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A B S T R A C T

In regenerative medicine, the demand for biomaterials with customizable properties to address diverse clinical 
challenges is steadily increasing. Collagen-based scaffolds offer significant promise for tissue engineering ap
plications. This study presents a novel 5-layer collagen laminate engineered to facilitate both infection control 
and bone and tissue regeneration in open bone fractures. The laminate employs a layering strategy with rose 
bengal and green light-induced crosslinking to facilitate assembly while enabling the controlled release of three 
bioactive molecules, vancomycin, Bone morphogenetic protein 2 (BMP-2) and Stromal cell-derived factor 1 (SDF- 
1α). Mechanical properties were evaluated using a high-capacity load cell, revealing that multi-layer configu
rations exhibited reduced stiffness and tensile strength compared to single-layer laminates. Notably, incubation 
with Normal Human Dermal Fibroblasts (NHDF) holds the potential to enhance interlayer cohesion and improve 
the mechanical integrity of 5-layer laminates. Furthermore, the composition of collagen within the laminate 
played a critical role in determining both mechanical behavior and release kinetics. Singular sheets of Endo
form™ Natural (E) collagen displayed rapid release, while Geistlich Bio-Gide® (G) collagen sheets provided 
sustained release, reflecting their distinct structural characteristics. These findings underscore the potential of 
multi-layer collagen laminates as a versatile platform for tailored therapeutic applications in regenerative 
medicine.

1. Introduction

Open bone fractures pose significant clinical challenges, defined by 
an interruption of the bone and surrounding tissue integrity, exposing 
the fracture site to the external environment. This exposure drastically 
increases the risk of bacterial contamination, leading to infection rates 
exceeding 50 % in severe cases when left untreated [1,2]. Osteomyelitis, 
a serious complication of open fractures characterized by inflammation 
and infection of the bone, is one of the most common and detrimental 
outcomes associated with open fractures [3]. Management of such 
fractures requires a multifaceted approach, involving debridement, 
stabilization, infection control, and the promotion of bone healing [4,5].

Traditional approaches to managing open fractures rely on systemic 
antibiotic administration combined with surgical stabilization, but these 
treatments often fail to deliver effective therapeutic concentrations at 
the injury site [6], highlighting their limitations. Bone tissue regenera
tion also remains challenging, as bone defects often require external 
scaffolding or grafting to support repair [7–9]. These issues underscore 

the need for multifunctional therapeutic systems that combine infection 
control with bone tissue regeneration in a single platform [2].

One such approach is to combine vancomycin, BMP-2 and SDF-1α 
within a multi-layered collagen scaffold to facilitate a synergistic heal
ing response. Vancomycin, a glycopeptide antibiotic, is highly effective 
against Gram-positive pathogens, including Staphylococcus aureus 
[10,11], which is a common cause of osteomyelitis [12]. Its incorpora
tion into the outer layers of the scaffold allows for localized infection 
control, ensuring therapeutic concentrations at the fracture site while 
minimizing systemic exposure. Meanwhile, BMP-2, an osteoinductive 
growth factor, is embedded in intermediate layers to stimulate mesen
chymal stem cell differentiation and bone formation [13]. In addition, 
SDF-1α is incorporated into the scaffold's central layer to promote 
cellular recruitment and vascularization [14], two critical factors for 
successful bone healing. SDF-1α is a chemotactic cytokine that mobilizes 
mesenchymal stem cells and endothelial progenitor cells to the injury 
site [15]. By facilitating stem cell homing and angiogenesis, SDF-1α 
supports tissue integration and enhances the regenerative 
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microenvironment, complementing the osteoinductive effects of BMP-2. 
The combination of infection control, osteogenesis, and angiogenesis 
within a single scaffold offers a highly targeted and biologically relevant 
approach to bone regeneration, addressing limitations of traditional 
fracture management.

Collagen, a fundamental component of the extracellular matrix 
(ECM) [16], has gained significant attention as a biomaterial for tissue 
engineering applications due to its biocompatibility, biodegradability, 
and bioactivity [17–20]. Collagen naturally supports cellular adhesion, 
migration, and differentiation [21], making it an ideal scaffold for 
promoting tissue regeneration. Beyond its native properties, collagen 
can be modified and engineered into various forms, such as sponges, 
gels, and laminates [22–24], to meet the specific requirements of 
different tissue engineering applications. Laminated collagen scaffolds, 
in particular, offer the flexibility to incorporate antibiotics, growth 
factors, and other therapeutic agents into their structure. The develop
ment of multi-layered laminates introduces new dimensions to tailoring 
scaffold properties, enabling variations in stiffness, thickness, and drug 
release profiles. While studies have explored collagen laminates with up 
to three layers [25], factors such as scalability, impact of cellular in
teractions on mechanical properties, and release of bioactive molecules 
remain unexplored.

Mechanical stability is a key consideration in the design of collagen 
laminates, particularly for applications in load-bearing or dynamic 
healing environments. The mechanical properties must be optimized to 
withstand mechanical forces during the healing process while remaining 
manageable during surgical applications. Collagen's native properties, 
such as its susceptibility to enzymatic degradation and lack of sufficient 
mechanical strength, limits its use in such applications [26,27]. To 
address these limitations, crosslinking methods such as chemical cross
linkers (e.g., glutaraldehyde or carbodiimides) [28,29], and photo
chemical crosslinking using rose Bengal and green light (RGX) have 
been employed to enhance collagen's stability and mechanical perfor
mance. RGX, a clinically approved and rapid crosslinking method [30], 
is particularly advantageous for operating room settings, where scaffold 
preparation often needs to be quick and efficient. This technique en
hances the stability of collagen-based scaffolds while preserving their 
biocompatibility [24,25].

This study aims to evaluate the performance of a novel five-layer 
collagen laminate designed to address the critical challenges of infec
tion control and bone and tissue regeneration in open fractures. By 
incorporating bioactive molecules such as vancomycin, BMP-2 and SDF- 
1α into distinct layers, the laminate enables a dual therapeutic function, 
simultaneously preventing infections and promoting bone healing. The 
selection of a five-layer structure was driven by the need to optimize 
both mechanical properties and the layer-specific release kinetics of 
bioactive molecules. To assess the scalability of collagen laminates, we 
compare single-layer, three-layer and five-layer laminates, examining 
their mechanical properties and potential for clinical application. 
Furthermore, we investigate heterogeneous five-layer laminates 

composed of two different collagen sheet types, analyzing the influence 
of material composition on mechanical behavior. All laminates were 
subjected to a comparative evaluation under PBS and NHDF incubation 
conditions to assess the impact of these environments on mechanical 
integrity and cellular response. Additionally, the study characterizes the 
controlled release profiles of three bioactive molecules, providing in
sights into their sequential and sustained availability (Fig. 1). This 
approach advances previous studies by employing a higher-capacity 
load cell to capture detailed mechanical behavior while elucidating 
the interplay between laminate structure and cellular remodeling. The 
development of a 5-layer collagen laminate contributes to the broader 
field of orthopedic biomaterials, offering new perspectives on the 
design, scalability, and functional optimization of collagen-based scaf
foldy for complex clinical applications.

2. Materials and methods

2.1. Collagen sheets

Two commercially available collagen materials were used: Endo
form™ Natural (E) from Aroa Biosurgery Ltd. (Auckland, New Zealand), 
derived from ovine forestomach tissue, which preserves the native bio
logical structure of the extracellular matrix (ECM), and Geistlich Bio- 
Gide® (G) from Geistlich Pharma AG (Wolhusen, Switzerland), a bilayer 
matrix produced from porcine tissue.

2.2. Fabrication of collagen laminates

Collagen laminates were prepared using commercially available 
collagen sheets. Each sheet was cut into 1 cm × 1 cm squares and loaded 
with 0.01 % (w/v) Rose Bengal (RB, ThermoFisher GmbH, Kandel, 
Germany) in Dulbecco's Phosphate Buffered Saline (PBS, Sigma-Aldrich 
Chemie GmbH, Darmstadt, Germany) by swelling the sheets for 2 h in a 
24-well plate. The loading volume corresponded to the loading capacity 
of the collagen sheets, determined based on previously established 
protocols by Eckes et al. [24]. Briefly, the maximum loading volume was 
defined after incubating the sheets in PBS for 2 h at room temperature, 
ensuring saturation of the matrix. After loading, the collagen sheets were 
crosslinked using green light irradiation (λmax = 565 nm) for 10 min at 
an intensity of 45 mW/cm2 (RGX-crosslinking). The light source was a 
mounted LED system (M565L3, Thorlabs GmbH Bergkirchen, Germany). 
For multi-layered laminates, 20 μL of 0.01 % (w/v) RB in PBS was 
applied between each layer. The second collagen sheet was placed on 
top of the first sheet, and the same crosslinking protocol was followed. 
This layering process was repeated until the desired laminate was ach
ieved. The prepared collagen sheets and laminates in this study are listed 
in Table 1. All collagen samples were sterilized under UV light for 45 
min before any further experimentation to ensure aseptic conditions.
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Fig. 1. Schematic overview of the study. Created with BioRender.com.
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2.3. Surface characterization using confocal laser scanning microscopy

The surface morphology and topography of collagen sheets were 
analyzed using confocal laser scanning microscopy (CLSM, LEXT 
OLS5000 by Olympus Deutschland GmbH, Hamburg, Germany). Dry 
collagen sheets were imaged at a 50× magnification in stitching mode to 
create detailed, comprehensive surface profiles. Surface characteristics 
were compared across untreated, RGX-crosslinked, and NHDF- 
incubated and RGX-crosslinked collagen sheets to evaluate morpho
logical changes induced by crosslinking or cell interaction.

2.4. In vitro tests

2.4.1. Cytotoxicity (MTT assay)
To evaluate the in vitro cytotoxicity (DIN EN ISO 10993-5) of the 

laminates, L929 fibroblast cell (ATCC, Manassas, VA, USA) were used. 
Cells were seeded at a density of 10.000 cells/mL in a 96-well plate and 
incubated for 24 h to allow attachment. Simultaneously, laminates were 
pre-incubated in cell culture medium (DMEM/F-12 (1:1)(1X) + Gluta
Max™-I, gibco, Life Technologies Limited, Paisley, UK) under identical 
conditions. After 24 h, the culture medium from the L929 cells was 
replaced with the laminate-conditioned medium, and the cells were 
further incubated for an additional 24 h. Subsequently, 50 μL of a 1 mg/ 
mL solution of Thialozyl Blue Tetrazolium Bromide (MTT, Sigma- 
Aldrich Chemie GmbH, Darmstadt, Germany) prepared in serum-free 
medium was added to each well and incubated for 2 h. Following in
cubation, the MTT solution was removed, and 100 μL of isopropanol 
(Carl Roth GmbH, Karlsruhe, Germany) was added to dissolve the for
mazan crystals. Absorbance was measured at 570 nm with a reference 
wavelength of 560 nm using the Sunrise™ microplate reader (Tecan 
Austria GmbH, Grödig, Austria) The cytotoxicity assay was performed 
three times, each conducted in triplicate.

2.4.2. Cell viability on collagen laminates
The proliferation of Normal Human Dermal Fibroblasts (NHDF, 

PromoCell, Heidelberg, Germany) and human osteoblasts (hOBs) on 
collagen sheets and laminates was assessed performing an alamarBlue® 
assay. For NHDFs, 10.000 cells/mL and for hOBs 20.000 cells/mL were 
seeded onto collagen materials in a 24-well ultra-low attachment culture 
plate. Proliferation was analyzed at time points of 24, 72, 168, and 240 
h. At each time point, 500 μL solution of a 10 % alamarBlue® solution 
(Invitrogen by Thermo Fisher Scientific, Life Technologies Corporation, 
Eugene, OR, USA) in cell culture medium was added to each well and 
incubated at 37 ◦C for 4 h. Following incubation, 3 × 100 μL aliquots of 
the supernatant were transferred to a 96-well plate for absorbance 
measurement. The absorbance values were measured with the Infinite® 
M Nano+ microplate reader (Tecan Austria GmbH, Grödig, Austria) and 
analyzed with the i-control™ 2.0 software. The alamarBlue® assay was 
performed two times, each conducted in triplicate.

2.4.3. Lentiviral transduction
Lentiviral vectors encoding the enhanced green fluorescent protein 

(eGFP) were used for cell transduction of NHDF to enable subsequent 
fluorescence microscopic examination of the cells on the collagen sheets 

E(RGX) and G(RGX). For gene transfer, 15.000 cells were seeded into 24- 
well tissue culture plates. Two rounds of transduction on days 1 and 3 
were performed at a cumulative multiplicity of infection (MOI) of *100 
to achieve 90–95 % gene marking. Subsequently, 100 μL of an eGFP- 
NHDF cell suspension (10.000 cells/mL) was pipetted onto each sam
ple. After 30 min, 1 mL of culture media was added to each sample and 
then incubated at 37 ◦C and 5 % CO2. On day 3 and day 10 fluorescence 
microscope examination using the BZ-X800 Analyzer (KEYENCE 
Deutschland GmbH, Neu-Isenburg, Germany) was performed.

2.5. Tensile testing

Tensile tests were performed in accordance with DIN EN ISO 527-1 
using the ZWICK Roell Z010 tensile testing machine (ZwickRoell, Ulm, 
Germany) equipped with a high-capacity load cell of 100 N. Samples 
measuring 1 cm × 1 cm were equilibrated in PBS for 24 h prior to testing. 
The soaked samples were positioned centrally within the clamping de
vice (Type 8033, Fmax = 200 N) featuring a vulcanized coating and were 
securely fixed to prevent slippage. The tensile testing parameters 
included a preload of 50 mN, an extension module speed of 1000 μm/ 
min, a testing speed of 1000 μm/min, and a clamping length of 2.00 mm 
at the start position. Testing continued until a reduction of 95 % in load 
or sample fracture occurred. Data were recorded using the testXpert 
software. Tensile tests were performed on collagen sheets and laminates 
that were pre-treated with PBS and NHDF. For NHDF-treated samples, 
10.000 cells/well were seeded onto the samples in a 24-well culture 
plate and incubated for 72 h under a humidified atmosphere (5 % CO2, 
37 ◦C). After incubation, the samples were washed in PBS and fixed with 
3.7 % paraformaldehyde (Carl Roth GmbH, Karlsruhe, Germany) in PBS 
for 15 min.

2.6. Release of bioactive molecules

2.6.1. Vancomycin
Collagen sheets were loaded with 2 mg/mL vancomycin hydro

chloride (CELLPURE®, Carl Roth GmbH, Karlsruhe, Germany) in PBS 
containing 0.01 % (w/v) RB and modified with RGX. The loaded sheets 
were incubated in 1 mL PBS at 37 ◦C in a 24-well plate. Supernatant 
samples were taken at 30 min, 1 h, 2 h, 4 h, 8 h, 24 h, 48 h, and 72 h, 
with 1 mL of fresh PBS added after each sample collection. The samples 
were analyzed by LC-ESI-MS using a Shimadzu LC system with two LC- 
40D pumps, DGU-405 degassing unit, SIL-40C autosampler, SCL-40 
controller, and CTO-40C column oven, coupled to a single quadrupole 
LCMS-2020 system for mass analysis. Chromatographic separation was 
performed on a reversed-phase C18 column (Macherey-Nagel, Nucleo
shell RP18, 2.7 μm, 2 × 100 mm) at 40 ◦C with a gradient from 95 % 0.1 
% formic acid and 5 % acetonitrile to 90 % acetonitrile over 6 min, 
followed by a 3-minute hold at 90 % acetonitrile and a 4-minute 
equilibration. The flow rate was 0.3 mL/min, and the injection vol
ume was 1 μL. Vancomycin detection was performed at 210 nm using a 
Shimadzu SPD-M40A diode array detector. Mass spectrometry was 
conducted in SIM mode (m/z 1451 (+) and 1449 (− )) with an acquisi
tion time from 2 to 6 min. The ESI parameters included DL temperature 
at 250 ◦C, nebulizing gas flow at 1.5 L/min, drying gas flow at 10 L/min, 
and heat block temperature at 200 ◦C. Data were analyzed using Lab
Solution 5.109 software.

2.6.2. BMP-2
Collagen sheets were loaded with 2 μg/mL BMP-2 (PeproTech®, 

Rocky Hill, NJ, USA) in PBS containing 0.01 % (w/v) RB and modified 
with RGX. The loaded sheets were incubated in 1 mL PBS at 37 ◦C in a 
24-well plate. Supernatant samples were taken at day 1, day 2, day 3, 
day 6, day 9, day 14, day 21, day 28, and day 42. Following each 
collection, 1 mL of fresh PBS was added to the well to maintain the in
cubation conditions. BMP-2 concentrations were quantified using the 
Human/Murine/Rat BMP-2 Standard TMB ELISA Development Kit 

Table 1 
Fabricated collagen sheets and laminates.

Monolayer 3-layer 5-layer

E(RGX) EEE EEEEE
G(RGX) GGG GGGGG

EGEGE
GEGEG
EEGEE
GGEGG
EGGGE
GEEEG
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(PeproTech®, Rocky Hill, NJ, USA) according to the manufacturer's 
instructions. Data analysis was performed using Magellan Pro 7.5 
software.

2.6.3. SDF-1α
Collagen sheets were prepared by loading them with 2 μg/mL SDF-1α 

(Miltenyi Biotec, Bergisch Gladbach, Germany) in PBS containing 0.01 
% (w/v) RB and modified with RGX. The sheets were incubated in 1 mL 
PBS at 37 ◦C in a 24-well plate. Supernatant samples were taken at day 1, 
day 2, day 3, day 6, day 9, day 14, day 21, day 28, and day 42, with 1 mL 
of fresh PBS added after each collection. Quantification of SDF-1α con
centrations was carried out using the Human CXCL12/SDF-1 DuoSet 
ELISA (R&D Systems®, Minneapolis, MN, USA) following the manu
facturer's protocol. Data analysis was performed using Magellan Pro 7.5 
software.

2.7. Statistical analysis

For the assessment of in vitro cytotoxicity and tensile strength, three 
replicates were conducted for each laminate type. For the evaluation of 
cell proliferation, vancomycin release and BMP-2 release, two replicates 
were performed for each laminate type. Statistical analysis was carried 
out using a two-way analysis of variance (ANOVA) in GraphPad Prism 9 
software. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 were 
demonstrated for significant difference between groups.

3. Results

3.1. Impact of NHDF incubation on surface topography

The surface morphology was assessed through macroscopic images 
and CLSM (Fig. 2). Unmodified G displayed visible collagen fibers. In 
contrast, G(RGX) showed a more heterogeneous surface structure, with 
topographical changes. The fibers appear less defined, and the surface is 
generally more compact, indicating matrix modifications induced by 
RGX. Following incubation with NHDF cells, the fibers in G(RGX) appear 
disorganized and embedded within a dense matrix. For E, the surface is 
smoother and less fibrous. Notably, punch-like formations are scattered 
throughout the material. Crosslinking of E leads to increased roughness. 

The punch-like formations remain visible but appear slightly filled or 
smoothed, suggesting modifications to the matrix through RGX. After 
NHDF incubation, E(RGX) showed further surface modifications, with a 
more homogenized surface and reduced prominence of punch-like 
formations.

3.2. In vitro cytotoxicity

To assess the cytotoxic properties of collagen laminates, an in vitro 
cytotoxicity assay was conducted using L929 fibroblast cells, aligning 
with the recommendations of DIN EN ISO 10993-5. Results are pre
sented in Fig. 3 as a percentage of the control group (untreated culture 
medium). According to the DIN EN ISO 10993-5 guidelines, a reduction 
in cell viability exceeding 30 % is indicative of cytotoxicity. For all 
tested laminates, cell viability remained above 70 %. However, distinct 
trends were observed with variations in the number of laminate layers. 

Fig. 2. Macroscopic photographs and confocal laser scanning microscope images (CLSM) of Endoform (1) and Geistlich (2) collagen sheets captured before (a) and 
after (b) RGX treatment, as well as following (c) NHDF treatment. Macroscopic images (left) represent a surface area of 1 cm × 1 cm, illustrating the overall 
morphology. Corresponding CLSM images and 3D surface reconstructions depict microstructural changes and topographical alterations. Scale bars (CLSM): 100 μm.

Fig. 3. In vitro cytotoxicity assessment of the tested collagen sheets and lami
nates, presented as the percentage relative to the control (medium without 
collagen). The red line marks 70 %, indicating the cytotoxicity threshold.
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For E-based laminates cell viability decreased with the number of layers, 
ranging from 118 % for a single layer to 114 % for three layers and 83 % 
for five layers. In contrast, G-based laminates exhibited an increase in 
cell viability with additional layers, increasing from 84 % for a single 
layer to 101 % for three layers and 105 % for five layers. The hetero
geneous laminates displayed varying levels of cell viability depending 
on their layer composition. The measured viabilities were 98 % for 
EGEGE, 106 % for GEGEG, 110 % for EEGEE, 106 % for GGEGG, 110 % 
for EGGGE, and 114 % for GEEEG.

3.3. Cell viability on collagen laminates

The proliferation of hOBs and NHDFs cultured on tested collagen 
sheets and laminates was assessed over 3 and 10 days (Fig. 4). The re
sults are presented as a percentage relative to the control group, which 
consisted of medium without collagen. All samples demonstrated high 
and consistent proliferation across both cell types. However, NHDFs 
exhibited higher proliferation rates over time compared to hOBs. Over 
the 10-day period, NHDFs exhibited increases in proliferation, with all 
tested samples showing greater growth by day 10 compared to day 3. 
While hOBs also showed good proliferation across all samples, their 
proliferation rates remained relatively stable or exhibited a slight in
crease or decline over time.

Fluorescence microscopy analysis of GFP-transduced NHDFs further 
confirmed the observed proliferation trends on G(RGX) and E(RGX) 
sheets at days 3 and 10 (Fig. 5). At day 3, NHDFs were sparsely 
distributed across the sheets, whereas by day 10, a higher number of 
cells were observed on both samples. The stitched overview images (left) 
displayed widespread cell coverage, while the 4× magnified images 
(right) showed a denser and more interconnected cell arrangement, 
particularly on G(RGX). Differences in cell morphology were also 
apparent, with NHDFs on G(RGX) appearing more elongated compared 
to those on E(RGX). Additionally, due to imaging being performed in cell 
culture media, the E(RGX) samples contracted and could not be imaged 
in the same manner as G(RGX), potentially affecting visualization of cell 
distribution.

3.4. Impact of layering and incubation conditions on the mechanical 
properties of E and G laminates

The mechanical properties of homogeneous E and G laminates were 
assessed by analyzing Young's modulus, ultimate tensile strength (UTS), 
elongation at break, and maximum force across 1-layer, 3-layer, and 5- 
layer configurations, following PBS and NHDF incubation (Fig. 6). Mean 
and standard deviation values for all samples are provided Tables S1 and 
S2 of the Supplementary information. Young's modulus, reflecting 
stiffness and experimentally determined from the slope of the elastic 
part of the stress-strain curves, showed significant variability under PBS 

conditions, with E laminates in the 1-layer configuration exhibiting the 
highest stiffness (39 MPa) compared to the 3-layer (18 MPa) and 5-layer 
(21 MPa) laminates. NHDF incubation yielded more uniform values 
(27–34 MPa). For G laminates, PBS incubation also favored 1-layer (19 
MPa), which was significantly greater than the 5-layer laminate (7.5 
MPa). While the 3-layer laminate (17 MPa) was also significantly stiffer 
than the 5-layer, there was no notable difference between the 1-layer 
and 3-layer laminates. Nevertheless, NHDF incubation produced 
consistent, lower values across the differently layered laminates (13–15 
MPa). Ultimate tensile strength, a measure of the maximum stress a 
material can endure before failure, was highest in the 1-layer E laminate 
under PBS (21 MPa), significantly exceeding the 3-layer (10 MPa) and 5- 
layer (9.2 MPa) laminates. NHDF-incubated E laminates showed uni
form tensile strength (12–14 MPa). For G laminates, tensile strength was 
highest for 1-layer (7.0 MPa) and 3-layer (6.6 MPa) laminates in PBS, 
both of which were significantly greater than the 5-layer (2.4 MPa) but 
was uniformly low under NHDF conditions (3.0–4.7 MPa). Elongation at 
break, indicative of the material's ductility, increased with layering in E 
laminates under PBS, from 72 % in 1-layer to 90 % and 91 % in 3-layer 
and 5-layer laminates. NHDF incubation reduced elongation (59–67 %) 
without significant differences. For G laminates, elongation was the 
highest in the 5-layer configuration under PBS (59 %) but decreased 
significantly across configurations under NHDF incubation, with 1-layer 
showing the highest value (46 %). Maximum force, representing the 
load-bearing capacity of the samples, increased with layering for E 
laminates, peaking at 43 N (PBS) and 54 N (NHDF) in the 5-layer 
configuration. G laminates showed the highest load-bearing capacity 
in the 3-layer (37 N, PBS) and 5-layer (44 N, NHDF) configurations.

3.5. Impact of composition on the mechanical properties of 5-layer 
laminates

The mechanical properties of 5-layer laminates, both homogeneous 
and heterogeneous, were evaluated based on Young's modulus, ultimate 
tensile strength, elongation at break, and maximum force after PBS and 
NHDF incubation (Fig. 7). Mean and standard deviation values for all 
samples are presented in Tables S1 and S2 of the supplementary infor
mation. Young's modulus showed that homogeneous E laminates 
(EEEEE) were stiffer in NHDF (27 MPa) compared to PBS (21 MPa), and 
G laminates (GGGGG) followed a similar trend, with NHDF showing a 
higher value (13 MPa) than PBS (7.5 MPa). Heterogeneous laminates, 
such as EGEGE and EEGEE showed significant increases in stiffness with 
NHDF incubation, from 11 MPa to 19 MPa and 8.4 MPa to 30 MPa, 
respectively. GEGEG and EGGGE, exhibited the highest stiffness in PBS 
(25 MPa and 24 MPa), but declined in NHDF (20 MPa and 18 MPa). 
Ultimate tensile strength was highest in homogeneous E laminates after 
NHDF incubation (14 MPa), while G laminates showed a minor increase 
from 2.4 MPa (PBS) to 4.7 MPa (NHDF). Heterogeneous laminates had 

Fig. 4. Proliferation of hOBs (a) and NHDFs (b) cultured on the tested collagen sheets and laminates over 3 and 10 days. Results are expressed as a percentage 
relative to the control (medium without collagen).
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higher strengths in PBS than in NHDF, while EEGEE showed a significant 
increase in NHDF (9.2 MPa). Elongation at break decreased for all 
laminates after NHDF incubation. Homogeneous E laminates dropped 
from 91 % in PBS to 64 %, and G laminates fell from 59 % to 35 %. 
Heterogeneous laminates, such as EGEGE and EEGEE and GGEGG, also 
showed reduced elongation, with EGEGE decreasing from 57 % to 30 % 
and EEGEE from 59 % to 35 % and GGEGG from 56 % to 31 %. The other 
heterogeneous laminates had smaller reductions. Maximum force was 
generally higher for NHDF-incubated homogeneous laminates, showing 
an increase for E laminates from 43 N (PBS) to 54 N (NHDF), and G 
laminates from 29 N to 44 N. For heterogeneous laminates, EEGEE 
showed a significant rise in maximum force after NHDF incubation 
(from 31 N to 51 N), while the other laminates saw reductions.

3.6. Release profiles of bioactive molecules

The release kinetics of vancomycin from E(RGX) and G(RGX) were 
evaluated over 72 h (Fig. 8a). E(RGX) demonstrated a rapid initial 
release, with 6.75 % released at 30 min, increasing to 10.6 % at 1 h and 
14.5 % at 4 h. Subsequently, the release plateaued, reaching a maximum 
cumulative release of 16.0 % by 48 h, which was maintained through 72 
h. In contrast, G(RGX) exhibited a more sustained release profile. An 
initial release of 6.37 % at 30 min increased to 11.4 % at 1 h and 19.0 % 
at 4 h. The release continued to increase over 72 h, reaching a maximum 
cumulative release of 25.4 %. The release of BMP-2 was assessed over 6 
weeks (Fig. 8b). Similar to vancomycin, E(RGX) showed a rapid initial 
release, increasing from 11.4 % on day 1 to 20.2 % on day 3. The release 
continued to rise steadily, reaching 23.6 % at day 9 and plateauing 
shortly thereafter, with a maximum cumulative release of 27.6 % 
observed on day 42. Conversely, G(RGX) exhibited a more pronounced 
and sustained release profile, with BMP-2 release increasing rapidly 
from 14.8 % on day 1 to 26.8 % on day 3. The release continued to rise 
consistently, reaching 47.2 % at day 21, and culminating in a maximum 
cumulative release of 54.2 % on day 42. Similarly, the release kinetics of 
SDF-1α was evaluated over 6 weeks (Fig. 8c). Both, E(RGX) and G(RGX), 
exhibited an initial burst release within the first few days, with E(RGX) 
releasing 51.2 % and G(RGX) 49.8 % of SDF-1α within the first two days. 
The release profile remained dynamic over the following days, reaching 
77.1 % for E(RGX) and 74.2 % for G(RGX) by day 9. At later time points, 
the release gradually approached a plateau, with 80.5 % of SDF-1α 
released from E(RGX) and 82.5 % from G(RGX) by day 21. By day 42, 
cumulative release reached 85.2 % for E(RGX) and 86.4 % for G(RGX). 
While both types of collagen sheets exhibited comparable overall release 
kinetics, G(RGX) demonstrated a slightly lower release in the early 

phase but surpassed E(RGX) at later time points. Additionally, the 
release from EGEGE (Fig. 8d) was assessed as a representative example 
to demonstrate the concept of multilayered delivery within a single 
construct. Vancomycin, incorporated into the outer layers (1 and 5), 
exhibited a rapid initial release, with 10.2 % released within the first 4 h 
and a cumulative release of approximately 21.1 % by 72 h. In contrast, 
both BMP-2 and SDF-1α showed sustained release profiles. BMP-2 
release, loaded in layers 2 and 4, displayed a gradual increase in 
release, reaching 34.7 % by day 3 and 59.7 % by day 42. SDF-1α, loaded 
in the central layer (3), followed a similar trend, with a moderate initial 
release (29.1 % by day 3) increasing steadily to 47.9 % at day 21 and 
peaking at 53.3 % by day 42.

4. Discussion

Layering collagen sheets into a multi-layered laminate enables cus
tomization of mechanical properties and controlled release of bioactive 
molecules. This study aims to develop a 5-layer collagen laminate 
capable of releasing three different bioactive molecules in varying 
concentrations and at distinct time points. To the best of our knowledge, 
no existing biomaterial has been designed to simultaneously deliver 
three bioactive molecules in a controlled manner to simultaneously 
provide prophylaxis against bacterial infection while also promoting 
bone and tissue regeneration. Such a design holds significant potential 
for customizable applications, addressing diverse clinical needs by 
simultaneously preventing infections and promoting bone regeneration 
through osteogenesis. To validate this concept, the study will assess in 
vitro cytotoxicity, cell proliferation, mechanical properties, and the 
release profiles of the bioactive molecules.

4.1. Characterization of surface changes in collagen following RGX 
crosslinking and NHDF-incubation

Macroscopic photographs and CLSM were taken to get an overview 
of the surface morphology of the collagen samples and to evaluate the 
influence of RGX crosslinking and NHDF incubation on the surface 
structure. RGX treatment substantially modified the surface of both E 
and G. In E(RGX), the punch-like formations observed in the native E 
structure remain prominent, though with a slightly smoothed or filled 
appearance. This observation indicates that RGX treatment partially 
coats or infiltrates these structural features, reducing their sharpness 
while preserving their overall shape. NHDF incubation introduced 
additional topographical changes, particularly in G(RGX). The fibro
blasts' activity led to the bundling and alignment of collagen fibers, a 

Fig. 5. Representative fluorescence microscope images of GFP-transduced NHDFs cultured on G(RGX) and E(RGX) at a) day 3 and b) day 10. For each condition, the 
left image shows a stitched overview, while the right image presents a 4× magnified view. The fluorescence signal indicates the distribution and morphology of the 
NHDFs on the respective samples. Scale bar: 1000 μm.
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process reminiscent of natural ECM remodeling [31,32]. Such remod
eling is crucial for tissue regeneration, as it facilitates cell adhesion and 
promotes integration with the surrounding tissue [33,34]. In E(RGX), 
NHDF cells deposit ECM components [31,35], leading to a reduction in 
the prominence of punch-like structures and a smoother overall 
morphology. This observation is consistent with prior studies demon
strating fibroblast-mediated remodeling of rough biomaterial surfaces 
into more physiologically relevant structures [36,37]. The observed 
topography suggests that cellular activity significantly modifies the 
material's surface, thereby enhancing its suitability for cell-matrix in
teractions and regenerative applications.

4.2. Biocompatibility of collagen laminates

The biocompatibility of collagen laminates was evaluated through 
cytotoxicity and proliferation assays. For cytotoxicity, L929 fibroblast 
cells were tested according to DIN EN ISO 10993-5 guidelines, with cell 
viability above 70 % considered non-cytotoxic. All tested laminates 
exhibited cell viability above 70 %, confirming their non-cytotoxic na
ture. The assessment of cell proliferation, using cells that are affected 
after open trauma, further supports the biocompatibility of the tested 
laminates, as both hOBs and NHDFs demonstrated high growth over 10 
days. This behavior highlights the suitability of these laminates for 

Fig. 6. Young's modulus (1a, 1b), ultimate tensile strength (2a, 2b), elongation at break (3a, 3b), and maximum force (4a, 4b) of homogeneous E (a) and G (b) 
laminates with 1, 3, or 5 layers after PBS or NHDF incubation (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns not significant).
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applications requiring fibroblast and osteoblast activity in tissue 
regeneration. Fluorescence microscopy further substantiated these 
findings by visually confirming NHDF adhesion and proliferation on E 
(RGX) and G(RGX), reinforcing their suitability for fibroblast-driven 
tissue regeneration. Despite the overall biocompatibility of the tested 
samples, the layering of certain collagen materials can induce cytotoxic 
effects. Braun et al. reported that a 3-layered laminate of Atelocollagen 
exhibited high cytotoxicity, whereas a 3-layered laminate of Collagen 
Solutions did not, suggesting that cytotoxicity is influenced by material 
composition [25]. Consequently, ensuring that laminates do not nega
tively affect cell function is critical, highlighting the need for careful 
material selection.

4.3. Impact of layering and cellular remodeling on mechanical properties 
of collagen laminates

The primary objective of this study was to investigate the mechanical 
properties of layered collagen laminates and to understand the impact of 
layering on their tensile performance. All measurements were per
formed in a hydrated state at 37 ◦C to simulate physiological environ
ment surrounding open bone fractures. A previous limitation of tensile 
testing for this material was the use of a 1 N load cell, which restricted 
the depth of analysis. For this study, a high-capacity load cell (100N) 
was employed, facilitating a more thorough evaluation and comparison 
of the laminates. All stress-strain curves are included in the supple
mentary information (SI, Fig. S3).

Young's modulus and UTS were highest for single-layer laminates 
and lowest for 5-layer laminates. This trend can be attributed to favor
able stress distribution in single-layer configurations, whereas multi- 
layer laminates are likely subject to stress concentrations resulting 
from weak interfacial bonding. These interfacial defects, potentially 

exacerbated by delamination (though not visually observed during 
testing), disrupt the uniform distribution of stress and reduce stiffness in 
3-layer and 5-layer configurations. Similar observations have been 
documented in composite materials, where free-edge stress effects and 
interfacial weakness contribute to a reduction in mechanical properties 
[38]. The result of lower UTS values due to multi-layer configurations 
being prone to delamination, thereby disrupting stress transfer has been 
observed in other layered composites [39,40]. Post-incubation with 
NHDF, Young's modulus and UTS values exhibited a greater degree of 
uniformity across laminate configurations. This phenomenon is likely 
attributed to cellular remodeling, wherein NHDF cells infiltrate and 
modify the collagen matrix, thereby enhancing interfacial bonding and 
reducing material heterogeneity. Interestingly, in 5-layer laminates, 
NHDF incubation led to increased values of Young's modulus and UTS 
compared to PBS-incubated samples, suggesting that NHDF-induced 
remodeling strengthens interlayer cohesion. Scaling up to multilayer 
laminates introduces additional interfaces for cell-material interactions, 
particularly in 5-layer laminates. These interfaces may lead to gaps be
tween layers, potentially facilitating NHDF infiltration. However, this 
could not be confirmed through thickness measurements between PBS 
and NGDF samples (SI, Fig. S1) or through comparisons of proliferation 
between single-layer and 3- or 5-layser laminates. Despite this, the 
observed increases in Young's Modulus and UTS of 5-layer laminates 
following NHDF incubation suggest an enhancement of interlayer 
binding forces, possibly due to NHDF migration, proliferation, and ECM 
deposition.

Elongation at break increased with the number of layers, likely due 
to greater interlayer slippage and redistribution of deformation in multi- 
layer configurations. A similar phenomenon has been observed in 
graphene-based layer materials, where interlayer mechanics contribute 
to increased ductility [41]. However, following NHDF incubation, 

Fig. 7. Young's modulus (a), ultimate tensile strength (b), elongation at break (c), and maximum force (d) of 5-layer laminates after PBS or NHDF incubation (*P <
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns not significant).
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elongation at break decreased, indicating a shift towards brittle 
behavior. This reduction is likely due to structural stiffening, potentially 
driven by matrix remodeling processes. Maximal force values increased 
with layering, reflecting the cumulative strength of individual layers 
that contribute to higher load thresholds. However, this increase was 
non-linear, possibly due to inefficiencies introduced by interfacial 
delamination, as seen in thin-ply polymer composite materials [42]. 
Post-NHDF incubation, maximal force was significantly enhanced, 
particularly in 5-layer laminates, suggesting that NHDF cells play a role 
in reinforcing the structural integrity of the laminates. This strength
ening may be attributed to ECM deposition occurring within interlayer 
gaps. A comparison of the mechanical properties between E(RGX) and G 
(RGX) consistently showed higher values for E(RGX), regardless of in
cubation in PBS or with NHDFs. This suggests a strong correlation be
tween material density and mechanical properties. Denser materials 
exhibit greater stiffness, as they require increased resistance to defor
mation. The differences in density are evident in CLSM images and are 
particularly reflected in the material thickness (SI, Fig. S1). E(RGX) 
demonstrates significantly lower thickness values compared to G(RGX), 
further supporting the conclusion that E(RGX) is a denser material, 
resulting in its mechanical superiority.

Despite the observed results across multi-layer laminates, the 5-layer 
design remains the most functionally relevant configuration for our 
proposed application. The primary objective of this study is not solely to 
maximize mechanical strength but to develop a therapeutic collagen 
scaffold capable of delivering multiple bioactive molecules in a 
controlled manner. The 1-layer and 3-layer configurations do not allow 
for strategic distribution of Vancomycin, BMP-2 and SDF-1α in a way 
that optimally supports infection control, osteogenesis, and angiogen
esis. A 1-layer laminate lacks the capacity to provide a staged thera

peutic response, as it could not effectively compartmentalize and control 
the sequential release of three bioactive molecules. While a 3-layer 
design improves upon this, it still limits control over drug release ki
netics. 5-layer laminates allow for a mirrored design of the loading 
pattern of all three bioactive molecules to the laminate, which ensures 
symmetrical and balanced bioactive molecule release while maintaining 
structural integrity. This ensures that the bioactive molecules used for 
this study are optimally distributed and released in a controlled manner, 
something that would not be possible in a 3-layer laminate. While 
additional layers could be considered, increasing the layers beyond five 
likely presents practical challenge. A thicker laminate may compromise 
handling properties, making it more difficult to use during surgical 
implantation. Additionally, mechanical stability may be affected, as 
multiple interfaces between layers introduce more potential delamina
tion points that could compromise structural integrity.

Although further optimization is needed to improve mechanical 
strength and interlayer cohesion, the biological advantages of the 5- 
layer design outweigh any observed reductions of Young's modulus 
and UTS. The ability of NHDFs to remodel the matrix and enhance 
interfacial bonding suggests that cellular interactions may play a key 
role in reinforcing laminate integrity over time. Therefore, we proceed 
with the 5-layer design as the most promising platform, allowing for a 
balance of drug release control and mechanical feasibility for regener
ative medicine applications.

4.4. The role of collagen composition and NHDF-induced remodeling on 
the mechanical properties of 5-layer laminates

The mechanical properties of 5-layer collagen laminates, composed 
of varying proportions of type E and type G collagen, were evaluated to 

Fig. 8. Release profiles of (a) vancomycin, (b) BMP-2, and (c) SDF-1a from E(RGX) and G(RGX) collagen sheets, and (d) simultaneous release of all three bioactive 
molecules from the multilayered EGEGE laminate.
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understand the influence of composition on their behavior under PBS 
and NHDF incubation conditions. The supplementary information con
tains all stress-strain curves (SI, Fig. S4).

Young's modulus exhibited distinct trends that were influenced by 
the collagen composition. Homogeneous E laminates (EEEEE) exhibited 
higher stiffness than homogeneous G laminates (GGGGG), with values 
increasing post-NHDF incubation. Heterogeneous laminates showed 
varied responses. Laminates with E-rich configurations, such as EGEGE 
and EEGEE, showed significant increases in stiffness, while G-rich con
figurations, including GEGEG and EGGGE, exhibited reduced stiffness 
post-incubation. These observations suggest that E-rich laminates are 
more favorable for NHDF-induced matrix remodeling, resulting in 
enhanced mechanical properties likely due to the higher density of E 
sheets compared to G sheets. Conversely, G-rich laminates may suffer 
from disrupted stress transfer due to weaker interfacial bonding, which 
aligns with findings of composition-driven variations in stiffness in 
composite materials [43]. The UTS of laminates was similarly affected 
by composition, with type E collagen showing superior tensile load- 
bearing capacity, which was further enhanced by NHDF-induced 
remodeling. On the other hand, G-rich laminates displayed minimal 
responsiveness to NHDF-induced changes, particularly in heterogeneous 
configurations. Elongation at break decreased uniformly across all 
laminates after NHDF incubation. This reduction in elongation is likely 
due to matrix stiffening induced by NHDF, leading to a reduction in 
ductility across all laminate configurations. Maximum force values 
further highlighted the influence of composition, with homogeneous 
laminates and EEGEE showing substantial increases in maximum force 
post-NHDF incubation. However, other heterogeneous laminate con
figurations, particularly G-rich laminates, experienced a reduction in 
maximum force. These results suggest that NHDF-induced reinforce
ment is most effective in laminates with higher E content, where 
stronger inter-layer bonding and matrix integration occur. G-rich lami
nates likely lack sufficient structural compatibility to benefit from 
NHDF-mediated remodeling. NHDF-induced remodeling exacerbates 
the reduced mechanical performances of G-rich laminates by amplifying 
the effects of interfacial mismatches. In homogeneous G laminates, 
NHDF cells promote uniform fiber alignment and ECM deposition, 
maintaining consistent stress transfer and stabilizing mechanical per
formance. However, in G-rich heterogeneous laminates, NHDF remod
eling highlights the structural and mechanical differences between type 
E and type G layers.

The combined mechanical and surface topography analyses high
light that both collagen composition and NHDF-mediated remodeling 
are pivotal in determining the mechanical performance of 5-layer 
collagen laminates. The enhanced interfacial bonding and surface 
structure modifications observed in E-rich laminates, particularly the 
smoothing of punch-like formations in E(RGX) post-NHDF incubation, 
are likely responsible for the observed increases in mechanical proper
ties. This surface remodeling appears to facilitate superior integration 
between collagen fibers and fibroblasts, contributing to improved stiff
ness, UTS, and overall mechanical performance in E-rich laminate 
configurations. In contrast, the NHDF-induced changes in G(RGX), 
characterized by collagen fiber bundling and alignment, resulted in a 
rougher surface topography. This modification likely hindered proper 
interfacial bonding in G-rich laminates, disrupting uniform stress dis
tribution and leading to reduced stiffness and UTS.

The findings of this mechanical characterization emphasize the 
importance of mechanical properties in determining the suitability of 
collagen laminates for dynamic healing environments and load-bearing 
applications. Effective laminates must meet rigorous criteria for struc
tural support and durability under physiological conditions. Among the 
laminates tested, the homogeneous EEEEE laminate stands out as the 
most suitable for high-demand, dynamic, and load-bearing applications. 
Post-NHDF incubation, it exhibited a Young's modulus of 27 MPa, UTS of 
14 MPa, a maximum force of 54 N, and an elongation at break of 64 %. 
This combination of superior stiffness, strength, and flexibility suggests 

that it is best suited to endure the mechanical stresses of dynamic en
vironments while promoting bone regeneration. The heterogeneous 
EEGEE laminate is another highly promising candidate, demonstrating a 
Young's modulus of 30 MPa, a UTS of 9.2 MPa, a maximum force of 51 N, 
and an elongation at break of 35 %. This configuration shows an 
excellent balance between stiffness and robustness, making it well- 
suited for high-demand applications where strength and durability are 
paramount. Its heterogeneous structure appears to enhance interlayer 
integration, optimizing the material's ability to withstand mechanical 
stresses in dynamic healing contexts. In contrast, laminates such as 
EGEGE and EGGGE, with Young's moduli of 19 MPa and 18 MPa, 
maximum forces of 31 N and 24 N, and elongation at break values of 30 
% and 31 %, respectively, are better suited for moderate mechanical 
requirements. While these configurations provide sufficient stability and 
ductility for less demanding environments, their mechanical properties 
fall short of the thresholds required for high-load and dynamic 
applications.

All four collagen laminates align with the study's overarching goal of 
developing functional biomaterial's for tissue engineering applications, 
as they collectively offer solutions for a spectrum of mechanical de
mands. While EEEEE and EEGEE are optimal for high-load and dynamic 
healing environments, EGEGE and GEEEG extend the versatility of these 
laminates by addressing moderate mechanical requirements, ensuring 
applicability across a range of clinical and physiological contexts.

4.5. Release profiles of bioactive molecules from crosslinked collagen

The vancomycin, BMP-2 and SDF-1α release profiles from E(RGX) 
and G(RGX) samples highlight the significant influence of matrix 
composition on drug and protein release kinetics. For vancomycin, E 
(RGX) exhibited a rapid initial burst, with 42 % of the total release 
occurring within 30 min, followed by a plateau and a cumulative release 
of 16.0 % over 72 h. This diffusion-limited release is attributed to the 
dense structure and lower swelling degree of E(RGX) (SI, Fig. S2), which 
results in reduced uptake and diffusion of bioactive molecules, resulting 
in a lower overall release. In contrast, G(RGX) demonstrated a more 
sustained release, with only 25 % of the maximum released vancomycin 
eluted within 30 min, culminating in a cumulative release of 25.4 % over 
the same period. This behavior is due to the higher swelling degree and 
longer diffusion paths of G(RGX), which prolong release and enable 
greater cumulative release. The rapid vancomycin release from E(RGX) 
makes it ideal for applications requiring immediate antibiotic action, as 
delays beyond 3 h increase infection risk [44]. Thus, incorporating 
vancomycin into the outer layers of laminates can ensure immediate 
antimicrobial action. Meanwhile, the prolonged release from G(RGX) 
may be advantageous in scenarios requiring sustained infection control.

The BMP-2 release profiles further emphasize the impact of matrix 
composition on release kinetics. Similar to the release kinetics of van
comycin, E(RGX) exhibited a faster release of BMP-2 compared to G 
(RGX), with approximately 75 % of the total release occurring within 3 
days and cumulating by day 42 at 27.6 %. In contrast, G(RGX) showed a 
sustained release with approximately 75 % of the total release occurring 
within only 14 days. However, BMP-2 release from G(RGX) was signif
icantly higher culminating in 54.2 % over the same period. This differ
ence once again reflects the correlation between swelling degree and 
release, where matrices with a higher swelling degree, like G(RGX), 
allow for an extended and more pronounced release compared to denser 
matrices like E(RGX). The higher porosity in G(RGX) facilitates BMP-2 
diffusion, while the denser and stiffer E(RGX) matrix imposes greater 
structural hindrance and likely restricts BMP-2 mobility. BMP-2 release 
is influenced by both diffusion and degradation processes, with degra
dation becoming particularly relevant during long-term release. Fibro
blast activity in wound healing, such as increased secretion of matrix 
metalloproteinase-1 (MMP-1) driven by cell proliferation, can enhance 
collagen degradation [31] and, consequently, BMP-2 release over time. 
Given BMP-2's crucial role in bone formation, sustained release, as seen 
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for G(RGX), is beneficial for bone healing [45]. Conversely, the pro
longed and controlled release from E(RGX) may be advantageous for 
applications where slower bone regeneration is desired or where local
ized growth factor delivery is essential.

Unlike vancomycin and BMP-2, both E(RGX) and G(RGX) exhibited a 
markedly higher release of SDF-1α, with over approximately 50 % 
released within the first 48 h and a cumulative release exceeding 85 % 
by day 42. The rapid initial burst release suggests weak binding to the 
collagen matrix, allowing for a diffusion-dominated release mechanism. 
The high overall release compared to the other two bioactive molecules 
underscores the lower affinity of SDF-1α for collagen. While both E 
(RGX) and G(RGX) demonstrated similar release kinetics, G(RGX) 
exhibited slightly slower release in the early phase but surpassed E(RGX) 
at later time points, likely due to the differences in matrix structure and 
swelling behavior. The sustained release throughout 6 weeks suggests 
that, despite the initial burst, a fraction of SDF-1α remains gradually 
available over time, which could be beneficial for prolonged signaling in 
regenerative applications.

The contrasting release profiles of vancomycin, BMP-2, and SDF-1α 
from E(RGX) and G(RGX) highlight the intricate interplay between 
drug/protein properties and matrix composition. The denser surface in E 
(RGX) allows for rapid but limited release of all three bioactive mole
cules, whereas the less restrictive G(RGX) matrix allows for higher and 
sustained release. These differences in release kinetics are not only 
influenced by the swelling degree but also by the molecular character
istics. Vancomycin, a smaller molecule (~1.4 kDa), diffuses rapidly 
through the matrix due to its hydrophilic nature [46] and weak in
teractions with the collagen matrix. This results in a release plateau after 
three days, primarily driven by diffusion. When loaded at a concentra
tion of 2 mg/mL, the amount of Vancomycin released from E(RGX) 
corresponds to 0.32 mg/mL, while the release from G(RGX) corresponds 
to 0.51 mg/mL. These concentrations exceed the minimum inhibitory 
concentration (MIC) required for effective bacterial inhibition of 
Methicillin-resistant Staphylococcus aureus (MRSA). Specifically, the 
MIC50 and MIC90 values for vancomycin against MRSA are reported as 1 
μg/mL and 2 μg/mL, respectively [47]. Therefore, the vancomycin 
released from both matrices provides sufficient local antibacterial ac
tivity to inhibit bacterial growth and promote tissue healing in envi
ronments prone to infection. In contrast, BMP-2, a larger protein (~26 
kDa), exhibits prolonged release over 42 days due to stronger binding to 
the collagen matrix and release through a combination of slow diffusion 
and degradation-mediated processes. This sustained release aligns with 
the role of BMP-2 in supporting long-term tissue regeneration, as it 
ensures a consistent supply of the growth factor to the surrounding tis
sue. An Alkaline Phosphatase assay assessed the osteogenic potential of 
BMP-2 loaded E(RGX) and G(RGX) (SI, Fig. S5). BMP-2 significantly 
increased ALP activity in both materials, with G(RGX) showing a 
stronger response. This indicates more effective BMP-2 delivery and 
bone regeneration for G(RGX), as supported by the cumulative release 
data. The results confirm that released BMP-2 remains biologically 
active and stimulates osteogenic differentiation. SDF-1α (~8.5 kDa) 
demonstrates a significant higher overall release. Its initial burst release 
suggests weak binding to the collagen matrix, likely due to the absence 
of strong collagen-binding motifs. The hydrophilic nature of SDF-1α 
[48] further contributes to its rapid diffusion out of the matrix, as seen 
for the release of vancomycin, while BMP-2 and collagen are compara
tively more hydrophobic [49,50], leading to stronger retention. Despite 
its smaller size, vancomycin exhibits a lower overall release, suggesting 
that factors beyond molecular weight, such as binding interactions and 
matrix affinity, influence release kinetics greatly. Notably, vancomycin 
exhibits primarily diffusion-limited release, BMP-2 relies on 
degradation-controlled release, and SDF-1α exhibits diffusion- and 
degradation-controlled release profile.

The incorporation and release dynamics of these bioactive molecules 
within a laminate design are crucial for optimizing therapeutic efficacy. 
Incorporating bioactive molecules into the outer layer enables imme

diate release, as this layer undergoes initial degradation and is in direct 
contact with the surrounding tissue. In contrast, bioactive molecules 
embedded within the inner layer experience a delayed release due to the 
material's hierarchical degradation and diffusion kinetics. The multi- 
layered laminate design must also account for fibroblast migration and 
proliferation within interlayer regions, making the release from inner 
layers particularly significant. To accommodate the high burst release of 
SDF-1α while ensuring sustained effects, it is ideally loaded into the 
center layer of the 5-layer design. This placement helps moderate its 
rapid diffusion while still allowing for prolonged chemotactic signaling. 
Vancomycin is optimally incorporated into the outermost layers to 
provide immediate antimicrobial action. This ensures the effective 
prevention of early-stage infections, which are most critical within the 
first few days following fracture. Conversely, BMP-2 is more suitably 
loaded into the inner layers, where its sustained release over six weeks 
supports long-term tissue regeneration. The degradation of these inner 
layers, aided by fibroblast activity, further supports the gradual release, 
ensuring its availability throughout the healing process. To validate this 
spatially coordinated release strategy, a representative five-layer EGEGE 
laminate was fabricated and tested. The release data confirmed that 
vancomycin, loaded in the outer layers, was rapidly released within the 
first few hours, whereas BMP-2 and SDF-1α showed a moderately 
delayed yet sustained release pattern. This demonstrates that the lami
nate's architecture can effectively direct phase-specific release, mirror
ing the therapeutic needs of sequential healing processes. To further 
evaluate the bioactivity and safety of the 5-layer design loaded with the 
three bioactive molecules, cytotoxicity and antibacterial activity were 
assessed (SI, Fig. S6). None of the tested samples showed cytotoxic ef
fects and antibacterial testing revealed a time-dependent increase in 
bacterial growth inhibition for vancomycin-loaded laminates. Notably, 
the EGEGE laminate exhibited over 90 % inhibition by day 3, confirming 
effective antibacterial performance in line with the rapid vancomycin 
release observed. In contrast, unloaded E(RGX) and G(RGX) controls 
showed minimal bacterial inhibition, underscoring the role of vanco
mycin in early-stage infection prevention. The interplay between im
mediate vancomycin release, long-term BMP-2 osteogenesis, and early 
but long-term SDF-1α signaling supports a sequential drug delivery 
strategy tailored to different healing phases.

4.6. Clinical adaptability of the 5-layer collagen laminate

The translation of the developed 5-layer collagen laminate into 
clinical and industrial applications requires evaluation of its manufac
turability, regulatory compliance, stability, and cost-effectiveness. The 
use of commercially available medical-grade collagen sheets ensures 
biocompatibility and regulatory alignment, facilitating its potential for 
clinical adoption. Importantly, the laminate is designed with a scalable 
and reproducible fabrication process, distinguishing it from more intri
cate biomaterial constructs. This feature enhances its suitability for ur
gent medical applications.

A key advantage of this approach is its rapid and on-demand 
manufacturing process, particularly relevant for time-sensitive clinical 
scenarios such as the treatment of open fractures. Photochemical 
crosslinking with RB and green light enables intraoperative fabrication, 
eliminating the need for prolonged preparation times required by many 
advanced biomaterials.

The laminate's layered architecture and mirrored design allow for a 
controlled, stage-specific release of bioactive molecules, supporting both 
early infection control and long-term bone and tissue regeneration. 
Unlike conventional single- or bilayer scaffolds that lack the ability to 
regulate drug release in a spatially defined manner, the 5-layer design 
strategically incorporates vancomycin, BMP-2 and SDF-1α within 
defined layers. This hierarchical organization optimally coordinates 
different phases of the healing cascade, with outer layers providing 
antimicrobial protection, middle layers driving osteogenesis, and the 
core promoting vascularization. By mimicking natural regenerative 
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processes, this design enhances clinical relevance and therapeutic effi
cacy. Notably, to our knowledge no existing biomaterial integrates the 
delivery of three bioactive molecules for both local prophylactic therapy 
against infection and the prevention of delayed bone healing. Further
more, the modular composition of the laminate allows for customization 
through various collagen sheet combinations and tailored drug loading, 
ensuring adaptability to diverse clinical needs.

The long-term stability of BMP-2 and SDF-1α over 6 weeks further 
reinforces the clinical applicability of this material by enabling sus
tained therapeutic action without requiring repeated interventions. This 
feature is particularly critical for bone regeneration, where prolonged 
osteogenic signaling is essential for successful healing. Additionally, the 
cost-effectiveness of this approach enhances its potential for widespread 
clinical adoption.

By integrating advanced drug delivery strategies, tunable mechani
cal properties, and a scalable fabrication method, this laminate repre
sents a transformative step in regenerative medicine. It bridges the gap 
between laboratory biomaterials research and real-word clinical appli
cation, offering a clinically viable and industrially scalable solution. The 
unique combination of layer-specific bioactive delivery, scalability, and 
rapid manufacturing distinguishes this material from conventional 
collagen-based scaffolds.

5. Conclusion

5-layer collagen laminates represent a novel platform of custom
izable biomaterials, capable of addressing diverse clinical requirements 
through tuneable mechanical properties and controlled, layer-specific 
release of bioactive molecules. The mechanical and release character
istics of individual collagen sheets, influenced by parameters such as 
thickness, swelling behavior, and surface structure, enable precise 
tailoring to suit applications ranging from high-load, dynamic envi
ronments to moderate mechanical demands. The interplay between the 
collagen composition in the laminate, as well as the NHDF-induced 
remodeling further enhances structural integrity and tissue integra
tion. The ability to achieve layer-specific delivery of therapeutic agents 
like vancomycin, BMP-2, and SDF-1α with distinct release patterns for 
infection control and bone regeneration, positions these laminates as 
powerful tools in regenerative medicine. This work lays the foundation 
for the development of specialized, adaptable materials that not only 
address specific clinical challenges but also enable dynamic, patient- 
centred healing. Further exploration through co-culture models and in 
vivo studies will provide critical insights into the full potential of these 5- 
layer laminates, advancing their application in complex clinical 
scenarios.

Supplementary data includes detailed information for the additional 
experimental methods regarding the collagen sheet and laminate 
thickness analysis, swelling degree measurement, and ALP activity. 
Supplementary data to this article can be found online at https://doi.org 
/10.1016/j.bioadv.2025.214422.
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