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ABSTRACT (150 words) 

 

Three-dimensional biomimetic scaffolds resembling the native extracellular matrix (ECM) 

are widely used in tissue engineering, however they often lack optimal bioactive cues needed 

for acceleration of cell proliferation, neovascularization and tissue regeneration. In this study, 

the use of the ECM-related protein Olfactomedin-like 3 (Olfml3) demonstrates the 

importance and feasibility of fabricating efficient bioactive scaffolds without in vitro cell 

seeding prior to in vivo implantation. First, in vivo proangiogenic properties of Olfml3 were 

shown in a murine wound healing model by accelerated wound closure and a 1.4-fold 

increase in wound vascularity. Second, subcutaneous implantation of tubular scaffolds coated 

with recombinant Olfml3 resulted in enhanced cell in-growth and neovascularization 

compared with control scaffolds. Together, our data indicates the potential of Olfml3 to 

accelerate neovascularization during tissue regeneration by promoting endothelial cell 

proliferation and migration. This study provides a promising concept for the reconstruction of 

damaged tissue using affordable and effective bioactive scaffolds.  
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Body text (1500 words) 

Extra-cellular matrix (ECM) acts as a scaffold providing major cues that direct cell 

attachment, alignment, proliferation, migration, and proper physiological functions of various 

tissues. It also sequesters growth factors and plays a role in tissue growth, remodeling and 

regeneration.
1
 Tissue injuries and defects are often repaired using alternative graft materials 

like tissue substitutes that serve as scaffolds for host cells and support tissue remodeling.
2
 A 

challenge for the future of tissue engineering is the creation of alternatives of tissue grafts 

that mimic native structures, and facilitate wound healing and regeneration. Engineered 

substitutes are composed either of synthetic polymers, natural ECM-derived materials or a 

combination of these.
3
 In particular, electrospun polymer scaffolds have substantial potential 

for tissue engineering due to their high surface to volume ratio and the characteristics of their 

nanofibers with interconnected pores that facilitate transport of nutrients and waste removal, 

hence mimicking native ECM.
4
 Recent studies combined natural and synthetic molecules to 

generate scaffolds with both cell instructive biochemical cues and favorable mechanical 

characteristics.
5
 Furthermore, pre-seeding cells on a scaffold prior to in vivo implantation to 

bypass the ECM remodeling process promotes greater wound healing and tissue regeneration 

then acellular scaffolds.
6
 Unfortunately, this approach is time-consuming and costly. 

Therefore, there is an unmet clinical need for tissue regenerative scaffolds with high 

bioactivity rates resembling autologous tissue or with higher efficiency and cost-effectiveness 

in terms of manufacturing.  

The main goal of this study was to develop biomimetic scaffolds releasing growth factors or 

other bioactive molecules that lead to the desired cell response and enhance tissue remodeling 

without the need for in vitro cell seeding prior to the in vivo implantation. We previously 

described Olfactomedin-like 3 (Olfml3), an ECM protein with proangiogenic properties that 
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regulates vascular remodeling under normal and pathological conditions.
7
 Olfml3 serves as a 

scaffold protein that recruits bone morphogenetic protein 1 (BMP1) to its substrate chordin, a 

BMP antagonist.
8
 We demonstrated that both mouse and human Olfml3 proteins interact with 

BMP4, a potent proangiogenic factor. Olfml3 alone or through binding to BMP4 enhances 

the canonical SMAD1/5/8 signaling pathway required for BMP4-induced endothelial cell 

activation.
7
 Here, we explored the in vivo benefits of Olfml3 in promoting neovascularization 

in a mouse wound healing model and in tissue remodeling after subcutaneous injection of 

electrospun polymer scaffolds in rats. 

We first proceeded to determine the role of Olfml3 in physiological neovascularization using 

a murine wound healing model. In this model, full thickness cutaneous wounds are created. 

The wounds are splinted to prevent contraction and encourage granulation tissue formation, 

re-epithelialization, and neovascularization. We observed that topical application of murine 

recombinant Olfml3-FLAG-tagged protein to the wound bed for 6 days resulted in significant 

acceleration of wound closure compared to PBS-treated control wounds, as determined using 

a caliper-based macroscopic method (Figure 1A). This observation was supported by 

histological assessment of wound width on hematoxylin and eosin-stained tissue sections 

(Figure 1B). Accelerated wound closure was associated with a 1.4 ± 0.1-fold increase in 

wound vascularity at day 6 post-wounding, as assessed by the area of CD31-positive vessels 

in the wound bed of recombinant Olfml3-FLAG-tagged treated wounds compared to PBS-

treated control wounds (Figure 1C). Double immunostaining of wounds for Olfml3 and 

CD31 revealed that Olfml3 protein was enriched in the epidermal cells and in the endothelial 

cells of a subset of CD31-positive epidermal and dermal vessels of recombinant Olfml3-

FLAG-tagged treated wounds compared to PBS-treated control wounds (Figure 1D). In 

addition, Olfml3 protein was expressed by a small subset of mononuclear phagocytic cells, as 

assessed by double staining of wounds for F4-80 and Olfml3 (Figure 1E). In a subset of mice, 
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 5

recombinant Olfml3-FLAG-tagged protein was applied for 10 days, by which time the 

wounds had closed. At this time point, no significant differences in wound vascularity were 

apparent (data not shown). This is consistent with the remodeling phase that occurs following 

wound closure. Taken together, these data indicate that Olfml3 has proangiogenic action that 

accelerates wound closure during wound healing via enhanced migration and attachment of 

host endothelial cells in the course of tissue remodeling. 

Polycaprolactone (PCL) is a biodegradable synthetic polymer with favorable mechanical 

properties, which has been approved by the FDA for certain clinical applications.
9
 Our prior 

studies focused on developing cardiovascular regenerative PCL scaffolds with optimal pore 

diameters for cell migration and infiltration.
10

 Having positive experiences with electrospun 

PCL implants in subcutaneous and vascular locations such as the rat abdominal aorta or the 

porcine carotid artery,
11, 12

 we decided to investigate the potential beneficial effect of adding 

recombinant murine Olfml3-FLAG-tagged protein to the electrospun PCL in an in vivo 

subcutaneous model. Electrospun PCL scaffolds were prepared and cut as patches for in vitro 

analysis or tubular grafts for in vivo implantations. A detailed description of the fiber and 

pore size as well as total porosity of these grafts has been previously described.
10

 Patches and 

tubular grafts were then treated by air plasma for 30 sec, as described elsewhere
13

 and in the 

Supplementary data file. Gas plasma treatment is known to improve the hydrophilicity of 

PCL polymer surfaces and to form functional groups that serve for the attachment of 

peptides, drugs or native polymers.
14

 Standard (untreated) and plasma-treated patches were 

then coated with increasing concentrations of recombinant murine Olfml3-FLAG-tagged 

protein (0-1 µg/mL) and the amount of bound protein onto the patches was measured using 

an HRP-labeled anti-Olfml3 antibody (Figure 2A, upper panel). Due to plasma treatment, 

recombinant Olfml3-FLAG-tagged protein bound to plasma-treated PCL patches with a 

higher affinity compared to standard (untreated) patches (Figure 2A, lower panel), 
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confirming our previous finding of increased hydrophilicity and bioavailability of plasma-

treated PCL scaffolds.
13

 Next, the tubular grafts (inner diameter: 2 mm, length: 1 cm) were 

treated by plasma for 30 sec and then coated with 1 µg/mL recombinant Olfml3-FLAG-

tagged protein or PBS (control) before being evaluated in rats (Figure 2B). Grafts were 

implanted subcutaneously on both dorsal and ventral sides of the animals for a 21-day period 

(Figure 2B, upper panels). The rats were then sacrificed and the implants and their 

surrounding tissue were retrieved. After 21 days of subcutaneous implantation, dense cell 

infiltration from the outer side of recombinant Olfml3 FLAG-tagged protein treated or 

control grafts was observed. The lumen of the implants towards the center of the tubes was 

still void of tissue, resulting in cell infiltration only from the outer side (Figure 2B, middle 

panels, arrows). At the interface between the tissue and the grafts, no major inflammatory 

reaction was observed, and no thick fibrous capsule formed around the implants (Figure 2B, 

middle panels, arrowheads). Of interest, the infiltrate had a significantly higher cell density in 

plasma-treated grafts coated with recombinant Olfml3-FLAG-tagged protein compared to the 

PBS-coated controls (Figure 2B, lower panels and Figure 2C). Furthermore, cell infiltrations 

were mainly composed of fibroblasts, monocytes/macrophages, and endothelial cells, as 

assessed by immunostaining of implants for β-actin and F4-80, and CD31 and Olfml3, 

respectively (Figure 2D). Cellular infiltration of PCL grafts coated with recombinant Olfml3-

FLAG-tagged protein was accompanied by moderate neovascularization reaching the three-

quarter thickness of the implant, while control group showed only a scarce number of 

superficially penetrating endothelial cells, as confirmed by CD34 immunostainings (Figure 

2E and 2F,). These results confirmed that the plasma-treated electrospun PCL scaffolds could 

provide an optimal environment for cellular repopulation, while Olfml3 coating may enhance 

migration and attachment of host endothelial cells in the course of tissue remodeling. 
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Combining biodegradable synthetic polymers with growth factors may improve their 

bioactivity and enhance cell attachment, proliferation and angiogenesis and therefore, 

facilitate tissue regeneration.
15

 In this study, we showed that the combination of 

nanotopography, plasma treatment and coating of electrospun PCL scaffolds with the 

proangiogenic protein Olfml3 accelerated cell in-growth, migration and neovascularization in 

a subcutaneous implantation rat model over a 21-day period. Furthermore, Olfml3 enhanced 

wound closure and neovascularization at early time points in a mouse wound healing model, 

thus accelerating the process of tissue regeneration. Taken together, our study suggests that 

the plasma-treated electrospun PCL scaffolds combined with a proangiogenic Olfml3 protein, 

is a prototype of a simple, effective and affordable substitute for tissue regeneration where 

cell pre-seeding and proliferation prior to the in vivo implantation is not an option.  
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Figure Legends 

Figure 1. Effect of Olfml3 on wound healing and neovascularization in mouse wound 

healing model. Female C57BL/6JArc mice (8-9 week old, n=10) had two 5 mm diameter full 

thickness excisional cutaneous wounds surgically introduced. Wounds were measured using 

calipers before recombinant Olfml3-FLAG-tagged protein (10 µg in 50 µL PBS, right 

wound) or vehicle control (left wound) was applied to the wounds daily for six days. (A) 

Recombinant Olfml3-FLAG-tagged protein accelerated wound closure as determined using 

calipers. Ruler gradations on photomicrographs = 1 mm. (B) Hematoxylin and eosin stained 

section demonstrating decreased wound width in recombinant Olfml3-FLAG-tagged treated 

wounds. Photomicrographs at 1.6x magnification, white scale bar = 2 mm, black line 

indicates wound width. (C) Recombinant Olfml3-FLAG-tagged protein increased wound bed 

vascularity as determined by the total fluorescent area of CD31-phycoerythrin positive 

vessels (CD31, arrows). Isotype IgG2aκ-phycoerythrin control is shown. Bright-field (BF) 

and fluorescent photomicrographs (CD31) are shown in parallel. Photomicrographs at 20x 

magnification, scale bar = 100 µm. Results are expressed as mean ± SD. (D) Olfml3 protein 

distribution in the epidermal cells (arrowheads) and endothelial cells of a subset of CD31-

positive epidermal and dermal vessels (arrows) of recombinant Olfml3-FLAG-tagged treated 

wounds compared to PBS-treated control wounds. Bright-field (BF) and fluorescent 

photomicrographs (Olfml3+CD31, overlay) are shown in parallel. Photomicrographs at 40x 

magnification, scale bar = 50 µm. (E) Cell populations reacting to and infiltrating wounds 

treated with either control (E, control) or recombinant Olfml3-FLAG-tagged protein 

(rOlfml3-FLAG): endothelial cells (Olfml3, green, arrows) and monocytes/macrophages (F4-

80, red, arrowheads), as assessed by immunostaining of wounds for Olfml3 and F4-80. 

Bright-field (BF) and fluorescent photomicrographs (Olfml3+F4-80, overlay) are shown in 
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parallel. Photomicrographs at 40x magnification, scale bar = 50 µm. Results in (A) were 

analyzed by Repeated Measures 2-way ANOVA with Sidak’s Multiple Comparison test, with 

results in (C) analyzed by the Mann Whitney test (Prism version 6.0c software). * p < 0.05 

compared to PBS control. 

Figure 2. Olfml3-coated biodegradable electrospun scaffolds for in vivo tissue graft 

development. Electrospun PCL scaffolds were prepared and cut to make either patches with 

an average thickness of 260±47 µm for surface coating (A) or 1 cm long tubular grafts with 

an average thickness of 598±39 µm and a 2 mm inner diameter for in vivo implantations (B-

F). (A) Coating of control and plasma-treated patches with increasing concentrations of 

recombinant Olfml3-FLAG-tagged protein (0-1 µg/mL). An HRP-labeled anti-Olfml3 

antibody measured the amount of bound protein onto the patches (three samples per group; 

two independent experiments). (B) Histological cross-sections of tubular scaffolds coated 

with either PBS (B, control, left) or 1 µg/mL recombinant Olfml3-FLAG-tagged (B, rOlfml3-

FLAG, right) and implanted subcutaneously on dorsal or ventral sides of male Sprague-

Dawley rats (n=3) and kept for 21 days, as follows: macroscopical view (B, upper panels) 

and magnified views with cellular infiltrations stained by the hematoxylin and eosin method 

(B, lower panels). Photomicrographs at 5x and 40x magnification, scale bar = 1 mm and 100 

µm, respectively. (C) Quantification of cell density in the outside edge of the grafts. Results 

are expressed as mean ± SD. (D) Cell populations reacting to and infiltrating subcutaneous 

tubular scaffolds coated with either control (D, control) or recombinant Olfml3-FLAG-tagged 

protein (D, rOlfml3-FLAG): monocytes/macrophages (D, F4-80, red); fibroblasts (D, β-actin, 

green); and endothelial cells (D, Olfml3, red and CD31, green); as assessed by 

immunostaining of implants for respective molecular markers. Photomicrographs at 40x 

magnification, scale bar = 100 µm. (E, F) Recombinant Olfml3-FLAG-tagged protein 

increased neovascularization as determined by the number of CD34-positive vessels. 
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Photomicrographs at 20x and 40x magnification, scale bar = 50 µm and 100 µm, respectively. 

Results are expressed as mean ± SD. Results in (C and F) were analyzed by the Mann 

Whitney test (Prism version 6.0 software). * p < 0.05 compared to control. 
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Figure 1. Effect of Olfml3 on wound healing and neovascularization in mouse wound healing model. Female 
C57BL/6JArc mice (8-9 week old, n=10) had two 5 mm diameter full thickness excisional cutaneous wounds 

surgically introduced. Wounds were measured using calipers before recombinant Olfml3-FLAG-tagged 

protein (10 µg in 50 µL PBS, right wound) or vehicle control (left wound) was applied to the wounds daily for 
six days. (A) Recombinant Olfml3-FLAG-tagged protein accelerated wound closure as determined using 

calipers. Ruler gradations on photomicrographs = 1 mm. (B) Hematoxylin and eosin stained section 
demonstrating decreased wound width in recombinant Olfml3-FLAG-tagged treated wounds. 

Photomicrographs at 1.6x magnification, white scale bar = 2 mm, black line indicates wound width. (C) 
Recombinant Olfml3-FLAG-tagged protein increased wound bed vascularity as determined by the total 
fluorescent area of CD31-phycoerythrin positive vessels (CD31, arrows). Isotype IgG2aκ-phycoerythrin 

control is shown. Bright-field (BF) and fluorescent photomicrographs (CD31) are shown in parallel. 
Photomicrographs at 20x magnification, scale bar = 100 µm. Results are expressed as mean ± SD. (D) 
Olfml3 protein distribution in the epidermal cells (arrowheads) and endothelial cells of a subset of CD31-
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positive epidermal and dermal vessels (arrows) of recombinant Olfml3-FLAG-tagged treated wounds 
compared to PBS-treated control wounds. Bright-field (BF) and fluorescent photomicrographs 

(Olfml3+CD31, overlay) are shown in parallel. Photomicrographs at 40x magnification, scale bar = 50 µm. 
(E) Cell populations reacting to and infiltrating wounds treated with either control (E, control) or 

recombinant Olfml3-FLAG-tagged protein (rOlfml3-FLAG): endothelial cells (Olfml3, green, arrows) and 
monocytes/macrophages (F4-80, red, arrowheads), as assessed by immunostaining of wounds for Olfml3 

and F4-80. Bright-field (BF) and fluorescent photomicrographs (Olfml3+F4-80, overlay) are shown in 
parallel. Photomicrographs at 40x magnification, scale bar = 50 µm. Results in (A) were analyzed by 

Repeated Measures 2-way ANOVA with Sidak’s Multiple Comparison test, with results in (C) analyzed by the 
Mann Whitney test (Prism version 6.0c software). * p < 0.05 compared to PBS control.  
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Figure 2. Olfml3-coated biodegradable electrospun scaffolds for in vivo tissue graft development. 
Electrospun PCL scaffolds were prepared and cut to make either patches with an average thickness of 

260±47 µm for surface coating (A) or 1 cm long tubular grafts with an average thickness of 598±39 µm and 

a 2 mm inner diameter for in vivo implantations (B-F). (A) Coating of control and plasma-treated patches 
with increasing concentrations of recombinant Olfml3-FLAG-tagged protein (0-1 µg/mL). An HRP-labeled 
anti-Olfml3 antibody measured the amount of bound protein onto the patches (three samples per group; 
two independent experiments). (A, upper and middle panel). Long-term stability of recombinant Olfml3-
FLAG binding on plasma-treated PCL patches measured over a period of 21-days (A, lower panel). (B) 

Histological cross-sections of tubular scaffolds coated with either PBS (B, control, left) or 1 µg/mL 
recombinant Olfml3-FLAG-tagged (B, rOlfml3-FLAG, right) and implanted subcutaneously on dorsal or 

ventral sides of male Sprague-Dawley rats (n=3) and kept for 21 days, as follows: macroscopical view (B, 
upper panels) and magnified views with cellular infiltrations stained by the hematoxylin and eosin method 

(B, lower panels). Photomicrographs at 5x and 40x magnification, scale bar = 1 mm and 100 µm, 
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respectively. (C) Quantification of cell density in the outside edge of the grafts. Results are expressed as 
mean ± SD. (D) Cell populations reacting to and infiltrating subcutaneous tubular scaffolds coated with 

either control (D, control) or recombinant Olfml3-FLAG-tagged protein (D, rOlfml3-FLAG): 
monocytes/macrophages (D, F4-80, red); fibroblasts (D, β-actin, green); and endothelial cells (D, Olfml3, 

red and CD31, green); as assessed by immunostaining of implants for respective molecular markers. 
Photomicrographs at 40x magnification, scale bar = 100 µm. (E, F) Recombinant Olfml3-FLAG-tagged 

protein increased neovascularization as determined by the number of CD34-positive vessels. 
Photomicrographs at 20x and 40x magnification, scale bar = 50 µm and 100 µm, respectively. Results are 
expressed as mean ± SD. Results in (C and F) were analyzed by the Mann Whitney test (Prism version 6.0 

software). * p < 0.05 compared to control.  
 

254x366mm (72 x 72 DPI)  

 

 

Page 16 of 14

Wound Repair and Regeneration

Manuscript under review - CONFIDENTIAL

This article is protected by copyright. All rights reserved.




