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A B S T R A C T   

Collagen is extensively used in fabrication of hydrogels for biomedical applications but needs improvement after 
its isolation from tissues due to slow gelation and poor mechanical properties. Crosslinking could tailor such 
properties. Collagen has previously been crosslinked by chemical or photochemical methods. Chemical cross
linkers are often toxic, and the crosslinking reaction is difficult to control. Photochemical crosslinkers are usually 
biocompatible compounds that are activated upon irradiation. Riboflavin (vitamin B2), a photochemical cross
linker of collagen, photodegrades to lumichrome upon irradiation. Cyclodextrins have previously been used to 
increase the aqueous solubility of lumichrome and regulate collagen self-assembly. In this study, lumichrome 
dissolved by cyclodextrin complexation was used as a photochemical crosslinker of collagen. Lumichrome 
photocrosslinking reduced the gelation time to 10 s, compared to 90 min for physical crosslinking. The formed 
hydrogels exhibited increased elasticity, water absorption properties and water holding capacity compared to 
physically crosslinked collagen hydrogels and riboflavin photocrosslinked collagen hydrogels. Fibroblasts ach
ieved a myofibroblastic phenotype when cultivated in 2D on lumichrome photocrosslinked gels as observed from 
histology. These biocompatible photocrosslinked hydrogels could have potential applications in biomedical 
applications, such as wound healing.   

1. Introduction 

Collagen is a structural protein that is considered as a good material 
candidate for fabrication of biocompatible and biodegradable scaffolds. 
Collagen is composed of three α-chains forming the characteristic triple 
helix structure of the protein. The α-chains consists of repeating triplets 
of the amino acids Glycine-X-Y, where X and Y are often proline and its 
metabolite hydroxyproline [1]. As the main structural protein in the 
extracellular matrix and connective tissue, collagen serves important 
functions in the body as support for cell growth and migration in various 
biological processes [2]. 

The production of scaffolds suitable for cell growth can be used in 
tissue engineering techniques. These techniques are considered as 
emerging technologies for production and engineering of tissue and 
biomimicking constructs and organs [3–5]. In tissue engineering, scaf
folds are fabricated to serve as synthetic extracellular matrices to 
organize cells into three dimensional architectures, providing 

mechanical support and allowing for optimal growth, nutrition and 
biological signaling [6,7]. Examples of scaffold fabrication techniques 
are electrospinning, bioprinting, production of hybrid scaffolds and 
hydrogels [8]. Collagen is extensively used in such applications. The use 
has been considered somewhat limited due to low viscosity, slow gela
tion and poor mechanical properties of fabricated constructs. Previous 
attempts to overcome these challenges include increasing collagen 
concentration, using protein or polymer blends, forming the structures 
directly into a supportive gelatin slurry bath (commonly known as 
FRESH bioprinting) or chemically modifying the collagen with meth
acrylate [9–13]. Recently, the effects of riboflavin (Vitamin B2, RF) 
photocrosslinking on the printability of collagen bioinks for bioprinting 
have been studied. Diamantides et al. (2017) reported that blue 
light-activated RF crosslinking improved the viscoelastic properties and 
printability of the bioink [14]. The study found that the RF photo
crosslinking increased the storage modulus even before the bioink was 
brought to 37 ◦C, which is normally necessary for collagen to physically 
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crosslink. RF photocrosslinking of collagen is commonly used in corneal 
crosslinking (CXL) for the treatment of the eye disease keratoconus [15]. 
Irradiation of RF results in photodegradation to lumichrome (LC) and 
lumiflavin (LF) in acidic and neutral, and alkaline solutions, respectively 
[16,17]. Both LC and LF are considered as more photostable than RF and 
are efficient photogenerators of singlet oxygen in aqueous media [17, 
18]. LC has previously been investigated as a potential photosensitizer 
for inactivation of pathogens by antimicrobial photodynamic therapy 
(aPDT). The photosensitizer absorbs in both UVA and the blue region of 
the electromagnetic spectrum. The use of these metabolites as photo
sensitizers are, however, limited due to their low aqueous solubility 
[18]. 

Cyclodextrins (CDs) have been used to increase the water solubility 
of LC by a tenfold [18]. This increases the potential for LC as a photo
sensitizer. CDs are cyclic oligosaccharides with a hydrophobic inner and 
a hydrophilic outer structure [19]. They are stable in bases and weak 
organic acids but may be hydrolyzed in strong acids [20,21]. Collagen 
has previously been modulated with CDs in order to regulate the 
collagen self-assembly and producing materials similar to native cornea 
[22]. CDs will bind to aromatic residues on the collagen molecule 
resulting in increased viscosity through collagen self-assembly [22]. CDs 
have as well been incorporated into collagen scaffolds to promote 
binding of growth factors and modulate stem cell activity and to control 
the delivery of active pharmaceutical ingredients [23,24]. 

Collagen is a protein interesting for tissue engineering applications, 
including the treatment of dermal loss and wound healing, mimicking 
the native structure of the skin. During wound healing, collagen is 
degraded by proteolytic enzymes to peptides, which are chemotactic to 
cells involved in the remodeling of the skin [25,26]. The invasion of 
cells, among other fibroblasts, is important for migration and prolifer
ation into the wound site and synthesis of extracellular macromolecules. 
In granulation tissue, the fibroblasts are activated further into myofi
broblasts, expressing α-smooth muscle actin (α-SMA). Myofibroblasts 
are involved in the wound healing by production and organization of the 
extracellular matrix [27]. It is further involved in wound contraction 
and scarring [28]. In all steps of the wound healing process, proteolytic 
enzymes play a major role modifying the wound matrix allowing cell 
migration and remodeling of the skin. These include matrix metal
loproteinases (MMPs) and tissue inhibitors of MMPs (TIMPs). MMPs are 
important for collagen in wound healing, digesting the collagen to 
fragments, that may work chemotactically to cells involved in the 
healing process [29]. Syndecan-4 (SDC-4) is a cell receptor protein, 
which is a target for MMP-2 activity. Its extracellular domain is cleaved 
by this protease among others, thereby fine tuning the biological activity 
of the receptor protein [30]. SDC-4 is a prominent regulator of focal 
adhesion and actin-cytoskeletal organization formation in fibroblasts, 
and therefore a regulator of fibroblast cell adhesion and migration 
[31–33]. This makes SDC-4 important for the wound healing process 
[34]. 

In the present study, the aim was to investigate the effects of CD 
modulation and LC photocrosslinking on collagen hydrogels. Collagen 
was isolated in-house using turkey (Meleagris gallopavo) byproducts, as 
this sustainable material from Norwegian industrially produced poultry 
meat is shown to have several beneficial properties compared with 
collagen from mammalian and aquatic species. We have previously 
shown that this material, containing high purity collagen type I and III, 
retained the native triple helix structure also after isolation. Further, the 
material has a high thermal stability and is cytocompatible, making it 
suitable for pharmaceutical and biomedical purposes [35]. The physical 
properties of the hydrogels were studied with respect to crosslinking 
density, water retention, mechanical properties, thermal properties and 
enzyme mediated scaffold degradation. Cell studies were conducted 
with fibroblasts seeded on top of the hydrogels. Cell morphology, cell 
viability, enzyme expression and secretion of proteins involved in 
extracellular matrix production and differentiation were monitored, as 
well as expression of corresponding genes. To our knowledge, this is the 

first paper describing the use of LC as a photochemical crosslinker for 
collagen. 

2. Materials and methods 

All experiments were performed at 25 ◦C unless other stated. LC 
photocrosslinked collagen hydrogels were crosslinked at 4 ◦C and used 
directly, or further physically crosslinked at 37 ◦C. Physically cross
linked collagen hydrogels, RF photocrosslinked collagen hydrogels and 
CD modulated collagen hydrogels were crosslinked at 37 ◦C. 

2.1. Raw materials, chemicals, and reagents 

Collagen isolated from industrially produced turkey (Meleagris gal
lopavo) rest raw materials was prepared as described in Grønlien et al. 
2019 [35]. In brief, turkey tendons were manually cleaned and freeze 
dried for 48 h. A 0.5 M acetic acid solution with pepsin (1:10) was added 
to enzymatically hydrolyze the material. The hydrolyzed material was 
centrifuged, and the supernatant was collected. The collagen was 
precipitated by the addition of 4 M NaCl (1:3) and centrifuged. The 
collagen was re-solubilized in 0.5 M acetic acid and dialyzed against 
distilled water for 3 days. The dialyzed solution was further freeze dried 
to obtain dry collagen. Other reagents were of analytical grade and were 
purchased from Merck KGaA (Darmstadt, Germany). Cell medium and 
components were all purchased from Thermo Fischer Scientific (Wal
tham, MA, USA). 

2.2. Preparation of collagen hydrogels 

The preparation of collagen hydrogels by physical crosslinking, LC 
photocrosslinking, RF photocrosslinking and CD modulation is 
described below. The preparation parameters are summarized in  
Table 1. 

2.2.1. Hydrogels prepared by lumichrome photocrosslinking (LC gels) 
LC photocrosslinked hydrogels (LC gels) were prepared by a direct 

photocrosslinking method. (2-Hydroxypropyl)-β-cyclodextrin (HPβCD) 
was dissolved in 20 mM acetic acid to a final concentration of 5% (w/v). 
LC was dissolved in the acidic HPβCD-solution to a final concentration of 
250 µM. Collagen was dissolved in the acidic HPβCD-solution over 24 h 
to a final concentration of 5 mg/ml. The collagen solution was 
neutralized to pH 7.4 by the addition of 10X phosphate buffered saline 
(PBS) (0.1 × final volume of the combined solution), 1 M NaOH (0.023 
× volume of added collagen-HPβCD solution) and Milli-Q water to give a 
final concentration of 4 mg/ml collagen, 200 µM LC and 1X PBS. The 
neutralized solutions were crosslinked by irradiation with either UVA 
(λmax = 365 nm, 16.0 mW/cm2) or blue light (λmax = 405 nm, 17.8 mW/ 
cm2) (Bio X, Cellink, Gothenburg, Sweden) for 10 s. The gels were 
incubated at 37 ◦C for 90 min to complete the crosslinking procedure. 

To distinguish the effects of LC and HPβCD in cell studies, CD 
modulated collagen hydrogels (CD gels) were prepared with 5% (w/v) 
HPβCD added to 20 mM acetic acid without the addition of LC and 
photocrosslinking as a control. 

2.2.2. Hydrogels prepared by physical crosslinking (Col gels) 
Physically crosslinked hydrogels (Col gels) were included as controls 

without photocrosslinking and prepared by a direct gelation method. 
Collagen was dissolved in 20 mM acetic acid over 24 h to a concentra
tion of 5 mg/ml. The collagen solution was neutralized to pH 7.4 by the 
addition of 10X PBS (0.1 × final volume of the combined solution) and 1 
M NaOH (0.023 × volume of added collagen solution) and diluted with 
Milli-Q water to give a final concentration of 4 mg/ml collagen and 1X 
PBS. The neutralized solution was incubated in the dark at 37 ◦C for 90 
min to initiate gelling and self-assembly of the collagen. 

K.G. Grønlien et al.                                                                                                                                                                                                                             



Materials Today Communications 31 (2022) 103635

3

2.2.3. Hydrogels prepared by riboflavin photocrosslinking (RF gels) 
RF photocrosslinked hydrogels (RF gels) were included as a 

literature-described photocrosslinked hydrogel control and prepared by 
a two-step gelation and photocrosslinking method. The hydrogels were 
prepared as for the Col gels, except with the addition of riboflavin 5′- 
monophosphate sodium salt to a final concentration of 0.01% (w/v) 
(265 µM). The neutralized solution was incubated in the dark at 37 ◦C 
for 1 h to initiate gelling and self-assembly of the collagen. The collagen 
hydrogels were irradiated with UVA (λmax = 365 nm, 2.94 mW/cm2) 
(Polylux-PT, Dreve, Germany), for 4 min to form interhelical crosslinks. 
The crosslinking procedure was then completed by incubating the 
hydrogels in the dark at 37 ◦C for 30 min 

2.2.4. Freeze-drying of hydrogels 
Collagen hydrogels were freeze-dried prior to some analysis to avoid 

influence from water. The gels were frozen at − 80 ◦C for 1 h prior to 
freeze drying at 0.011 mbar for 24 h, including 1 h final drying at 
0.0010 mbar (Alpha 2–4 LD Plus Freeze Dryer, Martin Christ, Germany) 
resulting in dry constructs. 

2.3. Physical characterization of hydrogels 

2.3.1. Viscosity measurements 
Viscosity measurements were performed on a Brookfield DV2T 

viscometer (Brookfield Engineering Laboratories, Inc., Middleboro, MA, 
USA) with spindles CPA-40Z (low viscosity samples < 10 mPa s; accu
racy: ± 0.1 mPa⋅s; sample volume: 0.5 ml) and CPA-52Z (medium vis
cosity samples 10 – 300 mPa⋅s; accuracy: ± 3.1 mPa⋅s and high viscosity 
samples ≥ 1500 mPa⋅s; accuracy: ± 31.0 mPa⋅s; sample volume: 0.5 ml). 
The temperature was kept constant at 25 ◦C during the viscosity mea
surements (Grant LTD6G water bath, Grant Instruments, Cambridge, 
Ltd., Royston, UK). An average measurement was performed with the 
end condition parameter fixed at 2 min and speed depending on the 
expected viscosity (30 rpm for samples ≤ 300 mPa⋅s, 5 rpm for samples 
300 – 1500 mPa⋅s, and 3 rpm for samples ≥ 1500 mPa⋅s). 

2.3.2. Swelling ratio (SR) 
Freeze-dried collagen hydrogels were soaked in PBS at room tem

perature overnight. The rehydrated hydrogels were then removed from 
the solution, gently dabbed with an absorbent paper to remove excess 
fluid and weighed. The hydrogels contain water soluble compounds 
which will diffuse out in the media after rehydration and induce a 
weight-loss. The rehydrated hydrogels were therefore freeze-dried ac
cording to Section 2.2.4 and weighed dry. The Swelling Ratio (SR) for 
each sample was calculated using Eq. (1). 

SR(%) =
Wwet − Wdry

Wdry
× 100%, (1)  

where Wwet is the weight of the samples soaked for overnight in PBS and 
Wdry is the weight of the samples that were freeze-dried after 
rehydration. 

2.3.3. Water holding capacity (centrifugal dehydration) 
Col, RF, LC and CD gels were compared according to their water 

holding capacity. The hydrogels were placed in a Corning™ Costar™ 
Spin-X™ Centrifuge Tube Filter (Corning Inc. Life Sciences, Corning, NY, 
USA) with 0.45 µm pores and centrifuged at 2000 rpm (394g) [36]. The 
water retention at fixed time points between 2 and 240 min were 
calculated based on the weight ratio after and before centrifugation 
(W/W0). The water holding capacity was defined as the percentage of 
weight remaining after centrifugation for 240 min 

2.3.4. Enzyme-mediated scaffold degradation 
Enzyme-mediated scaffold degradation was studied by collagenase 

digestion of the prepared hydrogels. Type I collagenase from Clostridium 
histolyticum (C0130, Sigma-Aldrich, Saint Louis, MO, USA) was dis
solved in Dulbecco’s Phosphate Buffered Saline (DPBS) with 100 mg/l 
MgCl2 and 100 mg/l CaCl2 (Gibco, Life Technologies Corp., Grand Is
land, NY, USA) to a concentration of 5 CDU/ml. Hydrogels prepared 
were equilibrated in DPBS for 30 min. Further, the hydrogels were 
treated with the collagenase solution and incubated at 37 ◦C at 100 rpm 
in an orbital shaker (ES-20, Biosan Ltd., Latvia). Remaining hydrogels 
were removed from the solution, gently dabbed with an absorbent 
paper, weighed, and compared with untreated hydrogels at fixed time 
points between 2 and 24 h. The collagenase solution was changed at 
every 3rd sampling. 

2.3.5. Mechanical properties (macroindentation) 
Mechanical properties of the prepared hydrogels were studied using 

TA-XTplusC Texture Analyser (Stable Micro Systems, Godalming, UK) in 
compression mode. The hydrogels were prepared in 24-well plates 
(VWR International., Radnor, PA, USA) according to the described 
preparation procedures. The resulting cylindrical gels equilibrated in 
PBS overnight (4 ◦C) and exposed to constant pressure at 0.1 mm/s with 
a maximum strain set to 60% by a cylindrical flat-ended indenter (ø =
6 mm) attached to a 500 g load cell. The probe was positioned 
approximately 2 mm above the sample prior to analysis. The stress (kPa) 
was calculated by the force and load-bearing area (A) of the gels and 
plotted against the strain. The elastic moduli (E) were calculated using 
Eq. (2). 

E =
(1 − v2) Fc

2∂r
, (2)  

where v is the Poisson’s ratio, Fc is the applied force (N), δ is the 
indentation depth and r is the indenter radius [37]. Poisson’s ratio was 
estimated to 0.5 for the hydrogels. 

2.3.6. Thermal analysis 
Differential scanning calorimetry (DSC) experiments were performed 

on freeze-dried collagen hydrogels using a DSC822e Differential Scan
ning Calorimeter (Mettler Toledo Intl. Inc., Greifensee, Switzerland). 
DSC thermograms were recorded for samples containing 0.9–1.1 mg 
collagen at a constant heating rate of 10 ◦C/min in the temperature 
range 20–140 ◦C and under dry nitrogen purge (80 ml/min). The sam
ples were placed in aluminum sample pans with pierced lids. An empty 

Table 1 
Summary of preparation parameters of collagen hydrogels.  

Gel 
sample 

Final collagen 
concentration 

Final cyclodextrin 
concentration 

Final photocrosslinker 
concentration 

Final 
pH 

Incubation Irradiation 
parameters 

Post-irradiation 
incubation 

Col gels 4 mg/ml N. A. N. A. 7.4 37 ◦C, 90 
min 

N. A. N. A. 

LC gels 4 mg/ml 4% 200 µM LC 7.4 N. A. 10 s, λmax = 405 
nm 

37 ◦C, 90 min 

RF gels 4 mg/ml N. A. 265 µM RF 7.4 37 ◦C, 60 
min 

4 min, λmax = 365 
nm 

37 ◦C, 30 min 

CD gels 4 mg/ml 4% N. A. 7.4 37 ◦C, 90 
min 

N. A. N. A.  
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pan was used as reference. The transition temperature of collagen in the 
hydrogels was defined at the minimum of the transition peak when 
integrated. 

2.3.7. 2,4,6-trinitrobenzenesulfonic acid (TNBS) assay 
The content of primary amine groups in freeze-dried collagen 

hydrogels was determined using a 2,4,6-trinitrobenzenesulfonic acid 
(TNBS) assay according to protocols described in the literature [38]. The 
TNBS assay is one of several methods used to measure the content of 
primary amines to decide the degree of hydrolysis or the reduction of 
primary amines due to crosslinking reactions where primary amines are 
the targets [39]. The whole samples containing 2 mg collagen were 
hydrated with 0.5 ml of 4% (w/v) NaHCO3 overnight in the refrigerator. 
After complete hydration, 0.5 ml of a freshly prepared 0.05% (w/v) 
TNBS solution was added. The samples were incubated at 37 ◦C for 2 h 
before addition of 1.5 ml 6 M HCl. The samples were incubated at 60 ◦C 
for 90 min to dissolve any sample residuals. The samples were cooled 
down to room temperature and the absorbance at 320 nm was detected 
using a Synergy H1 Hybrid Multi-Mode Microplate Reader (Biotek, Bad 
Friedrichshall, Germany). All samples were measured against a blank 
prepared as described above except for the addition of 6 M HCl prior to 
adding TNBS. A calibration curve was prepared from a 5 mg/ml glycine 
stock solution diluted in 4% (w/v) NaHCO3 and treated in the same way 
as the samples. The content of primary amines per 1000 amino acid 
residues (n/1000) was calculated from the standard curve with the 
assumption of collagen having an average molecular weight of amino 
acids of 90.1 g/mol [40]. 

2.3.8. Scanning electron microscopy (SEM) 
Scanning Electron Microscopy (SEM) was performed on the hydro

gels after complete crosslinking procedure to assess the microstructure. 
Samples were fixed in 2% glutaraldehyde and 4% paraformaldehyde in 
PHEM buffer pH 7.4. After fixation, samples were washed 3 times for 
15 min in PHEM buffer and subsequently dehydrated in a series of EtOH 
(50% up to 100%) followed by critical point drying (BAL-TEC CPD 030 
Critical Point Dryer, BAL-TEC AG, Liechtenstein). Finally, samples were 
sputter coated with 10 nm platinum using a Cressington 308R Coating 
System (Ted Pella Incorporated, Redding, CA, USA), and analyzed using 
a Hitachi S-4800 Field Emission Scanning Electron Microscope (Hitachi, 
Tokyo, Japan). 

2.3.9. Peroxide content 
The content of peroxides (mg/l H2O2) in the hydrogels after com

plete crosslinking procedure was measured using the Reflectoquant® 
test with corresponding test strips and RQflex® 10 instrument (Merck 
KGaA, Darmstadt, Germany) following the manufacturer’s instructions. 
The hydrogels were transferred to Eppendorf tubes and vortexed for 
10 s. The test strips were immersed in the liquid from the gels. The 
method is based on the transfer of peroxide oxygen to an organic redox 
indicator by peroxidases producing a blue oxidation product determined 
reflectometrically. 

2.4. Cell studies 

The cell studies consisted of three independent biological experi
ments, each performed in triplicates. 

2.4.1. Cell culture 
Human primary dermal fibroblasts (ATCC, Manassas, VA, USA) were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin, 100 µg/ 
ml streptomycin and 250 µg/ml fungizone in tissue culture flasks. The 
cells were maintained at 37 ◦C in a humidified atmosphere of 5% CO2. 
The cells were routinely sub-cultivated twice a week. The cells were 
examined by a Leica DM IL LED light microscope (Leica Microsystems 
Nussloch GmbH, Nußloch, Germany) during incubation. Cells between 

passages 3–10 were used in these experiments. 

2.4.2. Cell behavior on hydrogels 
Evaluation of the suitability of the hydrogels as cell matrices was 

conducted for 48 h on proliferating cells. The different hydrogels (pre
pared as described above) were prepared in the wells of 24-well plates 
with glass bottom (MatTek Corp., Ashland, MA, USA). Fibroblasts were 
seeded on top of the hydrogels at a concentration of 50 000 cells/well. 
To monitor cell nuclei and dead cells, the cells were stained with 
NucBlue™ Live ReadyProbes™ (Hoechst 33342, bisbenzimide) and 
Propidium Iodide ReadyProbes™ (Life Technologies Corp., Eugene, OR, 
US), respectively. The dyes were used according to the manufacturer’s 
instructions. Media was replaced prior to staining. The cells were 
examined and imaged with a Zeiss Axio Observer Z1 microscope and the 
ZEN 2.6 blue edition microscopy software suite (Zeiss, Jena, Germany). 
If necessary, the brightness and contrast of the image were manually 
adjusted across the entire image using Adobe Photoshop Elements 11. 

2.4.3. Immunofluorescence 
Hydrogels (prepared as previously described) were prepared on the 

glass bottom of uncoated 35 mm petri dishes with the area of the glass 
bottom corresponding to the size of the wells of a 24-well plate (MatTek 
Corp., Ashland, MA, USA). Fibroblasts were seeded on top of the 
hydrogels at a concentration of 50 000 cells/well. After 48 h, the cells 
were washed twice with PBS and fixed with 4% (v/v) formaldehyde 
solution (252549, Sigma-Aldrich, Saint Louis, MO, USA) for 15 min. The 
cells were washed three times with 0.1% (v/v) Tween 20 in PBS (PBS-t) 
before permeabilizing with 0.1% (v/v) Triton X-100 in PBS for 10 min. 
After washing with PBS-t, the cells were blocked for 1 h (25 ◦C) or 
overnight (4 ◦C) using blocking buffer (ab126587, Abcam, Cambridge, 
UK) diluted in PBS-t before incubation with the primary antibody (Anti- 
alpha smooth muscle Actin antibody, ab5694, Abcam, Cambridge, UK) 
for 1 h (25 ◦C). Subsequent incubation with secondary antibody (Goat 
anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa 
Fluor™ 546, A-11010) for 1 h was performed after washing three times 
with PBS-t for 10 min. The cells were washed again thrice for 10 min 
before mounting the gels with Dako Fluorescence Mounting Medium 
(Dako North America, Carpinteria, CA, USA). For staining of the F-actin 
filaments, Alexa Fluor™ Phalloidin 488 (A12379, Life Technologies 
Corp., Eugene, OR, US, 1:200 dilution) was added together with the 
secondary antibody. Hoechst (1:1000 dilution, Invitrogen, Carlsbad, CA, 
USA) was used to counterstain cell nuclei. The cells were examined and 
imaged with a Zeiss Axio Observer Z1 microscope and the ZEN micro
scopy software suite (Zeiss, Jena, Germany). If necessary, the brightness 
and contrast of the image were manually adjusted across the entire 
image using Adobe Photoshop Elements 11. 

2.4.4. Sandwich enzyme-linked immunosorbent assays (ELISAs) 
The protein secretion of matrix metalloproteinase-2 (MMP-2), tissue 

inhibitor of metalloproteinase-2 (TIMP-2) and shed syndecan-4 (SDC-4) 
was measured in the cell media supernatants. Fibroblasts were cultured 
on hydrogels in 24-well plates (VWR, Radnor, PA, USA) for 48 h at a 
concentration of 50 000 cells/well. The protein secretion was measured 
with commercial sandwich ELISA Kits (KHC3081 and EHTIMP2, 
Thermo Fisher Scientific, Inc., Waltham, MA, USA and ab213830, 
Abcam, Cambridge, UK). The ELISA kits were used according to the 
manufacturer’s instructions. The optical density was detected using a 
Synergy H1 Hybrid Multi-Mode Microplate Reader (Biotek, Bad Frie
drichshall, Germany). 

2.4.5. RNA extraction and reverse transcriptase quantitative polymerase 
chain reaction (RT-qPCR) 

After sampling the supernatant for the Sandwich ELISA, the 
remaining gels were washed two times with PBS and preserved at 
− 80 ◦C for RT-qPCR experiments. The cells within the hydrogels were 
lysed and homogenized with a Precellys Evolution (Bertin Technologies 
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SAS, Montigny-le-Bretonneux, France) for 2 cycles of 30 s in RLT-lysis 
buffer (RNeasy® Plus Micro Kit, Qiagen, Hilden, Germany). The RNA 
was further purified using the RNeasy® Plus Micro Kit according to the 
manufacturer’s protocol. cDNA was generated from the entire mRNA 
sample using TaqMan® Reverse Transcription Reagents (Applied Bio
system, Life Technologies, Carlsbad, CA, USA) according to the manu
facturer’s protocol. The cDNA (40 µl) was diluted to 65 µl with RNase- 
free water before aliquots were subjected to real-time qPCR by Quant
Studio 5 Real-Time PCR System (Applied Biosystem, Life Technologies, 
Carlsbad, CA, USA). Amplification of cDNA by 45 two-step cycles (15 s 
at 95 ◦C for denaturation of DNA, 1 min at 60 ◦C for primer annealing 
and extension) was performed, and cycle threshold (Ct) values were 
obtained graphically (QuantStudio 5, Applied Biosystem, Design and 
Analysis Software version 1.5.1). The TaqMan® Gene Expression Assays 
used in this study are listed in Table 2. Gene expression of the samples 
was normalized against the average value of the housekeeping gene 
EEF1A1, and the ΔCt values were calculated according to the MIQE 
guidelines [41]. Comparison of the relative gene expression (fold 
change) of the fibroblasts between Col gels, LC gels and CD gels was 
derived by using the comparative Ct method. In short, values were 
generated by subtracting ΔCt values between two samples which gave a 
ΔΔCt value. The relative gene expression (fold change) was then 
calculated by the formula 2-ΔΔCt [42]. The ΔΔCt value of LC gels and CD 
gels were calculated based on the mean ΔCt value of Col gels. The 
real-time qPCR was performed with three technical replicates in three 
independent cell culture experiments seeded out in triplicates. 

2.5. Statistical analysis 

The data was presented as mean ± standard deviation from three 
independent experiments. D′Agostino & Pearson tests were performed to 
determine the normality of the data. Statistical analyses were performed 
by one-way ANOVA with Tukey’s multiple comparisons for normally 
distributed samples and Kruskal-Wallis test with Dunn’s multiple com
parison for samples not following a normal distribution. All statistics 
were performed using GraphPad Prism version 8.0.1 for Windows 
(GraphPad Software, La Jolla, CA, USA, www.graphpad.com). Differ
ences were considered significant at P < 0.05. 

2.6. Graphics 

Illustrations were prepared in Microsoft PowerPoint. Graphs were 
created with GraphPad Prism version 8.0.1 for Windows (GraphPad 
Software, La Jolla, CA, USA, www.graphpad.com). Microscopy images 
were modulated with Adobe Illustrator CS6. 

3. Results 

3.1. Physical properties of collagen hydrogels are dependent on the 
preparation method and the crosslinking procedures 

LC gels were formed directly after photocrosslinking of the neutral
ized collagen solution. A simplified illustration of the photocrosslinking 
by LC is illustrated in Fig. 1. To evaluate the optimal irradiation source 
for LC gels, the viscosity of gels before and directly after irradiation was 
measured. Collagen solutions with 5% (w/v) HPβCD and 250 µM LC 
exhibited a viscosity of 29.15 ± 0.44 mPa⋅s after neutralization, before 

crosslinking and 998.6 ± 55.2 mPa⋅s after irradiation by UVA (10 s, λmax 
= 365 nm), while exposing the solution to blue light (10 s, λmax =

405 nm) increased the viscosity to 1818 ± 83.8 mPa⋅s. Due to a superior 
viscosity and low deviation compared to the other formulations, we 
decided to continue with the formulation irradiated by blue light for 
10 s. The Col gels, CD gels and RF gels appeared translucent, while LC 
gels appeared slightly yellow and transparent (Fig. 2). The primary 
amine content of Col gels was 12.99 ± 0.33/1000 amino acids and they 
had a swelling ratio of 2692 ± 437% and a low water retention (2.67 
± 0.53%). LC photocrosslinking of collagen resulted in gels with a 
significantly lower content of primary amines than Col and CD gels 
(10.66 ± 0.54/1000 amino acids), which is an indication of a higher 
crosslinking of the structure. The gels had a high swelling ratio (4214 
± 62%) and a high water retention (44.97 ± 3.04%). RF photo
crosslinking of collagen resulted in gels with a low swelling ability 
(1487 ± 197%) and water retention (2.57 ± 0.06%). The content of 
primary amines was 12.24 ± 0.95/1000 amino acids. CD gels had a high 
primary amine content (15.63 ± 1.09/1000 amino acids), low water 
retention (5.12 ± 2.80%), but a high swelling ratio (4072 ± 140%) 
(Fig. 3a-c). 

Exposing the gels to collagenase resulted in complete degradation 
within 24 h for all the gels, except RF gels. The weight of the LC gels 
became significantly reduced compared to the weight of the RF gels 
already after 3 h (Fig. 3d). After 24 h, 18.5 ± 1.9% of the RF gels were 
still intact (data not shown). Thermostability studies revealed the 
shrinkage temperature (loss of triple helical structure) for collagen in 
freeze-dried hydrogels. Col gels had a shrinkage temperature at 77.02 
± 2.19 ◦C, while photocrosslinking with RF slightly decreased the 
transition (not significantly) to 74.05 ± 3.20 ◦C. LC gels had a transition 
at 99.78 ± 1.81 ◦C, while CD gels had a transition at 98.10 ± 3.18 ◦C 
(Fig. 3e). 

Compression tests illustrated the difference in the mechanical 
properties for the gels. Values for Young’s moduli, ultimate compressive 
strengths and fracture points are presented in Table 3. Stress-strain 
curves are presented in Fig. 3f. 

The collagen microstructure was studied by SEM. The structure of 
the hydrogels differed clearly by the presence of fibrillar structures in 
Col gels, CD gels and RF gels. The LC gels did not possess such higher 
order structures but presented a dense collagen network (Fig. 4a-d). 

3.2. Fibroblasts seeded in 2D on LC gels exhibited a myofibroblastic 
phenotype and SDC-4 shedding together with a tendency of increased 
MMP-2/TIMP-2 ratio expression 

Light microscopy investigation of the fibroblasts cultured on the 
different hydrogels showed different cell behavior dependent on type of 
crosslinking. Fibroblasts seeded on Col gels and CD gels were evenly 
distributed throughout the hydrogel surface (Fig. 5a left and right), 
however no cell clustering was observed, despite cell contact. Cells 
seeded on hydrogels with LC photocrosslinking, on the other hand, were 
self-organized into cell clusters and the fibroblasts had a more elongated 
morphology (Fig. 5a, middle). The cell viability was high, demonstrated 
by the low appearance of dead cells on either of the hydrogels (Fig. 5b). 
Cells seeded on top of hydrogels photocrosslinked using RF did, how
ever, lead to dramatically reduced cell viability and were therefor not 
included in the following cell behavior experiments (Fig. S1). Quanti
fication of the peroxide content of the hydrogels, which may be related 
to potential cell toxicity, revealed a content of 5.95 ± 0.21 mg H2O2/l 
for RF gels, while the other gels had a content under the quantification 
limit (< 0.2 mg H2O2/l). 

When examining filamentous actin (F-actin) we clearly observed 
more prominent intracellular stress fibers in the Col and CD gels, while 
cells seeded onto LC gels demonstrated stronger staining of peripheral 
stress fibers (Fig. 6a). All the hydrogels seemed to stimulate the 
expression of the common myofibroblast marker α-SMA (Fig. 6b and c), 
however, cells seeded onto the LC hydrogel displayed a more mature 

Table 2 
List of TaqMan Gene Expression Assay probes used in RT-qPCR experiments.  

Gene TaqMan Description TaqMan assay ID 

EEF1A1 Eukaryotic translation elongation factor 1 alpha 1 Hs00265885_g1 
ACTA2 Actin, alpha 2, smooth muscle, aorta Hs00909449_m1 
SDC4 Syndecan 4 Hs00161617_m1 
COL1A2 Collagen type I alpha 2 chain Hs01028939_g1  
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organization of α-SMA visualized as long aligned fibers, whereas the 
other hydrogels displayed immature, less organized, and prominent 
punctured structures. Secondary antibody controls were included in the 
experiments to verify specific staining of α-SMA (Fig. S2). On the gene 
level, the fibroblasts seeded on Col gels had a significantly higher mRNA 
expression of α-SMA (ACTA2) (P < 0.001) compared to both LC gels and 
CD gels (Fig. 7a). Fibroblasts cultured on Col gels and LC gels showed a 
lower expression of collagen type 1 mRNA (COL1A2) compared to cells 
cultured on CD gels (Fig. 7b). 

The mRNA expression of the SDC4 gene in fibroblasts seeded on Col 
gels was significantly higher than the LC gels (P < 0.001) and higher, 
although not significant, than CD gels (Fig. 7c). The levels of SDC-4 shed 
by fibroblasts on the different collagen gels were variable, both within 
the same gel samples and between gel types, indicating a spontaneous 
shedding. The experiment was repeated with two different ELISA kits, 

with similar results. The levels of shed SDC-4 from fibroblasts seeded on 
LC gels were significantly higher than Col gels (P ≤ 0.05), while the fi
broblasts seeded on CD gels tended to be higher than Col gels with a 
similar average protein level as LC gels (Fig. 7d). The ratio between 
secreted MMP-2 and its inhibitor TIMP-2 is presented (Fig. 7e). The ratio 
can be used as an indication for the enzyme activity and was calculated 
based on the results from the ELISA experiments for MMP-2 and TIMP-2. 
The MMP-2/TIMP-2 ratio for the cells on LC gels was significantly higher 
than CD gels (P ≤ 0.01) and higher, although not significant, than Col 
gels. The difference between the Col gels and CD gels was not significant. 
The MMP-2 and TIMP-2 raw data are included in the supplementary 
material (Fig. S3). The cells seeded on Col gels showed significantly 
higher MMP-2 protein secretion than the LC gels (P ≤ 0.05). There was 
no significant difference in the MMP-2 protein secretion between LC gels 
and the gels made with HPβCD. The cells seeded on LC gels had the 

Fig. 1. Schematic illustration of LC photocrosslinking showing organization and crosslinking of collagen following irradiation. LC is complexed by CDs, which also 
can bind to aromatic and hydrophobic residues of collagen amino acids. Neutralization and irradiation of the solutions produce reactive oxygen species (ROS) and 
singlet oxygen (1O2). The ROS and 1O2 react with reactive carbonyl groups in collagen amino acids, such as histidine (shown on schematic), which after interaction 
with reactive nucleophiles (e.g., hydroxyl on hydroxyproline, as shown, or primary amines on hydroxylysine) can generate inter- and intramolecular crosslinks 
between the collagen molecules [46,77]. This will increase strength and robustness of collagen gels formed. 

Fig. 2. Appearance of the hydrogels depending on crosslinking procedure. From left: Col gel with translucent appearance, LC gel with slightly yellow and transparent 
appearance, CD gel with translucent appearance, and RF gel with yellow and translucent appearance. Gel edges are highlighted using dashed lines and the trans
parency is illustrated by a red logo in the background. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 3. Physical properties of hydrogels. a) Content of primary amines per 1000 amino acids (n/1000). LC gels exhibited the lowest content of primary amines, 
indicating the highest crosslinking of the collagen structure. b) Swelling ratio as % (w/w) of freeze-dried hydrogels. LC gels and CD gels appeared to have similar 
water absorption, while RF gels had the lowest swelling ability. c) Water holding capacity as % (w/w) of hydrogels subjected to 394g centrifugal force, with LC gels 
having a superior water holding capacity compared to Col gels, CD gels and RF gels, where the latter had the lowest capacity. d) Enzyme-mediated scaffold 
degradation by collagenase, showing highest resistance to collagenase for RF gels (points marked with a dagger (†) for LC gels had only one replicate due to low 
mechanical strength after collagenase digestion). e) Thermograms of freeze-dried collagen hydrogels illustrating the change in shrinkage temperature by crosslinking. 
LC and CD gels exhibited the highest shrinkage temperature, possibly due to CD complexation. f) Representative stress-strain curves of hydrogels between 0% and 
30% strains. Col gels (green), LC gels (blue), RF gels (red), CD gels (purple). Asterisks (*) denote significant differences. Statistical analysis was performed by one way 
ANOVA with Tukey’s multiple comparison test (* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001). (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 
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lowest TIMP-2 protein secretion of all samples. There was no significant 
difference in the TIMP-2 secretion between Col gels and CD gels. 

4. Discussion 

In this study, we developed a hydrogel based on CD modulated 
collagen and LC photocrosslinking to tailor the properties of the mate
rial. CDs are known to interact with collagen by binding with hydro
phobic amino acids in the protein chain. This has previously been shown 
to reduce the fibril diameter during gelation, and provide increased 
viscosity, mechanical strength and transparency [22]. The LC gels were 
clearly more transparent compared to Col gels and RF gels after 
completed photocrosslinking and incubation. The CD gels without LC 
did, however, become translucent, similar to the Col gels. A change in 
the crosslinking procedure from irradiation before to irradiation after 
incubation for 1 h (as used in the RF photocrosslinking procedure) 
resulted in more translucent gels but quite similar mechanical strength 
(data not shown). The ability of LC photocrosslinking to achieve gelling 
already after 10 s of irradiation may be crucible for the organization of 
collagen fibrils and transparency. This will further increase the potential 
for use in applications requiring immediate gelation. The difference in 
fibril formation and organization was confirmed by SEM imaging. The 
Col and CD gels were comparable with randomly organized fibrils 

within the hydrogel, while RF gels seemed to have a somewhat denser 
organization of the fibrils. The LC gels were, however, completely 
different from the other samples with indication of a denser collagen 
network throughout the hydrogel. Transparent materials are desirable 
for certain applications, like in the eye [43]. Based on these observa
tions, and the ease of the crosslinking procedure, the further photo
crosslinking irradiation was performed directly after neutralization and 
before the final incubation. 

The swelling ratio, water holding capacity, content of primary 
amines, thermal properties, enzymatic resistance, and mechanical 
properties of the hydrogels depended on the crosslinking procedure. The 
RF gels exhibited a low swelling ratio and water holding capacity, 
despite a high Young’s modulus and a high enzymatic resistance to 
collagenase. This indicates a higher crosslinking of the structure with a 
higher density of fibrils [44,45]. The reduction in primary amines in RF 
gels and LC gels compared to the other gels confirmed that the cross
linking reaction involved primary amine groups. Amine groups are 
known to participate in photocrosslinking reactions involving collagen 
and a photosensitizer, such as in corneal CXL treatment with RF and 
UVA, although to a minor extent [46]. The shrinkage temperature of 
collagen can usually be observed as a broad endothermic peak at around 
80 ◦C [47]. The shrinkage temperature of RF gels was not significantly 
different from Col gels, indicating only a slightly higher crosslinking 
density. LC gels had the highest reduction in primary amines and the 
largest increase in shrinkage temperature compared to the 
non-crosslinked samples, indicating the most crosslinked hydrogel. 
Further, the water holding capacity of the LC gels was superior to the 
other hydrogels. This was probably due to denser network of the 
collagen by photocrosslinking before further physical crosslinking by 
incubation [22,48]. The potential influence on water absorption and 
thermostabilization by CD modulation was studied by comparing the 
properties of LC gels with CD gels prepared without LC and photo
crosslinking. The swelling of LC gels and CD gels was similar, which may 
be due to the content of HPβCD in both gels. The similarity in shrinkage 
temperature indicated that the increased transition temperature after LC 
photocrosslinking may be ascribed to modulation by CDs, rather than a 

Table 3 
Results from macroindentation of collagen hydrogels.  

Gel 
sample 

Young’s modulus (20% 
strain) 

Ultimate compressive 
strength 

Fracture 
point 

Col gels 3.50 ± 0.21 kPa ≥ 0.43 ± 0.04 kPa ≥ 60% 
strain 

LC gels 62.30 ± 7.95 kPa 16.05 ± 4.93 kPa 25–35% 
strain 

RF gels 30.88 ± 0.51 kPa ≥ 11.89 ± 0.49 kPa ≥ 60% 
strain 

CD gels 3.90 ± 0.40 kPa ≥ 0.57 ± 0.05 kPa ≥ 60% 
strain  

Fig. 4. Scanning Electron Microscopy (SEM) images showing the hydrogel microstructure. a) Col gels, b) LC gels, c) CD gels, d) RF gels. The microstructure of the LC 
gels differed from the other hydrogels by a denser collagen network, while the other hydrogels were composed of fibrillar structures. Scale bars: 2 µm. 
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higher crosslinking density. The LC gels were the least resistant to 
collagenase degradation. As suggested by other researchers, gelation by 
irradiation at low temperatures results in hydrogels with low fibril 
density and low resistance to enzymatic degradation [49]. In cases 
where there is an elevated level of MMPs, like collagenases, the LC gels 
may be broken down to smaller fragments in a shorter time than 
collagen hydrogels prepared by other crosslinking procedures. This in
dicates a good biodegradability. Further, the collagenase effect is 
dependent on the availability of the site of cleavage and may be influ
enced by the difference in fibril organization after crosslinking [50]. The 
water holding capacity is on the other hand a measurement of the 
hydrogen bonding ability and may be an indication of a change in 
crosslinking [51–53]. The difference in swelling ratio and water holding 
capacity between the gels corresponded to the variation in crosslinking 
of the structures and was supported by the difference in resistance to 
collagenase. The crosslinking will further change the mechanical 
strength [54]. This resulted in more brittle LC gels, but with a high 
Young’s modulus (higher elasticity). The high elasticity, swelling ratio 
and water retention may be desirable in tissue engineering applications, 
as it will facilitate the diffusion and retention of nutrition and provide 
elasticity and flexibility similar to the native extracellular matrix and 
make the hydrogels less prone to collapse [49,55]. 

Fibroblasts were seeded on top of the produced gels. By examining 
the cell distribution, some of the cells seemed to migrate into the gels. 
Most of the cells were, however, still distributed on the gel surface after 
48 h (results not shown). The 3D migration through the gels were not 
studied further. The cell viability was high on Col gels, LC gels and CD 
gels, illustrated by a higher number of live cell nuclei compared to the 
low number of dead cells. Interestingly, the RF gels did not facilitate cell 
growth. This is in contrast to other relevant studies using gels prepared 

with the same RF concentration and similar photocrosslinking proced
ure, in which the RF crosslinked scaffolds were used for fibrochon
drocytes with excellent viability [56]. The only differences between the 
RF gels and the Col gels, were the addition of 0.01% (w/v) RF and a 
photocrosslinking procedure after 1 h incubation in the former. The gels 
were incubated for 30 min after irradiation to complete crosslinking, 
before addition of cells. A potential explanation is the formation of 
hydrogen peroxide (H2O2) during irradiation of RF in the presence of 
certain amino acids [57]. Measurements of peroxide content in the 
hydrogels after complete crosslinking procedure revealed that peroxides 
were present in RF gels while absent in the other gels, confirming 
peroxide-induced cytotoxicity for fibroblasts in RF gels. The toxicity of 
similar concentrations of H2O2 has been studied by others showing 
accelerated senescence and reduced viability in fibroblasts [58]. This 
suggested the need for a reduction in irradiation time during the prep
aration of collagen constructs. Based on these results, the RF gels were 
not included in the further cell studies. 

The differentiation of fibroblasts into myofibroblasts on gels is 
known to be dependent on, among other factors, the gel rigidity [59]. 
The myofibroblasts play an important role in the wound healing process, 
promoting matrix synthesis and wound contraction [60]. Cells cultured 
on a rigid surface, like the bottom of a well plate or a rigid gel, can 
differentiate into myofibroblasts at low seeding densities [61,62]. The 
cells were seeded with similar density for all samples, and with a density 
more than 3-fold higher than the reported values in the literature (for 
RT-qPCR experiments). Further, the results indicated that the differen
tiation was a result of the material and not the seeding density. The LC 
gels exhibited remarkably higher stress at lower strains, which can in
fluence the myofibroblast differentiation. Even though the mRNA 
expression of α-SMA by fibroblasts seeded on LC gels and CD gels was 

Fig. 5. Fibroblast morphology and viability on hydrogels. a) Light microscopy images of fibroblasts seeded on the hydrogels showing even dispersion of fibroblasts 
on Col gels and CD gels, while fibroblasts on LC gels seemed to cluster or collectively migrate through the gel. b) Staining of cell nuclei (blue) and dead cells (red, 
marked with arrows) mainly showing viable cells for fibroblasts seeded on Col gels, LC gels and CD gels. The images are representative for the whole sample area. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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somewhat low and the fibroblasts seeded on the Col gels expressed 
higher α-SMA expression at the time of sampling, the immunofluores
cence results showed that the LC gels contained fibroblasts with more 
organized α-SMA. This may indicate that the onset of myofibroblast 
differentiation was earlier in fibroblasts grown on LC gels, reflecting the 
observed downregulation of α-SMA at mRNA level. This was further 
supported by the appearance of α-SMA in Col gels and CD gels, expressed 
as an unorganized grainy pattern, rather than fibers. 

SDC-4 is a regulator of fibroblast cell adhesion and migration by 
regulating focal adhesion and actin-cytoskeletal organization formation 
in fibroblasts. SDC-4 shedding of its ectodomain results in an altered 
distribution of cytoskeletal components, functional loss of adhesion, and 
gain of migratory capacities [63]. Our results showed a redistribution of 
stress fibers in LC gels, which is a morphological characteristic observed 
in less adhesive and more migratory cells [64,65]. An increased SDC-4 

shedding, although not significant, was observed from cells grown on 
LC gels. Together with less SDC-4 production and reorganized 
actin-cytoskeletal components of less adhesive cells, this could reflect 
SDC-4 receptor mechanisms to be involved in attachment, spreading and 
migratory behavior of the fibroblast influenced by LC gel structure. 
Interestingly, a smaller fibril size of electrospun polycaprolactone 
(PCL)-based fibers has shown to contribute to an increased adhesion, 
velocity, and migratory behavior of fibroblasts [66,67]. In the same 
study, smaller fibril size also upregulated the expression of α-SMA, the 
myofibroblast phenotype. This is in line with our data with fibroblasts of 
myofibroblast phenotype in the LC gels. We suggest heterogeneity of 
fibroblasts to be present on the LC gels, with some less adhesive and 
migratory together with more α-SMA expressing of myofibroblast 
phenotype. 

MMP-2 is an enzyme involved in wound healing and remodeling of 

Fig. 6. Hydrogel crosslinking procedures influences fibroblast F-actin stress fibers and myofibroblast differentiation. a) Fluorescence microscopy of F-actin (phal
loidin, green) and cell nuclei (blue), showing more prominent intracellular stress fibers in the Col and CD gels, while cells seeded onto LC gels had stronger staining of 
peripheral stress fibers. b) Immunostaining of α-SMA (red) showing organized smooth muscle actin fibers (marked by arrow heads) for LC gels rather than immature 
fibers as seen for Col and CD gels. c) Co-staining of F-actin (phalloidin, green) and α-SMA (red). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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the extracellular matrix by promoting migration of fibroblasts to the 
wound site [68]. The ratio between the protein secretion of MMP-2 and 
its inhibitor, TIMP-2, indicated a balance of the expression of the pro
teins pointing towards MMP-2 for cells seeded on all of the gels. Fibro
blasts seeded on LC gels had the highest MMP-2/TIMP-2 ratio. The 
MMP-2 and TIMP-2 levels were, however, lower in cells grown on the 
LC and CD gels, indicating a lower release or complexation of the 
enzyme. A possible explanation is complexation of MMPs with TIMPs or 
that the protein is shielded by complexation with CDs. The ratio of 
MMP-2/TIMP-2 was higher for cells seeded on LC compared to the other 
gels, suggesting that complexation with TIMPs may explain the lower 
enzyme levels. 

The increased SDC-4 shedding from fibroblasts seeded on collagen 
hydrogels can potentially be due to an elevated MMP-2/TIMP-2 ratio, 
whereas MMP-2 is known to cleave SDC-4 [69]. In addition, other en
zymes, such as ADAMS (disintegrin and metalloprotease) and serine 
proteases not investigated in our study, can also be involved in SDC-4 

shedding mechanisms [70,71]. The COL1A2 mRNA expression for fi
broblasts seeded on CD gels was significantly higher than Col gels. LC 
gels also tended to have a higher expression of COL1A2 than Col gels 
(although not significant). The levels of TIMP-2 were highest in Col gels, 
which can explain the somewhat lower COL1A2 mRNA expression for 
the same gels, whereas the addition of TIMP-2 has shown to suppress 
collagen synthesis and mRNA expression in keloid fibroblasts [72]. In 
wild-type cardiac fibroblasts, myofibroblast differentiation was associ
ated with increased α-SMA and collagen mRNA expression. However, a 
knockout of SDC-4 decreased these. [73]. We did not obtain this clear 
correlation at mRNA level, which could reflect heterogeneity in our 
fibroblast phenotypes, or also difference in comparing SDC-4 knockout 
cells with SDC-4 expressing cells. In our study, the fibroblasts expressed 
SDC-4. 

The mechanisms of RF photocrosslinking of collagen have previously 
been discussed and thoroughly studied [74]. LC photocrosslinking of 
collagen to a firm gel can as demonstrated in the present work, be 

Fig. 7. mRNA expression and secretion of pro
teins related to fibroblast differentiation and 
MMP activity are changed upon crosslinking of 
the hydrogels. mRNA expression is presented as 
the relative and normalized mRNA (fold 
change) in cells seeded on hydrogels compared 
to cells seeded on Col gels. Protein secretion is 
presented as the average protein concentration. 
The hydrogel crosslinking procedure affects the 
expression of a) ACTA2 (α-SMA) mRNA, b) 
COL1A2 (collagen type I alpha 2 chain) mRNA, 
c) SDC4 mRNA, d) SDC-4 shedding and e) 
MMP-2/TIMP-2 ratio calculated based on the 
secretion of protein into the cell media. The 
data was collected from three independent 
biological experiments, each with three tech
nical replicates. Asterisks (*) denote significant 
differences. Statistical analysis was performed 
by one-way ANOVA with Tukey’s multiple 
comparison test for normally distributed sam
ples (ACTA2 and COL1A2) and Kruskal-Wallis 
test with Dunn’s multiple comparison for sam
ples not following a normal distribution (SDC4 
mRNA, SDC-4 shedding and MMP-2/TIMP-2 
ratio) (* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001).   
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performed at 4 ◦C without further crosslinking. Photocrosslinking with 
RF needs to be performed after incubation at 37 ◦C to form a firm gel 
[14, 56, 75]. RF is rapidly photodecomposed to LC within minutes under 
certain experimental conditions [17]. This might indicate that the 
photocrosslinking by RF actually is a result of the photochemical 
degradation of the photosensitizer. This hypothesis is further supported 
by studies on the phototoxic effect of RF, being a hydrophilic substance, 
while LC is lipophilic and can penetrate the bacterial membrane [18]. 
Further, the crosslinking effect can be due to the formation of ROS and 
singlet oxygen (1O2) by excitation of RF, supported by the ability of 
quenchers to inhibit the photocrosslinking properties of RF [75,76]. 
Similar mechanisms can occur in the presence of LC. The quantum yield 
of 1O2 formation by LC at 365 nm exposure is more than 30% higher 
than for RF in aqueous media (ΦRF = 0.48, ΦLC = 0.63) [17]. 

In addition to good mechanical properties and excellent water 
holding capacity, it is important that scaffolds for tissue engineering, e. 
g., eye applications and in wound treatment allow for sufficient ex
change of nutrients and oxygen. The fibroblasts in the present work were 
seeded on top of the hydrogels. The translation of the present results (in 
2D) to the proposed applications (in 3D) can, however, be challenging. 
The LC photocrosslinked scaffolds are currently further developed in our 
lab and will therefore be assessed for their suitability in tissue engi
neering (3D cultures) and wound healing in future work. 

5. Conclusions 

This study has demonstrated the effects of LC photocrosslinking of 
collagen hydrogels. This photocrosslinking method reduced the gelation 
time to 10 s prior to optional physical crosslinking. The gels exhibited 
stronger water holding capacity, higher elasticity and thermal stability 
and the highest crosslinking density compared to Col gels and RF gels. 
The use of CDs in the hydrogel formulation increased the solubility of LC 
and potentially contributed to increased transparency, high thermosta
bility and good physical properties of the hydrogel. Cell studies on 
human fibroblasts cultured in 2D indicated good biocompatibility and a 
suggested migratory behavior when seeded on the LC gel. Further, the 
fibroblasts seemed to differentiate into myofibroblasts. LC is an endog
enous compound and LC photocrosslinking of collagen offers an alter
native to other potentially toxic crosslinkers. Further studies of 
fibroblast behavior in 3D and in vivo have to be performed to assess the 
suitability in tissue engineering and wound healing. 
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