D bioprinted mini- 
brains including macrophages and glioblastoma cells [15]. 

While a lot of focus in the development of such biomaterials is given 
on replicating the target tissue's composition and mechanical properties 
as well as providing cells with the optimal environment to proliferate, 
differentiate and communicate, a potential contamination with endo-
toxins has been often overlooked [16–18]. Endotoxins, also known as 
lipopolysaccharides (LPS), are found in the membrane of gram-negative 
bacteria and are known to cause a strong inflammatory immune 
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response based on the interaction with immune cells [16–18]. Endo-
toxins are present in all naturally-derived biomaterials as well as in 
synthetic biomaterials [17,18]. High levels of endotoxin have shown to 
significantly inhibit the formation of bone tissue aimed for bone 
regeneration, reduce the formation of 3D engineered cartilage tissues or 
inhibit the dermal wound healing process [19–21]. Furthermore, it has 
been shown that endotoxins can cause a strong inflammatory response 
in macrophages in vitro, and can induce proliferation and invasion of 
cancer cells in vivo [19–24]. While the inflammatory response towards 
high levels of endotoxins in biomaterials has been demonstrated, so far 
no study has investigated the effects of endotoxin contamination in 3D 
pathophysiological models. 

In this study, we investigated the effects of endotoxin contamination 
(i) directly on macrophages and breast cancer cells, (ii) on the interac-
tion between these two cell types as well as (iii) on the efficacy of novel 
immunotherapies aimed to inhibit TAMs in the TME. We generated a 3D 
bioprinted co-culture model based on two different GelMA/ gelatin 
bioinks presenting a high (HE) or low (LE) endotoxin contamination. As 
GelMA is one of the most commonly used biomaterials for 3D bio-
printing applications, including an increasing commercial availability of 
the material in the bioprinting community, we specifically decided to 
use bioprinting as biofabrication technique in this study [2,4,15,25]. We 
first demonstrated that the level of endotoxin contamination has a sig-
nificant influence on the metabolic activity of both cells, macrophages 
and cancer cells, as well as causes a strong inflammatory response of 
macrophages towards the bioink. Furthermore, high endotoxin levels 
significantly dampen the efficacy of paracrine crosstalk among cells. 
Finally, we examined the efficacy of two novel immunotherapies, 
AS1517499 and 3-methyladenine (3-MA), on the co-culture of macro-
phages and cancer cells. The efficacy of these drugs was drastically 
different depending on the endotoxin levels in the bioink, which might 
lead to misinterpretation of the drug's safety and potency. 

The proposed study addresses a crucial characteristic in the design of 
novel 3D immunocompetent pathophysiological models that is often 
overlooked but might cause severe misinterpretation of cellular in-
teractions and the efficacy of novel therapeutics. 

2. Experimental section 

2.1. Chemicals & materials 

Gelatin from porcine skin (#G1890, ~300 g bloom, type A), meth-
acrylic anhydride (#276685), 2-hydroxy-4′-(2-hydroxyethoxy)-2- 
methylpropiophenone (#410895, photoinitiator, PI) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Gelatin methacryloyl (GelMA) 
with high endotoxin levels (762 EU/ g) was synthesized according to 
previously optimized protocols at a high degree of methacryloyl sub-
stitution (~75–80 %) [15]. In brief, 10 w/ v% gelatin was dissolved in 
phosphate buffered saline (PBS, self-made) at 50 ◦C until a homogenous 
solution was obtained. Then 8 v/ v% of methacrylic anhydride were 
added to the solution drop-wisely. The solution was allowed to react for 
2 h under constant stirring before the reaction was stopped by adding 
MiliQ water. Then the GelMA solution was dialyzed against MiliQ water 
for a total duration of 4 days under constant stirring before being 
lyophilized and stored at − 20 ◦C until being used in the experiments. 
Gelatin and GelMA with low endotoxin levels (X-Pure GelMA 160P80 
and X-Pure 10P) were kindly provided by Rousselot B.V. (Gent, 
Belgium). 

2.2. Determination of endotoxin levels in GelMA/gelatin bioinks 

The concentration of endotoxin in the GelMA/gelatin bioinks were 
measured using the Hyglos EndoZyme® Recombinant Fact C Endotoxin 
Detection Assay (Hyglos GmbH, BioMérieux Germany, Bernried am 
Starnberger See, Germany) based on manufacturer's instructions. In 
brief, the samples were dissolved in ultrapure water at 60 ◦C for 30 min 

and allowed to cool down before further analysis. As high endotoxin 
concentration were expected, the samples were further diluted to obtain 
a measurable range as suggested by the manufacturer. Similarly, a 
concentration standard and a spike control were prepared. All samples 
and controls were plated in a 96 well plate and 100 μL of freshly pre-
pared reaction solution was added, and gently mixed. The plate was 
immediately transferred to a pre-warmed (37 ◦C) BioTek SynergyMx 
reader (BioTek Instruments, Inc., Winooski, VT, USA), allowed to adjust 
for 1 min before the fluorescence was read at time = 0 h at Ex.λ 380 nm; 
Em. λ 445 nm, respectively. A second reading was performed after 3 h of 
incubation at 37 ◦C. To obtain the final values, the measured values at 0 
h were subtracted from the measured values at 3 h and the concentration 
was determined based on the used standard controls. 

2.3. Bioprinting setup 

All 3D bioprinting procedures were performed on a custom-modified 
3D printer (Ultimaker 2 Go, UltiMaker, Geldermasen, The Netherlands). 
The original extrusion head was removed and replaced by a custom 3D- 
printed syringe holder. Bioprinting was based on pressure-driven 
extrusion on supplied nitrogen gas. The bioprinted structure was 
based on a model created in Solidworks (Dassault Systémes, Vélizy- 
Villacoublay, France) and translated into a G-code using Cura 
(UltiMaker). 

2.4. Meta-analysis of published immune competent models 

46 recently published peer-reviewed studies (published on Pubmed, 
Google Scholar, Supplementary Table S1) that describe the development 
of a novel immune competent model with the use of a biomaterial 
(hydrogel, scaffold) were analyzed. Here, the nature of the model 
(organoid, spheroid, 3D bioprinted or organ-on-chip) were not partic-
ularly in focus as long as a biomaterial was combined with one of the 
following immune cells: Macrophages, T cells, Natural Killers cells or 
dendritic cells. The manuscripts were analyzed for the description of 
endotoxin-related key words. Here we used the terms: “Endotoxin”, 
“LPS”, “Lipopolysaccharide”, “bacteria”, “contamination”, “pyrogen” 
and “immunogenic”. When a published study did not mention any of 
these terms it was considered as “not mentioned”. For a more detailed 
analysis, we investigated the used biomaterial based on the supplier 
information, if provided in the publication. 

2.5. 3D bioprinting of cell-free constructs 

The bioink for all experiments was prepared a maximum of 24 h 
before use and stored at 4 ◦C under dark conditions or used immediately. 
The bioink for both conditions, low endotoxin and high endotoxin were 
prepared in the same way. In brief, 6 % GelMA and 8 % gelatin were 
dissolved in Dulbecco's phosphate buffered saline (DPBS, Lonza, Basel 
Switzerland), warmed up to 37 ◦C and mixed in a ratio of 1:1 to achieve 
the final concentration of 3 % GelMA and 4 % gelatin before sterile 
filtered using a 0.2 μm syringe filter (Acrodisc® syringe filter, Pall 
Laboratory, Port Washington, NY, USA). PI was dissolved in pure 
methanol (HPLC grade, Honeywell, Charlotte, NC, USA) at a concen-
tration of 400 mg/ mL, sonicated to obtain a homogenous solution and 
added to the bioink to achieve a final PI concentration of 0.2 %. 

Bioprinting was performed using the aforementioned bioprinting 
setup. The prepared bioinks were transferred to a syringe (3 mL, Terumo 
Europe NV, Löwen, Belgium) equipped with a custom-made blunt nee-
dle (25G, BD Bioscience, Franklin Lakes, NJ, USA), allowed to thermally 
gel at room temperature for 15 min and extruded at 2 bar. The bio-
printed constructs were crosslinked by exposure to UV light (λ 365 nm, 
12 mW/ cm2, NailStar NS-01, NailStar Professional, London, UK) for 2 
min based on previously optimized conditions for the same concentra-
tion of GelMA/gelatin [15]. For cell-free experiments the bioprinted 
constructs were kept in DPBS at 37 ◦C for at least 48 h to allow 

M.A. Heinrich et al.                                                                                                                                                                                                                            



Biomaterials Advances 144 (2023) 213220

3

uncrosslinked gelatin to leak out of the construct. 

2.6. Mechanical characterization of 3D bioprinted constructs 

The compression modulus of the two bioinks was measured using a 
digital mechanical analyzer (DMA850, TA Instruments, New Castle, 
Delaware, USA). First, cubes of 7 mm × 7 mm × 5 mm (length x width x 
height) were bioprinted as mentioned above and soaked in DPBS at 
37 ◦C for 48 h. The samples were transferred to the DMA, pre-loaded 
with 0.00001 N, allowed to equilibrate for 5 min at a temperature of 
20 ◦C and measured using a displacement of 0.1 mm/min until the 
samples broke or slipped out of the measurement clamps considered as 
the maximum achievable displacement. The compressive tangent 
modulus was measured at the slope of the stress-strain curve between 30 
and 50 % strain. 

2.7. Structural characterization of 3D bioprinted constructs 

For the stability of the bioprinted constructs, cubes of 7 mm × 7 mm 
× 5 mm were bioprinted as mentioned before and kept in DPBS at 37 ◦C 
for a total duration of 10 days. The size of the bioprinted constructs was 
imaged on daily basis and the size was determined using ImageJ (Public, 
developed by Wayne Rasband (NIH)). 

For scanning electron microscopy (SEM), cubes of 7 mm × 7 mm × 5 
mm were bioprinted as mentioned before, kept in DPBS at 37 ◦C for 48 h 
before being fixed with 2.5 % glutaraldehyde (Electron Microscopy 
Sciences, Hatfield, PA, USA) for 1 h at room temperature and at 4 ◦C 
overnight. The fixed constructs were washed three times with MilliQ 
water before being frozen in liquid nitrogen. Afterwards the constructs 
were lyophilized (TFD5503 Freeze Dryer, ilShin BioBase Europe, Ede, 
The Netherlands), gold-sputtered (Sputter Coater 108 Auto, Cressington 
Scientific Instruments, Watford, UK) and imaged using a scanning 
electron microscope (JSM-IT100, JEOL, Tokyo, Japan) at an acceler-
ating voltage of 5 kV and a probe current of 35. The pore size was 
determined using ImageJ for 20 pores/ sample while measuring the 
largest diameter for each pore. 

2.8. Cell culture and 3D bioprinting of cell-laden constructs 

RAW264.7 macrophages and 4T1 breast cancer cells (both from the 
American Type Culture Collection, ATCC, Manassas, VA, USA) were 
cultured according to standard procedures. In brief, both cell types were 
cultured in Roswell Park Memorial Institute (RPMI) medium (Lonza) 
containing 10 v/ v% fetal bovine serum (Sigma-Aldrich), 100 U/mL 
penicillin (Thermofisher Scientific, Waltham, MA, USA), 100 μg/mL 
streptomycin (Thermofisher Scientific) and 2 mM L-glutamine (Ther-
mofisher Scientific). Both cell types were cultured in a humidified at-
mosphere of 5 % CO2 at 37 ◦C and split at 80 % confluence. RAW264.7 
were consistently kept under a passage of 20 to avoid pre-polarization. 

3D bioprinting of cell-laden constructs was performed by homoge-
nously mixing the cells with the two bioinks, prepared as mentioned 
above, prior to bioprinting. The cell-laden bioink was allowed thermally 
gel at room temperature for 15 min before being extruded at 2 bar, 
immediately crosslinked using UV light exposure (λ 365 nm, 12 mW/ 
cm2) for 2 min and transferred to warm RPMI medium. 2 h post- 
bioprinting the bioprinted cell-laden constructs transferred to fresh 
RPMI medium and cultured under normal culture conditions. 24 h after 
bioprinting, the samples were again transferred to fresh RPMI to remove 
uncrosslinked gelatin. To avoid endotoxin cross contamination between 
the samples, the samples were strictly kept apart and any equipment 
used to handle the bioprinted constructs (glass slides, spatulas etc.) was 
only designated for the use for low or high endotoxin conditions. 

2.9. Cell viability 

For determining the viability of cells within the 3D bioprinted 

constructs, cubes were bioprinted as aforementioned. 1, 4 and 7 days 
post-bioprinting the viability of the cells was determined by incubating 
the construct with 2 μM calcein AM (LIVE) and 4 μM ethidium homo-
dimer 1 (DEAD, both from Thermofisher Scientific) in DPBS for 20 min 
before immediately imaged with a fluorescent microscope (EVOS Cell 
Imaging System, Thermofisher Scientific). Quantification was per-
formed by counting alive and dead cells using ImageJ. 

2.10. Cell metabolic activity 

The metabolic activity of cells was measured on day 1, 4 and 7 post- 
bioprinting. To monitor the activity, AlamarBlue dye (10×, Invitrogen, 
Carlsbad, USA) was diluted in full culture medium to a final concen-
tration 1×. The bioprinted constructs were incubated in AlamarBlue- 
containing medium for 4 h, before transferring the supernatant to a 
black Nunc™ 96 well plate (Thermofisher Scientific). The fluorescent 
signal was measured using a VIKTOR™ plate reader (Perkin Elmer, 
Waltham, MA, USA). 

2.11. Cell morphology 

To investigate differences in the cell morphology, well plates were 
either coated with a thin layer of LE or HE hydrogel or left uncoated as 
control. RAW264.7 macrophages and 4T1 cancer cells were seeded onto 
the hydrogel and allowed to attach and proliferate for 48 h. Microscopic 
images were taken using an EVOS microscope. The cell surface area was 
measured using Image J. 

2.12. Nitric oxide release 

The nitric oxide concentration was determined using Griess reagent, 
which was prepared using standard protocols. In brief, 10 mL Griess 
reagent were prepared dissolving 100 mg sulfanilamide (Sigma-Aldrich) 
and 10 mg N-naphthyl ethylene diamine (Sigma-Aldrich) in MilliQ 
water containing 0.25 mL of phosphoric acid (Thermofisher Scientific). 
96 h post-bioprinting the supernatant of the 3D bioprinted constructs 
was collected and mixed with Griess reagent at a ratio of 1:1. The 
absorbance was measured using a Tecan plate reader (Infinite M200 Pro, 
Tecan Group, Männedorf, Switzerland) at λ 540 nm. 

2.13. Gene expression in 3D bioprinted RAW264.7 and 4T1-laden gels 

To evaluate the gene expression, 3D bioprinted constructs of either 
RAW264.7 or 4T1 were prepared as aforementioned and cultured for a 
duration of 4 days. Before RNA isolation, the bioprinted constructs were 
incubated with 500 μg/mL collagenase (from Clostridium Histolyticum, 
activity ≥800 units/mg, Sigma-Adrich) in full medium for 45 min at 
37 ◦C to enzymatically degrade the GelMA matrix allowing for proper 
lysis of the cells for RNA isolation. The RNA was isolated using the 
GenElute™ Mammalian Total RNA Miniprep Kit (Sigma-Aldrich) and 
the RNA amount was measured using a Nanodrop® ND-1000 spectro-
photometer (ThermoScientific). Subsequently, cDNA was synthesized 
with iScript™ cDNA synthesis Kit (BioRad, Venendaal, Netherlands). 20 
ng cDNA were used for each PCR reaction. The real-time PCR primers 
(Supplementary Tables S2 & S3) were purchased from Sigma Aldrich. 
Quantitative real time PCR was performed using 2× SensiMix SYBR and 
Fluorescein Kit (Bioline GmbH, Luckenwalde, Germany) using a BioRad 
CFX384 Real-Time PCR detection system (BioRad). Gene levels were 
normalized to the expression of the housekeeping gene glyceraldehyde 
3-phosphate dehydrogenase (Gapdh). 

2.14. Gene expression in paracrine co-culture of 3D bioprinted 
RAW264.7 and 4T1-laden gels 

3D bioprinted constructs of RAW264.7 and 4T1 were bioprinted as 
previously described. After bioprinting, constructs of RAW264.7 and 
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4T1 were cultured in the same well separated by a custom-made divider. 
Additionally, constructs of each cell type were cultured alone serving as 
single control. 4 days post-bioprinting, the co-cultured constructs were 
separated and all constructs were prepared for RNA isolation similar to 
previous experiments. Enzymatic GelMA degradation, RNA isolation, 
cDNA synthesis and real-time PCR were performed as previously 
described. Gene levels were normalized to the expression of the house- 
keeping gene Gapdh. 

2.15. Treatment of co-cultured 3D bioprinted RAW and 4T1-laden gels 
with AS1517499 

3D bioprinted constructs of RAW264.7 and 4T1 were bioprinted and 
co-cultured as aforementioned. 250 nM AS1517499 or DMSO (vehicle) 
were added to the culture immediately after bioprinting on day 0. The 
treatment was refreshed 2 days post-bioprinting. After a total duration of 
4 days, the constructs were collected for RNA isolation. Enzymatic 
GelMA degradation, RNA isolation, cDNA synthesis and real-time PCR 
were performed as previously described. Gene levels were normalized to 
the expression of the house-keeping gene Gapdh. 

2.16. Treatment of co-cultured 3D bioprinted RAW and 4T1-laden gels 
with 3-methyladenine (3-MA) 

3D bioprinted constructs of RAW264.7 and 4T1 were bioprinted and 

co-cultured as aforementioned. 100 μM 3-MA or DMSO (vehicle) were 
added to the culture 2 days post-bioprinting. The treatment was 
refreshed on day 3 post-bioprinting. After a total duration of 4 days, the 
constructs were collected for RNA isolation. Enzymatic GelMA degra-
dation, RNA isolation, cDNA synthesis and real-time PCR were per-
formed as previously described. Gene levels were normalized to the 
expression of the house-keeping gene Gapdh. 

2.17. Graphs & statistical analysis 

All graphs were made using GraphPad Prism Vol.9 (GraphPad Soft-
ware Inc., San Diego, CA) based on calculations using Microsoft Excel. 
Schematics were made using Inkscape (Open-source vector graphics 
editor). Graphs and figures were designed to be accessible to all audi-
ences by applying a colorblind-friendly layout. All values are expressed 
as mean ± standard error of the mean (SEM). Statistical significance of 
the results was performed by either two-tailed unpaired student's t-test 
for comparison between two treatment groups. Significant difference 
was determined for a p-value of *p < 0.05, **p < 0.01 and ***p < 0.001, 
respectively. 

Fig. 1. Meta-analysis and experimental set-up. A) Meta-analysis of publications including immune-competent models describing the use of endotoxin-free conditions. 
B) Meta-analysis of publications using endotoxin-free materials independent whether such conditions are mentioned or not. C) Schematic representation of the 3D 
bioprinting of GelMA hydrogels containing RAW264.7 macrophages or 4T1 cancer cells with or without endotoxin (LPS) contamination and the planned investi-
gation on macrophage polarization, macrophage-cancer cell interaction and therapeutics efficacy. 
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3. Results and discussion 

3.1. Presence of endotoxins in biomaterials is not commonly considered 
when developing immune competent models 

Before designing our study, we investigated whether the effects that 
endotoxin can have on immune competent models is indeed an unknown 
problem or if recent studies address this problem in their model design. 
For this, we analyzed 46 recent publications describing immune 
competent models based on different biomaterials and examined if these 
publications specifically mentioned that endotoxins were avoided or 
used biomaterials that were endotoxin-free (Supplementary Table S1). 
Intriguingly, we found that only 2 out of the 46 publications (4.35 %) 
directly mentioned the use of an endotoxin-free biomaterial in their 
model to avoid unwanted effects of such contamination (Fig. 1A). To 
note, both studies were performed by the same group of authors. 
Interestingly, another 2 studies mentioned endotoxin-free culture ma-
terials (e.g. medium), however, did not relate this to the used bioma-
terial, while the majority (42/46 publication, 91.3 %) did not mention 
any endotoxin-related terms at all. While this already indicates that most 
researchers were not considering the presence of endotoxins in their 
study design, we further investigated if the used biomaterials, despite 
not specifically addressed, were mentioned as endotoxin-free by the 
manufacturer's information. Interestingly, 13 out of 46 (28.26 %) pub-
lications implemented endotoxin-free biomaterials in their studies 
despite not specifically mentioning it (Fig. 1B). However, 25 (54.35 %) 
studies used biomaterials that were potentially endotoxin- 
contaminated, while 8 (17.39 %) studies did not provide sufficient 
supplier information to further investigate. Hence, 71.74 % of already 
published studies used a biomaterial that was potentially highly 
contaminated with endotoxin, which could have direct impact on the 
results presented in these studies. This clearly shows that most 

researchers are not aware of the presence of endotoxin in the used 
materials and the implications it might have for their immune compe-
tent models. 

The strategy to demonstrate the effects of an endotoxin contamina-
tion in biomaterials presented in this study, is based on the extrusion 
bioprinting of mouse macrophages (RAW264.7) and mouse breast can-
cer cells (4T1) using a GelMA/gelatin bioink based on previously opti-
mized conditions (Fig. 1C) [15,25]. We generated 3D bioprinted tissues 
based on a bioink with high endotoxin levels (762 EU/g, GelMA (80 % 
degree of methacrylation (DoM), synthesized in-house based on gelatin 
from porcine skin, Sigma Aldrich, #G1890, ~300 g bloom, type A) and a 
GMP-grade bioink with low endotoxin (<4 EU/g, based on GelMA (X- 
Pure 160P80, 80 % DoM) and gelatin (X-Pure 10P, ~300 g bloom, type 
A) from Rousselot B.V.) while keeping all bioprinting and culture con-
ditions the same for both to solely investigate the effects of endotoxin 
contamination on the embedded cells and their interaction. 

3.2. Industrial endotoxin removal does not alter mechanical or structural 
properties of bioinks 

As the mechanical environment might show significant influence on 
cellular behavior, we investigated if there are differences in mechanical 
properties of the bioinks. While the endotoxin level in the bioink itself 
should not influence such properties, the additional industrial purifi-
cation process of the LE bioink might change certain mechanical or 
structural features of the bioink [26]. Here, we bioprinted simple cubes 
with a size of 7 mm × 7 mm × 5 mm (length × width × height) of both, 
LE and HE levels, and compared their compressive modulus. We did not 
observe any significant differences in the stress-strain relationship be-
tween the LE and HE gels and did not observe significant differences in 
the tangent modulus of both conditions ranging from 0.06 ± 0.04 MPa 
for LE and 0.05 ± 0.01 MPa for HE gels, respectively (Fig. 2A). 

Fig. 2. Mechanical and structural analysis of LE and HE hydrogels. A) Stress – strain curve for LE and HE hydrogels based on compression analysis and calculated 
tangent modulus for LE and HE hydrogels between 30 and 50 % strain, n = 4. B) Stability of LE and HE hydrogels depicting the size of the gels for a total duration of 
10 days, n = 4. C) Scanning electron microscopy (SEM) images for LE and HE hydrogels, scale bar = 20 μm. D) Quantification of the pore size for LE and HE hydrogels 
based on SEM, n = 4. 
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Furthermore, we investigated if the different bioprinted constructs 
display any structural differences that might alter the cell behavior. 
Here, we analyzed the stability of the bioprinted constructs for a total 
duration of 10 days at 37 ◦C based on their size (Fig. 2B). After initial 
decrease in size from around 500 μm2 to 330 μm2, which might be based 
on the leakage of non-crosslinked gelatin, the size remained stable for 
the remaining 9 days of culture, displaying no significant differences 
between the two constructs. Next, we investigated the internal structure 
of the two constructs based on scanning electron microscopy (SEM). We 
did not observe any significant differences in the general morphology of 
the hydrogels between the LE and HE gels (Fig. 2C), as well as found no 
significant differences in the average pore size between the two condi-
tions ranging from 9.34 ± 0.41 μm for LE and 9.78 ± 0.34 μm for HE, 
respectively (Fig. 2D and Supplementary Fig. S1). As both 3D bioprinted 
constructs, LE and HE, display the same mechanical and structural 
properties, embedded cells should experience the same environment 
independent from the level of endotoxin contamination and potential 
differences in cell behavior should only be based on the different levels 
of endotoxin in the two bioinks. 

3.3. Industrial removal of endotoxins does not affect bioprintability or cell 
viability in bioprinted constructs 

To investigate if the industrial purification process affects the general 
printability of cell-containing bioinks, we first 3D bioprinted a 1-layered 
grid of 2 cm × 2 cm containing cancer cells with a distance of 4 mm 
between the different lines and observed the general shape of the bio-
printed grid as well as measured the average width of the bioprinted 
lines (Fig. 3A,B). We found that both, LE and HE gels, can be bioprinted 
into the pre-defined shape with high structural fidelity. Furthermore, we 
found no significant differences in the line width between the LE (0.63 
± 0.01 mm) and HE gels (0.66 ± 0.04 mm) indicating that both bioinks 
can be bioprinted in the same way. Furthermore, we confirmed that the 
structural fidelity can be maintained when bioprinting multi-layered 
structures by bioprinting a cancer cell-laden cube of 7 mm × 7 mm ×
5 mm (12 layers) (Fig. 3C). 

After confirming that both, LE and HE gels, can be bioprinted 
without significant differences, we were interested to investigate if the 
level of endotoxins has a direct effect on the cellular viability. We 
embedded both, macrophages and cancer cells, in the LE and HE gels 
separately and bioprinted cell-laden cubes with the same dimensions as 
above. The number of viable cells was determined 1, 4 and 7 post- 
bioprinting, staining. Macrophages displayed a very high viability 

Fig. 3. 3D bioprinting and cell viability in LE and HE hydrogels. A) Bioprinted grid pattern to investigate the fiber diameter for LE and HE gels, scale bar = 5 mm. B) 
Quantitative analysis of the fiber diameter. Mean ± SEM. C) Bioprinted cubic structures, scale bar = 5 mm. D) Representative LIVE/DEAD image on day 7 post- 
bioprinting for RAW264.7 macrophages in LE and HE gels and respective quantification, n = 3, scale bar = 400 μm. E) Representative LIVE/DEAD image on day 
4 post-bioprinting for 4T1 cancer cells in LE and HE gels and respective quantification, n = 3, scale bar = 400 μm. Mean ± SEM. 
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ranging from >80 % of viable cells on day 1 to >95 % viable cells on day 
7 post-bioprinting (Fig. 3D and Supplementary Fig. S2). Furthermore, no 
significant differences between the LE and HE gels could be found, 
demonstrating that the endotoxin level does not affect the overall 
viability of cells in the 3D bioprinted constructs. Similar trends could be 
observed for cancer cells where no significant difference could be seen in 
the general number of viable cells, however, we observed that cancer 
cells overgrew 5–6 days after bioprinting in both, LE and HE gels, 
eventually disrupting the gels, which limited the culture of these cells to 
a maximum of 5 days (Fig. 3E and Supplementary Fig. S3). 

3.4. High endotoxin contamination displays significant differences in 
metabolic activity as well as causes a significant inflammatory reaction of 
encapsulated cells 

After confirming that both, LE and HE gels, can be bioprinted 

without significant differences as well as retain a high cell viability, we 
were interested to investigate if the level of endotoxins has a direct effect 
on the cellular metabolic activity. We embedded both, macrophages and 
cancer cells, in the LE and HE gels separately and bioprinted cell-laden 
cubes with the same dimensions as above. Interestingly, we found sig-
nificant differences 4 days after bioprinting between the LE and HE gels, 
where a high endotoxin level demonstrated a higher metabolic activity 
for macrophages (Fig. 4A). Seven days post-bioprinting, however, this 
trend was reversed demonstrating a higher activity of macrophages cells 
in the LE bioink. Similar trends could be observed for cancer cells where 
a significantly higher metabolic activity on day 4 was observed for the 
HE gels (Fig. 4B). The higher metabolic activity of both cell types in the 
first phase of the culture in HE gels, indicates that cells immediately 
react to the high endotoxin levels, initially inducing the activity of the 
cells. However, when cultured for longer durations, the metabolic ac-
tivity of cells in HE gels seems to stagnate or reach a plateau, while cells 

Fig. 4. Differences in metabolic activity, cell performance and gene profile of cells cultured in LE and HE gels. A) Metabolic activity of RAW264.7 macrophages in LE 
and HE hydrogels based on AlamarBlue assay of day 1, 4 and 7 post-bioprinting. B) Metabolic activity of 4T1 cancer cells in LE and HE hydrogels based on Ala-
marBlue assay of day 1 and 4 post-bioprinting. C) Representative image and average cell area of RAW264.7 macrophages seeded on an uncoated, LE or HE hydrogel- 
coated glass slide, n = 3, scale bar = 50 μm. D) NO release of RAW264.7 macrophages in LE and HE hydrogels, n = 3. E) Comparative gene expression between 
RAW264.7 macrophages in LE and HE gels, n = 3. F) Comparative gene expression between 4T1 cancer cells in LE and HE gels, n = 3. Mean ± SEM, *p < 0.05, **p <
0.01, ***p < 0.001. 
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in LE gels display a continuous increase in the activity. It has been shown 
that endotoxin can directly affect cell growth linked to the toll-like re-
ceptor 4 (TLR4)-related pathway. We found that both, macrophages and 
cancer cells, express the TLR4 receptor in similar levels (Supplementary 
Fig. S4) [27,28], which indicates that both cells types should react to the 
presence of endotoxins. Furthermore the significant differences in 
metabolic activity in LE and HE gels go along with the literature 
[23,29–32]. Moreover, an increased inflammatory response of macro-
phages is directly linked to a lower proliferation and metabolic activity 
however not to increased cell death, which goes along with our findings 
as well [29,30]. To confirm the inflammatory reaction in macrophages, 
we next investigated the morphology of cells seeded onto LE and HE 
hydrogels. Intriguingly, we found that macrophages seeded onto HE gels 
displays a significantly larger size compared to cells seeded onto LE gels 
or uncoated wells (438.79 ± 38.62 μm2 compared to 202.93 ± 5.30 μm2 

and 170.13 ± 18.68 μm2, respectively), while only a minor increase in 
size was detected between the uncoated well and LE gels (Fig. 4C and 
Supplementary Fig. S5). Given the fast clustering of cancer cells, iden-
tifying the exact cell size for these cells was not possible and no clear 
differences were observed (Supplementary Fig. S6). Nonetheless, the 
2.16× larger size of macrophages clearly indicates a change in cell po-
larization. To further confirm that these macrophages were indeed 
polarized towards an inflammatory phenotype, we investigated the 
release of nitric oxide (NO) from macrophages. We found that macro-
phages release a ~ 3 times higher amount of NO in HE gels compared to 
the LE gels, clearly demonstrating that they react to the high endotoxin 
levels and obtain an inflammatory M1 phenotype (Fig. 4D), in accor-
dance with previously published data [17,19]. To further confirm the 
M1 polarization of macrophages in HE gels, we analyzed the expression 
of known M1 markers (Interleukin 1β (Il1β), inducible nitric oxide 
synthase (iNos), CC-chemokine ligand 2 (Ccl2)), M2 markers (mannose 
receptor c-type 1 (Mrc-1), arginase 1(Arg1)) and markers that have been 
shown to play a role in matrix remodeling and in immune-tumor 
interaction in our previous study (matrix metallopeptidases 9 
(Mmp9)) [8,15]. First, the general expression of these markers in 
RAW264.7 in LE and HE gels were analyzed. We found that, although 
clear differences between the cells can be identified, RAW264.7 LE and 
HE show similar gene levels displaying an overall low expression of iNos 
and Mrc1, and high levels of Arg-1, Il-1β, Ccl2 and Mmp9 markers 
(Supplementary Fig. 7A). However, when analyzing the expression of 
the different genes in greater detail, we found that almost all genes are 
significantly upregulated in HE gels compared to LE gels (Fig. 4E). In 
particular, the significantly higher expression of iNos, Il-1β and Ccl2, 
showing an upregulation of 4.64×, 5.53× and 2.3×, respectively, con-
firms that macrophages obtain an inflammatory M1 phenotype when 
cultured in HE gels. Interestingly, we also observed a significant upre-
gulation of the known M2 markers Mrc-1 and Arg-1 of 3.9× and 2× in 
HE gels, respectively, which might be based on the plasticity of mac-
rophages [33,34]. Furthermore, it is possible that, after the initial con-
tact with the HE gels, macrophages might try to reach a homeostasis 
within the printed construct, so that both, M1 and M2 phenotypes are 
present in the culture. In general, however, it can be said, that macro-
phages significantly react towards the HE gels and present a higher 
baseline for the expression of all genes compared to the LE gels. 

In a similar fashion, we bioprinted constructs with 4T1 cells 
embedded and analyzed the gene expression of known breast cancer 
markers involved in cancer progression (chitinase-like 1 (Chil1), 
secreted phosphoprotein 1 (Spp1)), matrix remodeling and invasion 
(Mmp9, vimentin (VIM), E-cadherin (Cdh1)), and immune cell recruit-
ment (Ccl2) [15,35,36]. Cancer cell-laden gels, however, presented a 
similar expression of the different markers for both, LE and HE gels, 
displaying the highest expression of Chil1, Vim, Mmp9 and Spp1 for 
both (Supplementary Fig. S7B). We found that only a few genes dis-
played minor changes in the expression between LE and HE gels, which 
might indicate differences in the migratory behavior (Vim, Mmp9) and 
immune cell recruitment (Ccl2) (Fig. 4F). We have shown before and it 

has been reported in literature that 4T1 cells do express TLR4 and do 
react to LPS in vitro, however, most studies focus on intracellular 
pathways and did not clearly investigate markers that directly influence 
cell behavior such as migration or proliferation [27]. 

3.5. High levels of endotoxin reduce the effective crosstalk between 
macrophages and cancer cells 

After confirming that macrophages react to the high endotoxin levels 
in the HE gels, we were interested to investigate if this difference in 
expression baseline influences the interaction between macrophages 
and cancer cells. For this, we 3D bioprinted LE and HE gels containing 
either macrophages or cancer cells and cultured them in the same well, 
while keeping them separated using a custom-made well divider 
allowing them to communicate in paracrine fashion (Fig. 5A). First, we 
found that macrophages display a significant upregulation of all genes in 
the LE gels compared to the single culture control demonstrating a 
successful crosstalk between macrophages and cancer cells (Supple-
mentary Fig. S8A, B). In particular, a high upregulation of Mrc-1, Arg-1, 
Il-1β, Ccl2 and Mmp9 indicates the polarization of RAW264.7 towards a 
TAM-like phenotype [15,37–39]. Strikingly, we found that, although 
most genes display a similar upregulation in the HE gels, Mrc-1 does not 
show a significant increase in the co-culture (Fig. 5B). Especially, the 
lack of upregulation of Mrc-1, one of the most prominent TAM markers, 
indicates that high endotoxin levels have a significant effect on the 
crosstalk between macrophages and cancer cells. Furthermore, it can be 
seen that HE gels display a higher variation among the cultures, which 
might be related to higher baseline in these gels which limits the 
reproducibility. 

When directly comparing the expression of different genes in the co- 
culture, standardized to the respective single culture, we found that all 
genes display significant differences in the expression comparing LE 
with HE gels (Fig. 5C). Remarkably all genes display a significantly 
lower upregulation in HE gels compared to the LE cultures. In particular, 
Arg-1 displayed a 17.2× upregulation in LE gels compared to the single 
culture control, while only an 8.8× upregulation in HE gels. Ccl2 was 
40.9× upregulated in LE gels while only 8.4× in HE gels and Mmp9 
displayed a 6.6× upregulation in LE gels and only a 2.2× upregulation in 
HE gels. The clear differences in the expression of these genes demon-
strate that the high levels of endotoxins in the co-culture dampen the 
effects of macrophage-cancer interaction and that macrophages in LE 
gels are more sensitive towards the external stimuli provided by cancer 
cells. Eventually this can lead to a wrong interpretation of the nature of 
the macrophage-immune cells crosstalk which seems less effective in HE 
gels. Striking is also that even with a proper control group, these dif-
ferences could not be compensated, demonstrating the choice for the 
right biomaterial in the model design is already one of the most crucial 
steps as results cannot be corrected at later stages. While macrophages 
display a clear reaction towards the co-culture and the different levels of 
endotoxin, cancer cells show limited effects of the endotoxin levels 
similar to the previously observed results (Fig. 5D–F and Supplementary 
Fig. S8C,D). Although we found that cancer cells clearly react to the co- 
culture with macrophages by an increase of Ccl2, Cdh1 and Chil1 and a 
decrease in the expression of Vim and Mmp9, both, cancer cells cultured 
in LE and HE gels, display a very similar expression of these markers 
(Fig. 5F). Although 4T1 seems to be more reactive to the co-culture in HE 
gels, this is most likely based on the differences in macrophages in the 
co-culture, which might subsequently influence the behavior of cancer 
cells, however, differences between cultures in LE and HE gels are only 
minor in the co-cultures. 

3.6. Endotoxin levels in 3D bioprinted constructs alter the therapeutic 
effects of the immunotherapies AS1517499 and 3-methyladenine (3-MA) 

After demonstrating that the endotoxin levels in the bioink can have 
a significant impact on the cellular crosstalk between macrophages and 
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cancer cells, we were interested in investigating the potential influence 
of the endotoxin levels on the efficacy of therapeutics. As we previously 
observed drastic effects of the levels of endotoxin on macrophages we 
have chosen to investigate the effects of two immunotherapies, which 
have previously been reported to inhibit the TAM-like phenotype: 
AS1517499, a Stat6 pathway inhibitor, and 3-methyladenine (3-MA), an 
autophagy inhibitor [37–39]. 

3.6.1. Therapeutic effects of AS1517499 on macrophage and cancer cell 
co-cultures 

We have previously shown that AS1517499 can inhibit the M2 
(TAM) polarization in breast cancer as well as in our immunocompetent 
glioblastoma model (Fig. 6A) [15,38]. First, we found that AS1517499 is 
indeed able to significantly reduce the expression of Arg-1 in both LE 
and HE gels (Fig. 6B and C). Directly comparing LE and HE gels, we 
observed that HE gels displayed a significantly higher inhibition iNos 
and Arg-1 (Fig. 6D). The higher inhibition in these samples might be 

Fig. 5. Gene expression of co-cultured LE and HE gels. A) Schematic representation of the co-culture between RAW264.7 macrophages and 4T1 breast cancer cells. 
Here focusing on RAW264.7 macrophages. B) Heat-map of the gene expression comparing single cultured RAW264.7 macrophages versus RAW264.7 macrophages 
co-cultured with 4T1 cancer cell in LE and HE gels. C) Direct comparison between co-cultured RAW264.7 macrophages in LE or HE gels, n = 3. Red line indicating the 
respective expression in single-cultured RAW264.7 macrophages. D) Schematic representation of the co-culture between RAW264.7 macrophages and 4T1 breast 
cancer cells. Here focusing on 4T1 cancer cells. B) Heat-map of the gene expression comparing single cultured 4T1 cancer cells versus 4T1 cancer cells co-cultured 
with RAW264.7 macrophages in LE and HE gels. C) Direct comparison between co-cultured 4T1 cancer cells in LE or HE gels, n = 3. Red line indicating the respective 
expression in single-cultured 4T1 cancer cells. Mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. 
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related to the general high baseline for the gene expression in the HE 
gels which allows for a higher inhibition in these samples while any 
upregulation of genes is drastically reduced. Interestingly we also 
observed strong effects of AS1517499 on cancer cells, where AS1517499 
is significantly inhibiting the expression of Vim, Mmp9, Spp1, while 
increasing the expression of Ccl2, Cdh1 (only significant in LE gels) and 
Chil1, which partially goes along with our previous findings for glio-
blastoma cells (Fig. 6E–G). Although such clear effects of AS1517499 on 
cancer cells are not reported in literature and might be related to the 
effect of AS1517499 on macrophages, which subsequently affects the 

cancer cells, it is reported that Stat6 pathway does play a role in different 
cancer cell types [40,41]. Further studies on AS1517499 are required to 
fully understand the effects on cancer cells, however, would exceed the 
scope of this study. Remarkably, similar to the effects in macrophages 
we saw that the inhibition of genes is higher in HE gels (Vim), while the 
upregulation is higher in LE gels (Ccl2, Cdh1) (Fig. 6G). This indicates 
that for both, macrophages and cancer cells, the underlying baseline in 
the LE and HE gels plays a crucial role as inhibitory effects of thera-
peutics are presented stronger in HE gels while inducing effects of 
therapeutics are higher in LE gels. This might eventually drastically 

Fig. 6. Treatment of co-cultured LE and HE gels with AS1517499. A) Chemical structure of AS1517499. B, C) Gene expression of co-cultured RAW264.7 macro-
phages treated with either vehicle (DMSO) or 250 nM AS1517499 on day 0 and 2 post-bioprinting for LE gels (B) and HE gels (C), n = 3. D) Direct comparison 
between co-cultured RAW264.7 macrophages in LE or HE gels treated with 250 nM AS1517499. Red line indicating the respective expression of vehicle-treated co- 
cultured RAW264.7 macrophages, n = 3. E, F) Gene expression of co-cultured 4T1 cancer cells treated with either vehicle (DMSO) or 250 nM AS1517499 on day 
0 and 2 post-bioprinting for LE gels (E) and HE gels (F), n = 3. G) Direct comparison between co-cultured 4T1 cancer cells in LE or HE gels treated with 250 nM 
AS1517499. Red line indicating the respective expression of vehicle-treated 4T1 cancer cells, n = 3. Mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. 
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influence the interpretation of drug efficacy in pathophysiological 
models. 

3.6.2. Therapeutic effects of 3-MA on macrophages and cancer cell co- 
cultures 

The general observation that the inhibition of gene expression might 
be stronger in HE gels, while the upregulation of genes is more signifi-
cant in LE gels motivated to investigate the behavior of cells when 
treated with a therapeutic that is not only inhibiting the TAM (M2) 
phenotype, but also prone to induce an inflammatory M1 phenotype in 
macrophages. 3-MA has been recently reported to repolarize macro-
phages in breast cancer from a TAM (M2-like) phenotype to a M1 

phenotype (Fig. 7A) [39]. Interestingly we found that 3-MA displays a 
clear repolarization of macrophages from a TAM (M2) phenotype to-
wards a M1 phenotype in LE gels based on the significant down-
regulation of Arg-1 and Mrc-1, and the significant upregulation of Il-1β 
as well as depicting a clear inducing trend for iNos (p = 0.06) and Ccl2 
(p = 0.08) (Fig. 7B and D). Remarkably we found that 3-MA does not 
show any efficacy on macrophages in HE gels (Fig. 7C and D). Although 
some slight trends towards a M1 induction are visible, no significant 
upregulation could be detected, which confirms the theory that HE gels 
limit the possibility for upregulation of genes. Interestingly, we also did 
not observe any downregulation of Mrc-1 and only a slight non- 
significant inhibition of Arg-1. This lack of inhibition might be based 

Fig. 7. Treatment of co-cultured LE and HE gels with 3-methyladenine (3-MA). A) Chemical structure of 3-MA. B, C) Gene expression of co-cultured RAW264.7 
macrophages treated with either vehicle (DMSO) or 100 μM 3-MA on day 0 and 2 post-bioprinting for LE gels (B) and HE gels (C), n = 3. D) Direct comparison 
between co-cultured RAW264.7 macrophages in LE or HE gels treated with 100 μM 3-MA. Red line indicating the respective expression of vehicle-treated co-cultured 
RAW264.7 macrophages, n = 3. E, F) Gene expression of co-cultured 4T1 cancer cells treated with either vehicle (DMSO) or 100 μM 3-MA on day 0 and 2 post- 
bioprinting for LE gels (E) and HE gels (F), n = 3. G) Direct comparison between co-cultured 4T1 cancer cells in LE or HE gels treated with 100 μM 3-MA. Red 
line indicating the respective expression of vehicle-treated 4T1 cancer cells, n = 3. Mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. 
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on a general lower potency of 3-MA to reduce M2 markers compared to 
the previously used AS1517499, which can be seen on the inhibition of 
Arg-1 in LE gels. While AS1517499 is able to inhibit Arg-1 expression for 
45 %, 3-MA displays an inhibition of only 23 %. Furthermore, we pre-
viously in Section 2.4 confirmed that the induction of a TAM-like 
phenotype is significantly lower in HE gels. This lower induction 
might further limit the inhibition of Arg-1 by 3-MA and differences are 
in general reduced. Interestingly, we observed that 3-MA displays a 
higher effect on cancer cells cultured in HE gels, inhibiting the expres-
sion of Ccl2, Vim and Spp1, while only Vim is significantly inhibited in 
LE gels (Fig. 7E–G). This again confirms that the inhibition of gene 
expression is higher in HE gels. 3-MA has been reported in literature to 
affect cancer cell proliferation and migration, which explains the effects 
we observed in cancer cells [42]. It is crucial to note that, despite being 
mentioned in literature, the used immunotherapies are still comparably 
new, and certain effects, especially on cancer cells, are yet to be fully 
determined. This limits the overall interpretation of the results for the 
therapeutic effects on cancer cells directly, however, we were able to 
demonstrate clear differences between LE and HE gels for both, 
AS1517499 and 3-MA. In particular, clear differences could be observed 
for macrophages, supported by sufficiently available literature to 
interpret the obtained results, which in summary fulfil the aim of the 
study. 

4. Conclusion 

The rapid development of 3D in vitro cancer models has facilitated 
the development of novel (commercially available) biomaterials that 
mimic the natural composition and mechanical properties found in 
cancer and provide cells with the optimal environment for proliferation, 
differentiation and communication, allowing researchers to study 
cellular interactions and therapeutic efficacy in a biologically relevant 
environment. However, the potential contamination of these bio-
materials with endotoxins is often an unattended problem, which in this 
study has been demonstrated based on a meta-analysis of already pub-
lished immune competent models. Such presence of endotoxin can have 
severe consequences for the credibility of such new 3D models. 

In this study, we investigated the effects of endotoxin contamination 
in gelatin/ GelMA bioinks for the 3D bioprinting of 3D in vitro breast 
cancer models including macrophages (RAW264.7) and breast cancer 
cells (4T1). We found that, while the level of endotoxin and the addi-
tional purification of the low endotoxin product did not cause significant 
differences in terms of printability, mechanical or structural character-
istics as well as cell viability, high levels of endotoxin can cause signif-
icant differences in the metabolic activity of embedded cells. 
Furthermore, macrophages displayed a significant inflammatory 
response towards the high endotoxin environment. In addition, although 
we observed the polarization of macrophages towards TAMs in both 
macrophage-cancer co-cultures, we found that high endotoxin levels in 
the hydrogel environment dampen the effects of the co-culture 
rendering macrophages less responsive towards the stimuli from can-
cer cells. Moreover, we demonstrated that, based on these differences, 
novel immunotherapies (AS1517499 and 3-MA) display clear differ-
ences in the therapeutic efficacy in low and high endotoxin gels, which 
might eventually lead to misinterpretation of the safety and potency of 
novel therapeutics. 

To the best of our knowledge, this is the first study to investigate the 
effects of endotoxin contamination on the crosstalk between macro-
phages and cancer cells in a 3D bioprinted cancer model. Furthermore, it 
is the first study to evaluate the efficacy of immunotherapies in a 3D 
cancer model related to the contamination of the used biomaterial with 
endotoxins. In this study we found that therapeutics that aim to inhibit 
the expression of specific, in this case anti-inflammatory, markers might 
display a higher efficacy in HE gels, while therapeutics that aim to in-
crease the expression of different, here pro-inflammatory markers, are 
seemingly non-efficient in such an environment. This can drastically 

influence the interpretation of the functionality and potency of novel 
drug candidates. As 3D pathophysiological models find increased ap-
plications in the evaluation of novel drug candidates before the start of 
animal studies, such differences based on the hydrogel used to design the 
model, might cause a drastic misinterpretation of the safety and efficacy 
of novel compounds that might lead to failing in vivo experiments, un-
necessarily increasing costs, time and ethical burden of such 
experiments. 

It is important to mention, that, while the HE gels used in the ex-
periments displayed significantly higher levels of endotoxin contami-
nation compared to the LE gels, the measured contamination of 762 EU/ 
g is still comparably low compared to the contamination in other 
commercially available gelatins, which can differ greatly (from hun-
dreds to tens of thousands EU/g) as well as show a high batch-to-batch 
variation (Supplementary Table S4). As we already observed a drastic 
effect of the endotoxin contamination in our experiments a higher 
contamination might even have more significant effects on the model 
performance. Furthermore, a high batch-to-batch variation can drasti-
cally affect the reproducibility of the model and therefore render out-
comes questionable. 

As recent 3D in vitro models also try to include T or NK cells, one 
might investigate the effects of endotoxin-contaminated biomaterials on 
such cells in the future as it is reported that endotoxins might also affect 
the performance of T cells based on the interaction with TLR4 
[17,43–45]. In general it has been shown that TLR4 mediated processes 
can play a crucial role in the tumor (immune) environment such as the 
accumulation of myeloid-derived suppressor cells, or the increased 
formation of new blood vessels. In addition, while the inflammatory 
effects of TLR4 on immune cells in the TME has been investigated more 
thoroughly, various non-immune cell types express TLR4 such as 
mesenchymal stem cells or fibroblasts [19,46–49], as well as several 
different cancer cells. As aforementioned TLR4 expression in cancer cells 
has shown to have effects on the proliferation and metastasis of breast 
cancer cell. Recently it has been shown that TLR4 knockdown can 
reduce the secretion of inflammatory cytokines from cancer cells which 
can also greatly effect macrophage polarization accompanied with a 
significant lower proliferation of cancer cells [45]. Studying the effect of 
endotoxin contaminated materials on these different cell types and 
different cellular processes in greater detail might help in designing 
improved pathophysiological models in the future. In general, the 
expression of TLR4 on several different cell types suggests that the 
presence of endotoxins in biomaterials is therefore not solely a problem 
for immunocompetent models but might in general affect cells in other 
3D pathophysiological models. Especially as the effects of endotoxins 
cannot be compensated by proper control groups, as demonstrated in 
this study, the contamination of biomaterials should be monitored 
closely. 

In particular with the increased use of 3D in vitro models to evaluate 
novel therapeutics before embarking on animal studies, researchers 
should be aware of the potential interfering effects of endotoxins in their 
model, which might lead to the misinterpretation of results, or in the 
worst case, the failing of in vivo experiments. One might want to use 
endotoxin-free products to make sure that the biomaterial itself does not 
directly influence embedded cells in the 3D in vitro model, the crosstalk 
between different cells or alter the functionality or performance of 
evaluated therapeutics. 
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