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• Collagen hydrogels can be effectively
tuned by reagent-free electron treat-
ment to develop biomimetic ECM
systems.

• Properties of collagen hydrogels can be
tuned by electron treatment influencing
pore size and elastic behavior.

• Electron beam treatment excellently
maintains chemical integrity of collagen
hydrogels.

• Fibroblasts show high cytocompatibility
with electron beam treated collagen
hydrogels.
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Novel strategies tomimicmammalian extracellularmatrix (ECM) in vitro are desirable to study cell behavior, dis-
eases and new agents in drug delivery. Even though collagen represents the major constituent of mammalian
ECM, artificial collagen hydrogels with characteristic tissue properties such as network size and stiffness are dif-
ficult to designwithout application of chemicals whichmight be even cytotoxic. In our study we investigate how
high energy electron induced crosslinking can be utilized to precisely tune collagen properties for ECM model
systems. Constituting aminimally invasive approach, collagen residues remain intact in the course of high energy
electron treatment. Quantification of the 3D pore size of the collagen network as a function of irradiation dose
shows an increase in density leading to decreased pore size. Rheologicalmeasurements indicate elevated storage
and loss moduli correlating with an increase in crosslinking density. In addition, cell tests showwell maintained
viability of NIH 3T3 cells for irradiated collagen gels indicating excellent cellular acceptance.With this, our inves-
tigations demonstrate that electron beamcrosslinked collagenmatrices have a high potential as precisely tunable
ECM-mimetic systems with excellent cytocompatibility.
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1. Introduction
In vitro models mimicking mammalian extracellular matrix (ECM)
are highly relevant to study cellular behavior [1], tissue development
[2] as well as numerous diseases [3], including cancer progression
[4,5]. They also can be employed as novel platforms for exploring new
drugs [6,7] and agents by reducing extensive and ethically questionable
animal experiments. However, besides the specific chemical composi-
tion of ECMmodels, also mechanical properties and network organiza-
tion (e.g. network pore size) play a crucial role due to their impact on
cell proliferation and motility [8–10]. Thus, precise tools for tailoring
these model systems are highly desirable to mimic biological ECM.

Among ECMmodel systems, synthetic polymers are interesting candi-
dates due to their simplicity and reproducibility [11,12]. However, they
frequently do not represent physiological environments due to a lack in
biophysical and biochemical complexity [13,14]. Natural materials
which are derived from in vivo systems are more physiological and
thereby might reveal an excellent biocompatibility and biodegradability.
Two materials of this category are Matrigel® composed of basement
membrane proteins and collagen [15–18]. Collagen is the major compo-
nent of the mammalian ECM with collagen type I representing the most
relevant collagen type occurring in a variety of connective tissue such as
tendon, ligaments as well as epithelial tumors [19]. Nowadays, collagen
is mainly applied in tissue replacement [20,21], regenerative medicine
[22,23], cell culture [24,25] as well as wound dressing applications
[26,27]. To this end, collagen is an ideal starting point for artificial ECM
models, that also pose the possibility for further fine-tuning based on ad-
dition of specific proteins, including elastin,fibronectin andproteoglycans
[28]. To tune collagen gels towards physiological ECM models with spe-
cific mechanical cues, network architecture, thermal stability and swell-
ing behavior, precise and non-cytotoxic crosslinking methods are
required [29]. As common techniques utilize agents such as aldehydes
[30,31], epoxides [32] or enzymatic crosslinkers [33] thatmight adversely
affect cell behavior, reagent-free techniques are highly advantageous.
Among them, electron irradiation is highly effective to crosslink poly-
meric hydrogels [34]. Thereby, macro- and •OH-radicals are formed by
homolytic scission of bonds at the polymer chain and radiolysis of water
molecules, respectively [35]. The •OH-radicals further attack the polymer
chains resulting in additional macro-radicals. The macro-radicals are
highly reactive and recombine by formation of covalent bonds forming
crosslinks in the polymeric network.

Compared to crosslinking techniques utilizing chemical crosslinking
agents, electron irradiation promises high efficiency as well as precise
and fast crosslinking while not inducing cytotoxicity [36]. It furthermore
sterilizes the material on the fly which ensures biomedical application
[37].Within the group of ionizing irradiation, electron irradiation is highly
advantageous for modification of hydrogels due to large penetration
depths [38] and high dose rates [39] enabling homogeneous crosslinking.
In addition, it allows precise global as well as local crosslinking by using a
highly focused electron beam,which opens up amultitude of applications
ranging from mechanical patterning to actuators [40–42].

In the following, we show that electron irradiation is an effective and
precise tool to modify collagen properties. Thereby, we do not focus on
thermal properties since they were already intensively studied [43].
Instead, we extend these investigations by characterizing electron beam
crosslinked collagen gels in terms of network structure (pore size),
rheological properties and cytocompatibility for future biomedical appli-
cations such as ECMmodel systems.

2. Experimental

2.1. Collagen preparation

Collagen gels were synthesized as reported by Kunschmann et al.
[44] and Fischer et al. [45] In doing so, collagen gels with a final collagen
concentration of 1, 2 and 3 mg/ml were prepared from rat tail collagen
(Collagen R, 0.4% solution, Cat. No. 47256.01; SERVA Electrophoresis,
Germany) and bovine skin collagen (Collagen G, 0.4% solution, Cat. No.
L 7213; Biochrom, Germany) in a ratio of 1:2, respectively. This specific
mixing ratio was used because the formed network strongly resembles
human collagen networks [45,46]. The collagen solution was prepared
on ice to avoid polymerization and was gently mixed until homogene-
ity. A phosphate buffer containing Na2HPO4 (Cat. No. 71636; Sigma-
Aldrich Chemie GmbH, Germany) and NaH2PO4 (Cat. No. 71507;
Sigma-Aldrich Chemie GmbH) was added to obtain a pH of 7.5 and a
total phosphatemolarity of 200mM in all gels. The collagen samples po-
lymerized at 37 °C and 100% humidity for 24 h. The sampleswere rinsed
twice and stored in distilled water at room temperature (RT) until use.

2.2. Electron beam treatment

Collagen samples were irradiated using a 10 MeV linear electron ac-
celerator (MB10-30MP; Mevex Corp., Canada). The electron accelerator
is equippedwith amoving stagewith amaximumspeedof 3m/min and
a scanning horn with scanning frequency of 3 Hz. The pulse repetition
rate was 180 Hz and the pulse length was 8 μs. Final doses were ob-
tained in steps of 5 kGy in accordance to Wisotzki et al. [47] The doses
were measured with respect to a graphite dosimeter to an uncertainty
of 5%. During electron beam treatment, the samples were cooled to RT
by draft to prevent overheating and thereby induced degradation.
After irradiation, the samples were stored at 37 °C and 100% humidity
for 48 h and later at RT.

2.3. FTIR spectroscopy

Irradiated collagen samples were air dried at ambient conditions for
three days. The absorption spectra were measured with a Bruker FTIR
(1FS 55 Equinox; Billerica, MA, USA) combinedwith a mercury cadmium
telluride detector and Golden Gate single-reflection diamond attenuated
total reflection accessory. 32 scans were performed per measurement.

2.4. Network imaging

To determine the structure of the collagen networks, confocal laser
scanning microscopy (CLSM) was utilized and 3D images of the network
were analyzed. Collagen gels were first applied onto coverslips which
were coated to improve collagen adhesion. In doing so, glass surfaces
were hydroxylated by annealing at 120 °C for 2 h. After cooling down,
they were silanized with (3-Aminopropyl)trimethoxysilane (97%, Cat.
No. 281778; Sigma-AldrichChemieGmbH). After drying for 5min, glasses
were washed three times with distilled water. Subsequently, glutaralde-
hyde (2.5%, Cat. No. G6257; Sigma-Aldrich Chemie GmbH) was added
for 20 min to functionalize the surface. Finally, the collagen solution
was applied onto the cover-glasses. After polymerization, collagen
samples were washed three times with distilled water and irradiated as
described before. Gels were then fluorescently stained over night with
5/6-carboxytetramethylrhodamine succinimidyl ester (50 μg\ml, 5/6-
TAMRA(SE), Cat. No. 90022; BIOTREND Chemikalien GmbH, Germany).
Afterwards, staining solution was removed and samples were washed
three times and then stored in distilled water. During the whole staining
process, exposure to light was avoided to prevent bleaching.

To image thenetwork structure, a CLSM(TCS SP2; LeicaMicrosystems,
Germany) was utilized. A helium‑neon laser (wavelength 543 nm) was
employed to excite the fluorescent 5/6-TAMRA(SE) (ex./em.wavelength:
540/565 nm). Collagenwas then imaged in 3D. For each collagen concen-
tration three coverslips were prepared and three positions per coverslip
were imaged and analyzed.

2.5. Network pore size

To determine thepore size of the collagen networks, the CLSM image
stacks were analyzed (Fig. 1(a)). After binarization of the CLSM images
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(Fig. 1(b)), the 3D euclidean distances to the nearest fiber were deter-
mined for every voxel, similar to Mickel et al. [48] A corresponding
distance map shows local maxima representing the center of a pore
(Fig. 1(c)). Thereby, the euclidean distance of the local maximum
correlates to the radius of that pore. The diameter is then characterized
as the pore size. A distribution of all occurring pore sizes is then used to
evaluate the characteristic pore size which is defined as the mean of
the distribution (Fig. 1(d)). Significance of pore sizes was tested by an
independent two-sample t-test.

2.6. Rheology

The viscoelastic properties were determined by a MCR-300 bulk
rheometer (Anton Paar; Austria) with a 10 mm-diameter parallel-
plate geometry. Samples with diameters of 10 mm were cut out of
collagen sheets with a height of approx. 3 mm. All measurements
were performed in a temperature controlled environment at 25 °C.
The strain independent region in the range of 0.01% to 5% was
determined by strain sweeps at 1 Hz (not shown here). The storage
and loss moduli were then measured by frequency sweeps. The
characteristic elastic modulus was then determined at 1 Hz and at
1% strain (in the strain independent region as determined before).
In total, ten samples per treatment method were measured while
one measurement per sample was performed to exclude dehydra-
tion effects.

The degree of crosslinking νc was roughly estimated by rubber elas-
ticity theory using the following relationship between storage modulus
G′, gas-constant R and temperature T: [49]

G0 ¼ νcRT: ð1Þ
Fig. 1. Pore size determination: (a) 2D CLSM image of collagen network (2 mg/ml, 50 kGy). (b
distance to thenearestfiber: the brighter the color, the larger the distance. Local distancemaxim
pore size of the pore. (d) Histogram of all calculated pore sizes of a collagenmeasurement. The c
Scale bars represent 10 μm.
2.7. Cellular response

To assess cytocompatibility, NIH 3T3 mouse fibroblasts (CRL-1658;
ATCC, Germany) were cultured on irradiated collagen as well as on
unirradiated gels as control. After washing the gels directly after
irradiation with phosphate buffered saline (PBS), they were incubated
with cell culture medium (90% DMEM, FG0435; Biochrom & 10%
calf serum, 26010075; Thermofischer, Germany) and Pen/Strep
(1% 10.000 U/ml, A2212; Biochrom) for 4 days. Before seeding cells
onto the gels, medium was removed and fresh medium was applied.

Cells were pre-cultured in standard cell culture dishes and detached
by Trypsin/EDTA (0.025%/0.01%, L2143; Biochrom). Trypsin was
inhibited by serum-containing cell-medium. After centrifugation
(90 RCF, 4 min) and removal of supernatant, the collected cells were
resuspended in medium and the cell density was determined via cell-
counting-chamber. In each well (surface area of 9.5 cm2), approx.
70.000 and 50.000 cells were cultured for 48 and 72 h at 37 °C, 5% CO2

and 100% humidity for cell imaging and viability measurements,
respectively.

Cell imaging was performed by fluorescent actin staining. In doing
so, the cells were fixed using paraformaldehyde (PFA; HT5011; Sigma-
Aldrich Chemie GmbH) at RT. After washing twice with PBS, cells
were incubated with Triton X-100 in PBS (0.1%, X100; Sigma-Aldrich
Chemie GmbH) for 20 min at 8 °C. After washing twice with PBS,
the gels were incubated at RT with serum albumin in PBS (BSA, 1%,
A2153; Sigma-Aldrich Chemie GmbH). Afterwards, actin was stained
by Alexa Fluor™ 488 Phalloidin (A12379; Thermofischer). Phalloidin
(300 units) was diluted in methanol (1.5 ml). Phalloidin/methanol
solution (5 μl per well) was diluted in BSA (1% in PBS, 2 ml) and
added over night at 37 °C. After washing the gels twice with PBS, cells
) Binary image. (c) 3D euclidean distance map of the CLSM image. The color indicates the
a represent the center of the pore. The euclidean distance at the localmaximumdefines the
haracteristic pore size of the collagen network is defined as the average of the distribution.
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were imagedwith a fluorescencemicroscope (Axio Scope A1; Carl Zeiss
Microscopy GmbH, Germany) as well as by a spinning disk confocal
microscope (CSU-X1A 5000; Yokogawa, Germany) combined with
an inverted fluorescence microscope (Axio Observer.Z1; Carl Zeiss
Microscopy GmbH).

To determine cellular viability, fluorescence flow cytometry
measurements were performed. Cultivated cells were first harvested
by dissolution of the collagen using Collagenase A (3 mg/ml, Cat. No.
10103578001; Sigma-Aldrich Chemie GmbH). Before Collagenase A
was added, gels were washed twice with PBS. Then Collagenase
A solution (1 ml) was added to collagen (2 ml) and incubated for
30 min. Afterwards, collagen was mechanically disintegrated by
manual pipetting. After adding cell culture medium, the suspension
was centrifuged as described above. The supernatant was removed
and the obtained cells were stained with propidium-iodid (PI) and
annexin V (V13242; Thermofischer) as suggested by the manufacturer.
Cell viability was determined according to the manufacturer's
recommendations. The number of viable, early apoptotic as well as
late apoptotic and necrotic cells were determined using the flow
cytometer LSRFortessa II (BD Biosciences, USA) and the data was
analyzed using Flowing Software [50]. The experiment was repeated 3
times with each time 2 samples per irradiation dose and approx. 6000
analyzed cells per sample. Significance of viability of cells on irradiated
gels compared to unirradiated (0 kGy) gels was tested by an indepen-
dent two-sample t-test with 0.05 p-value.

3. Results and discussion

3.1. Chemical structure

Changes in the chemical structure of irradiated collagen were ex-
plored via Fourier Transform Infrared (FTIR) Spectroscopy. The obtained
spectra (Fig. 2) show the characteristic amide peaks representing
molecule-vibrations and -deformations. As shifts in the amide peak
wavenumbers indicate changes in the secondary structure, e.g. transfor-
mations from helical to random coiled conformation, thewavenumbers
of the amide peaks were determined as a function of irradiation dose
(see Table 1).

In general, no large changes in the FTIR-spectra are observable;
merely the amide A and II bands reveal a slight shift towards lower
wavenumbers while the Amide B, I and III peaks remain constant.
Thereby, the amide A band corresponds to N\\H bond stretching and
is located at 3305 cm−1 for the unirradiated collagen [51]. For higher
doses (100 kGy), the peak shifts to 3283 cm−1 indicating a loss in helical
content towards coiled structures [52]. Similar to the amide A, the
Fig. 2. FTIR spectra of electron irradiated collagen (gel concentration of 2 mg/ml). The
marked peaks represent the characteristic amide peaks. Amid peak positions are listed
in Table 1.
amide II band shows a small shift from 1547 to 1535 cm−1. In general,
the amide II peak represents N\\H bending and C\\N stretching [52].
A shift to lower wavenumbers thus indicates a transformation from a
helical to a random coiled structure as also seen in the amide A band.
These results indicate that electron irradiation up to 100 kGy induces
minor changes from helical to coiled structures. However, since the
shifts are small and the amide B, I and III peaks do not change signifi-
cantly, it indicates absence of degradation; viz. electron irradiated
collagen still exhibits collagenous polymeric structures. Previous studies
of electron beam treated collagen [43] observed similar results. Differ-
ences in the shift of single amide peaks, in particular of amide A, seem
to be caused by the usage of different electron energies. The minor
changes in chemical structure might indicate very careful modification
of collagen upon treatment with energetic electrons which might be a
result from a relatively low number of formed crosslinks per collagen
molecule at the applied doses. An estimated number of crosslinks will
be obtained via rheology derived crosslinking density calculations
which are presented further on in the manuscript.

3.2. Network structure

Since the network structure has a direct impact on cellular response
such as the ability of cells to migrate and invade the gels [53,54], the in-
fluence of electron irradiation on the pore size has to investigated. These
changes in the structure of the collagen networks after electron beam
treatment were studied by confocal laser scanning microscopy (CLSM)
imaging and quantification of the characteristic network pore-size.
Fig. 3 shows 2D images of 1, 2, and 3 mg/ml collagen irradiated with
doses of 0, 50 and 100 kGy, respectively. It can be observed that the net-
work pore size becomes smaller with increasing irradiation dose and
collagen concentration. In addition, collagen pore sizes were quantita-
tively evaluated by 3D analysis of the CLSM images. The results are
shown in Fig. 4.

The 3D image analysis revealed characteristic pore sizes of approx. 6,
4.5 and 4.25 μm for unirradiated collagens with concentrations of 1, 2
and 3 mg/ml, respectively. With an irradiation dose of 50 and
100 kGy, the pore size can be reduced to 75 and 50% of the initial size,
respectively. Such a relative decrease in pore size was already reported
for electron beam treated gelatin hydrogels [47] and is assigned to
the introduction of inter-chain [55] and intra-chain crosslinks [43].
Densification is expected to be accompanied with changes in macro-
scopic geometry. In fact, global sample shrinkage was already observed
by Wisotzki et al. [47] for gelatin and is presently documented for
collagen within the Supporting Information Fig. S1. Its dependence on
additional processing parameters, molecular origin and relation to
observations during chemical crosslinking is currently explored and
will be the focus of follow up studies.

With further examination, it becomes clear that the characteristic
pore sizes are smaller than the average size of mammalian cells.
However, cell migration is not excluded since cells might be very de-
formable. Themost limiting factor of cell deformation is the cell nucleus
which is the most rigid and undeformable part of the cell [56]. The
average size of mammalian nuclei is 10–15 μm [57], which is still larger
Table 1
Amide peak position analysis of FTIR-measurements of irradiated collagen (2mg/ml). The
peak position was determined with an error of ±1 cm−1.

Dose [kGy] Amide Peak [cm−1]

A B I II III

0 3305 3075 1632 1547 1238
10 3294 3074 1633 1545 1235
20 3294 3074 1631 1544 1237
40 3286 3074 1632 1537 1236
60 3284 3074 1632 1535 1238
100 3283 3074 1633 1535 1239



Fig. 3. Network structure of electron irradiated collagen with varying gel concentration as function of irradiation dose (0, 50 and 100 kGy). Left: Representative 2D images of 1, 2 and
3 mg/ml collagen gels. Right: Representative 3D images of 2 mg/ml collagen gels. Scale bars indicate 10 μm.
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than the determined characteristic pore sizes. However, the collagen
network is flexible enabling cells to migrate through the network. In
addition, active matrix remodeling by cells further improves mobility
of cells in theses matrices [58,59].

Since a densification as reported is expected to have an influence on
themechanical properties of the hydrogels, rheologymeasurements are
discussed in the following.

3.3. Rheology

Next to the structure of the ECM network, also mechanical proper-
ties of the extracellular matrix might have an influence on cellular
behavior [60]. Therefore, the effect of electron irradiation on the visco-
elastic properties of collagenwas investigated via oscillatory rheometer
Fig. 4. Average pore size of collagen with varying gel concentration in dependence on the
irradiation dose determined by 3D pore size analysis. Significance was tested by an
independent two-sample t-test.
experiments. From here, the study was continued with doses up to
40 kGy since it was already observed that highly irradiated collagen
gels become hard, brittle and show large shrinking. Therefore, they are
clearly unsuitable as ECM model and are no longer in the focus of our
study.

For a rheological study, storage and loss moduli were determined.
The results are presented in Fig. 5. It can be observed that the electron
assisted crosslinking technique leads to an increase in storage and loss
moduli about one order of magnitude from approx. 50 to 500 Pa corre-
lating well with biological tissue and tissue components [61].

This network stiffening and the decrease in viscosity are correlated
with the irradiation induced crosslinking already described for
hydrogels [62], collagen fibers [63] and gelatin hydrogels [47]. The
introduced covalent bonds lead to an increased elastic modulus of the
collagen fibrils and with this also of the entire network. This causes
the release of water since the balance of swelling pressure and network
stress is shifted and the transport of water into the hydrogel is hindered
Fig. 5. Storage and lossmoduli of electron irradiated collagen (2mg/ml) in dependence on
radiation dose, with power law fits. Error bars indicate standard deviation.



Fig. 6. Crosslinking density of electron irradiated collagen (2 mg/ml) determined via rubber
elasticity theory (see Eq. (1)), with power law fit. Error bars indicate standard deviation.

Fig. 7. Cellular response: NIH 3T3 fibroblasts after 48 h culture on electron irradiated
collagen gels with varying irradiation doses visualized by actin staining. Left: Multiple
cells imaged by fluorescent microscopy. Scale bars indicate 100 μm. Right: Single cells
imaged using confocal fluorescent microscopy (laser scanning). Scale bars indicate 50 μm.
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with network stiffening. Together with the already mentioned densifi-
cation, material stiffening is reasonable.

By using Eq. (1), the crosslinking density can be estimated as seen in
Fig. 6. A linear correlation between irradiation dose and crosslinking den-
sity can be found for doses up to 60 kGy. It has to be taken into account
that Eq. (1) applies in first approximation for collagen hydrogels since
it is actually valid for an ideal rubber with purely elastic crosslinked
polymer chains. For viscoelasticmaterials, contributions from trapped en-
tanglements or network defects (loose chain ends, intramolecular loops,
entangled chain loops) are not taken into account [64,65]. However,
with this approximation which was already used for alcogels [66] or chi-
tosan hydrogels [64] a qualitative estimation on changes in crosslinking
density of electron crosslinked collagen can be made.

With the crosslinking density, the number of crosslinks per collagen
molecules can be estimated. For example, for the 2 mg/ml collagen gels
irradiated with 10 kGy, a crosslinking density of approx. 0.06 mol/m3

corresponding to 2 × 1016 crosslinks per cm3 collagen solution was de-
termined. Taking into account that 1 cm3 collagen solution (2 mg/ml)
contains approx. 4 × 1015 collagenmolecules (tropocollagen; molecular
weight of 300 kDa),we can conclude that the ratio of collagenmolecules
to crosslinks is approx. 1:5, viz. 5 crosslinks per collagen molecule are
introduced. This low number of introduced crosslinks might be the rea-
son for the minor changes in the chemical structure of electron
crosslinked collagen as observed by the earlier discussed FTIR measure-
ments. However, these minor changes are still sufficient to precisely
tailor material properties as demonstrated previously.

Besides, it should be noted that the rheology measurements were
performed at 25 °C since the experimental setup was not able to mea-
sure at 37 °C. Earlier rheological studies on gelatin hydrogels [47]
suggest slightly higher values for storage and loss modulus at 37 °C but
an identical dose-modulus dependence. With this, the here presented
measurements give a qualitatively good impression on the dose-
modulus behavior of electron beam treated hydrogels also at human
body temperature.

3.4. Cytocompatibility

To investigate cellular response on electron irradiated collagen gels,
cells were cultured on these gels followed by cell imaging and viability
tests using flow cytometry measurements. Fig. 7 shows fluorescence
microscopy images of multiple and single NIH 3T3 fibroblasts cultured
onto electron irradiated collagen gels with varying irradiation
doses. We observed that the cultured cells invaded all collagen gels
(not shown here). In addition, they exhibited characteristic cell mor-
phology in 3D culture which is indicated by their elongated shape and
evolution of filopodia suggesting cellular viability [67]. It can be ob-
served that the average cell shape shifts from a rather roundish shape
on the soft unirradiated gels to a more elongated shape with a higher
spread area for irradiated gels. This variation in cell shapemay correlate
with the matrix stiffness since cell morphology is affected by the
mechanical properties of the substrate [68–72]. On all gels as well as
the control sample, the cell density is similar giving a first indication
that electron irradiated collagen gels are non-cytotoxic for NIH 3T3
fibroblasts. This qualitative investigation is examined in more detail by
quantitative viability studies using flow cytometry measurements.

Viability tests were performed comparing NIH 3T3 fibroblasts which
were cultured on the electron crosslinked collagen with respect to cells
cultured on unirradiated collagen gels. Here, the percentage of viable,
early apoptotic as well as late apoptotic and necrotic cells were deter-
mined via annexin V/propidium-iodid staining and flow cytometry
measurement. The obtained results are presented in Fig. 8. These inves-
tigations show an excellent cellular viability of the fibroblasts, also on
gels with higher irradiation doses of 40 kGy. Fibroblasts cultured on un-
irradiated as well as irradiated collagen how a viability of approx. 95%
with 3% early apoptotic and 2% late apoptotic and necrotic cells with
no significant differences. Compared to cells cultured on common cell
culture dishes which showed a viability of approx. 97% (not shown
here) the viability is not much decreased. This leads to the conclusion
that electron irradiated collagen exhibits excellent cytocompatibility
for NIH 3T3 cells and thereby represent promising materials for 3D cul-
ture substrates and candidates mimicking the ECM. Collagen generally
has shown to be a good material for long-term culture of several cell



Fig. 8. Cellular viability: NIH 3T3 fibroblasts after 72 h culture on electron crosslinked
collagen gels (2 mg/ml) as function of irradiation dose. The viability was determined by
annexin V/Propidium-iodide staining and flow cytometry measurement. Error bars
visualize standard deviation. Percentages of viable cells on irradiated gels were tested on
significance compared to cells cultured on unirradiated collagen gels resulting in no
significant differences.
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lines for various applications without any toxic effect [73–77]. Since the
electron irradiated hydrogels show no significant reduction in cellular
viability over 3 days, it might be a promisingmaterial for long-term cul-
ture as well.

In addition, the ability of cells to invade the gels further indicates ex-
cellent biodegradability because fibroblast migration within the ECM
and ECM models is usually accompanied by matrix remodeling via
synthesis of matrix-proteases [78,79]. However, invasion behavior has
to be investigated qualitatively and quantitatively in more detail in a
follow up study.

If compared to other crosslinking techniques such as crosslinking via
aldehydes (e.g. glutaraldehyde [80–83]), cellular viability is excellently
maintained after electron beam treatment. The good cellular acceptance
correspondswell to similar investigations on the cytotoxicity of NIH 3T3
fibroblasts on electron crosslinked gelatin [36] and suggests high
cytocompatibility of electron irradiated collagen with potential as an
excellent material for cell culture and other biomedical applications.
This particularly includes mechanical tailoring of collagen-based organ
scaffolds that have either been gained by decellularization from biolog-
ical sources or modeled by 3D printing. However, no conclusion on
in vivo biocompatibility can be made here at this point since natural
proteins such as collagen often underlay restricted usage due to con-
cerns regarding batch variations and induced immunogenic reactions.
Although collagen is considered as a weak antigen, potential immune
responses [84–86] must be kept in mind and in vivo applications have
to be tested for the specific situation (material, patient, system etc.).
This will be one of our future research directions.

4. Conclusions

In this studywe demonstrate that electron beam assisted crosslinking
is a promising reagent-free alternative to common crosslinking tech-
niques. Electron treatment enables precise modification of collagen
hydrogels towards controllable ECMmodel systems. FTIR measurements
indicate that electron beam assisted crosslinking induces only minor
changes, while the characteristic polymeric structure of collagen is
maintained also for doses as high as 100 kGy. Pore size analysis indicates
precise tunability of the network pore size. Rheological investigations
show network stiffening over one order of magnitude indicating an in-
crease in crosslinking density. Cell-experiments revealed an excellent
cytocompatibility of electron irradiated collagen gels in terms of cellular
viability.

With these investigations, we are able to show that high energy
electron induced crosslinking presents a highly promising technique
to tune collagen hydrogels in order tomimic ECMand other collagenous
tissue by tailoring material characteristics such as structure and me-
chanics in a physiological relevant range while maintaining excellent
cytocompatibility. These defined collagen systems represent 3D tissue
modelswhich are highly relevant in cell culture, as coatings or implants.
They are also necessary to study cellular behavior in biomimetic tissue
as in cancer research or to investigate drug delivery for pharmaceutical
applications.

Our presented investigations are the basis for further studies on elec-
tron beam treated collagen matrices towards biomimetic scaffolds,
which is possible globally (as in the present study) or locally (by utiliz-
ing a focused electron beam). Our next future steps have to examine
long time cytocompatibility in vitro and in vivo aswell as biocompatibil-
ity for clinical applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2019.107606.
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