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Abstract 
 
Introduction: Fibrin scaffolds are often utilized to treat chronic wounds. The monomer fibrinogen 
used to create such scaffolds is typically derived from adult human or porcine plasma. However, 
our previous studies have identified extensive differences in fibrin network properties between 
adults and neonates, including higher fiber alignment in neonatal networks. Wound healing 
outcomes have been linked to fibrin matrix structure, including fiber alignment, which can affect 
the binding and migration of cells. We hypothesized that fibrin scaffolds derived from neonatal 
fibrin would enhance wound healing outcomes compared to adult fibrin scaffolds. 
 
Methods: Fibrin scaffolds were formed from purified adult or neonatal fibrinogen and thrombin 
then structural analysis was conducted via confocal microscopy. Human neonatal dermal fibroblast 
attachment, migration, and morphology on fibrin scaffolds were assessed. A murine full thickness 
injury model was used to compare healing in vivo in the presence of neonatal fibrin, adult fibrin, 
or saline.  
 
Results: Distinct fibrin architectures were observed between adult and neonatal scaffolds. 
Significantly higher fibroblast attachment and migration was observed on neonatal scaffolds 
compared to adults. Cell morphology on neonatal scaffolds exhibited higher spreading compared 
to adult scaffolds. In vivo significantly smaller wound areas and greater epidermal thickness were 
observed when wounds were treated with neonatal fibrin compared to adult fibrin or a saline 
control. 
 
Conclusions: Distinctions in neonatal and adult fibrin scaffold properties influence cellular 
behavior and wound healing. These studies indicate that fibrin scaffolds sourced from neonatal 
plasma could improve healing outcomes compared to scaffolds sourced from adult plasma. 
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Introduction: 
  
In the United States, approximately 6.5 million patients are affected by chronic, non-healing 

wounds3,13. Upon the onset of an injury, enzymatic action of thrombin on the plasma protein 

fibrinogen leads to formation of a crosslinked fibrin network36. This matrix provides a provisional 

scaffold for infiltrating cells that support tissue repair and angiogenesis7. A deficient provisional 

fibrin matrix can result in non-healing wounds. Accelerating the wound healing process is crucial 

for non-healing wounds to avoid complications such as infection15. Fibrin sealants are a topical 

therapeutic that have been developed to aid in hemostasis and promote wound closure. They 

primarily consist of plasma-derived fibrinogen and thrombin and act to mimic the final stages of 

the coagulation cascade; the formation of a stable fibrin network that facilitates wound healing. 

Fibrin sealants are an attractive class of biomaterials due to their biodegradable and biocompatible 

nature28. However, their formulations require reagent concentrations (i.e. fibrinogen and thrombin) 

well above physiological ranges and result in fibrin matrices that are much denser than native 

clots28. These thick, dense fibrin networks have much lower porosity than networks comprised of 

physiologically relevant concentrations of fibrinogen and thrombin, and can impede cell migration 

and inhibit matrix degradation, resulting in slower wound healing rates28.  The monomer fibrinogen 

used to create such scaffolds is typically derived from adult human or porcine plasma17. However, 

our previous studies have identified extensive differences in fibrin network properties between 

adults and neonates, including higher fiber alignment in neonatal networks4. Wound healing 

outcomes have been linked to fibrin matrix structure, including fiber alignment, which can affect 

the binding and migration of cells. We hypothesized that fibrin scaffolds derived from neonatal 

fibrin would enhance wound healing outcomes compared to adult fibrin scaffolds. Here, we 



investigate the use of a novel fibrin scaffold derived from neonatal fibrinogen, as opposed to adult 

fibrinogen, to enhance wound healing outcomes. 

 In recent years, extensive differences have been identified in fibrinogen and fibrin network 

properties between adults and neonates (infants less than 30 days of age)4,15. Although neonates and 

adults have similar levels of plasma fibrinogen, neonates have decreased clotting activity and an 

increased clotting time.15 At the protein level, neonatal fibrinogen has been found to have increased 

sialic acid and phosphorus content compared to the mature form1,15,32. Differences have also been 

identified at the bulk fibrin clot level. Clots formed from purified neonatal or adult fibrinogen 

displayed significantly different structural and functional characteristics. Specifically, purified 

neonatal fibrin clots appeared more porous and highly aligned when compared to the denser, 

branched networks seen in adult networks. Functionally, purified neonatal fibrin networks have 

significantly faster rates of matrix degradation compared to adults4. Additionally, recent studies 

from our group using atomic force microscopy (AFM) to obtain elastic moduli of platelet poor 

plasma (PPP) clots indicate neonatal clots are significantly softer than adult clots25. These age-

dependent differences in fibrinogen and fibrin clot properties have also been identified in porcine 

samples25.  However, the impact of these age-dependent fibrin network discrepancies on cell 

behavior have not been previously explored.  

The effectiveness of wound healing has been linked to fibrin matrix properties, including 

structural and mechanical characteristics. Structurally, the porosity and density of fibrin networks 

have been shown to influence cellular binding and migration and subsequent tissue growth21. 

Additionally, functional qualities including mechanical and fibrinolytic properties have also been 

shown to influence migration and proliferation of cells6. Here, we performed a comparative study 

of cellular behavior and wound healing outcomes on neonatal fibrin matrices compared to adult. 



The previously identified differential fibrin network properties in neonates could impact cell 

behavior and subsequent wound healing outcomes. These age-dependent differences may also be 

a factor in fetal scarless wound healing, a phenomenon in which in utero wounds heal through 

complete regeneration, rather than repair20. We hypothesized that fibrin scaffolds produced from 

neonatal fibrin would promote enhanced cell migration and wound healing outcomes compared to 

adult fibrin due to inherent biochemical and structural differences. The objective of this research 

was to determine if differences exist in cell behavior and wound healing outcomes on neonatal 

fibrin scaffolds compared to traditional fibrin scaffolds derived from adult fibrin.  

Methods: 
 
Isolation of fibrinogen from platelet poor plasma: 

Neonatal and adult human fibrinogen was isolated from plasma samples via ethanol precipitation 

reaction26. After IRB approval from Emory University and informed written parental consent, 

whole blood samples were collected from human neonates (less than 30 days of age) undergoing 

elective cardiac surgery at the Children’s Hospital of Atlanta. 5 mL of whole blood was collected 

from an arterial line placed after the induction of anesthesia and prior to surgical incision. Samples 

were centrifuged immediately to yield PPP and stored at -80 until use. Pooled adult human PPP 

was obtained from the New York Blood Center and stored at -80 until use. Pooled plasma samples 

were then utilized for isolation of either adult or neonatal fibrinogen. Ethanol (70% volume) was 

added to 4°C plasma in a 4:1 ratio (plasma/ethanol) and cooled on ice for 20 minutes. The solution 

was centrifuged at 600 g for 15 minutes at 4°C. The supernatant was then removed, and the 

resulting pellet is heated in a 37°C water bath. A buffer consisting of 20 mM sodium citrate was 

added until the pellet was completely dissolved (0.25-0.5 mL). This method mainly selectively 

precipitates fibrinogen, however, trace amounts of other plasma proteins including Von 



Willebrand Factor, plasminogen, and fibronectin may be present10,16.If necessary, fibrinogen 

solution was concentrated using Pall Nanosep centrifugal devices (Pall, Port Washington, NY, 

USA). Concentration of samples was determined using a Nano-drop (Thermofisher Scientific, 

Waltham, MA,USA). For all in vitro assays, conditions were run with a minimum of two separate 

isolated fibrinogen batches. For in vivo studies, a single isolation batch was used.  

Structural characterization of fibrin matrices: 

Structural analysis of fibrin clots was conducted with confocal microscopy. 50 µl clots consisting 

of purified adult or neonatal fibrinogen at a concentration of 2.5 mg/mL in HEPES buffer (5 mM 

calcium, 7.4 pH) were formed with the addition of 0.5 U/mL human α-thrombin. 10 µg/mL Alexa 

488 labeled fibrinogen was used for visualization. Clots were formed between a glass slide and 

coverslip and allowed to polymerize for two hours prior to imaging. A Zeiss Laser Scanning 

Microscope (LSM 710, Zeiss Inc., USA) at a magnification of 63x was utilized for imaging and a 

minimum of three random z-stacks of 5.06 μm thickness were acquired per clot. ImageJ software 

was used to create 3D projections from z-stacks. Fiber alignment was quantified through a 

MATLAB algorithm previously utilized by our group4. The code can be found at 

https://github.com/Kanellen/Fiber-alignment. Briefly, each confocal microscopy image was 

preprocessed by padding with redundant data and applying a gaussian decay and two dimensional 

Hann window to minimize edge effects prior to application of a two-dimensional Fast Fourier 

transform. The resulting power spectrum was utilized to determine alignment by polar coordinate 

analysis and relative intensity of pixels in angular bins. The alignment index (AI) was determined 

from the fraction of fibers aligned within +/- 20 degrees of a preferred fiber alignment normalized 

to random distribution of oriented fibers (equal to 40°/180°). Alignment index values range from 

1.0 to 4.55. Alignment analysis was conducted for each image in the z-stack and averaged together. 



Clot fiber density was determined from the ratio of black (fiber) over white (background) pixels 

in each image. Fibrin network branching was quantified with a custom MATLAB code. Briefly, a 

multiscale-hessian filtering method was applied to each image slice to identify tubular structures. 

Structure sensitivity was determined through a threshold based on the intensity distribution. The 

image was than binarized and skeletonized. Fiber overlap was then quantified from the 

skeletonized image by reducing intersections of fibers to single points. These branch points were 

normalized across the area of the image and averaged across each stack. Each image of the three-

dimensional stack was processed individually and then averaged together. 

Removal of sialic acid from fibrinogen: 

To determine the influence of sialic acid on neonatal and adult fibrin structure, sialic acid was 

cleaved from neonatal and adult fibrinogen via neuraminidase9. A 500 µl fibrinogen solution 

consisting of 5 mg/mL adult or neonatal fibrinogen in diH2O was incubated with 0.025 U 

Neuraminidase (Neuraminidase/Sialidase, Sigma Aldrich, USA) for 4 hours at 35°C. Removal of 

bound sialic acid was confirmed by determining the concentration of sialic acid in the fibrinogen 

solution before and after enzyme digestion (Sialic Acid (NANA) Assay Kit, Abcam, USA).  The 

solution was centrifuged and stored at -80°C until use in confocal microscopy experiments. 

Cell attachment on fibrin matrices: 

Cell attachment on fibrin matrices was analyzed via a florescence based assay. Neonatal and adult 

fibrin networks (2.5 mg/mL) were formed with 0.5 U/mL human α-thrombin (Enzyme Research 

Laboratories, South Bend, IN, USA) in a 96-well plate and polymerized for 2 hours.  Neonatal 

human dermal fibroblasts (HDFn) (Gibco, Waltham, MA, USA) (P5-P14) were fluorescently 

labeled (Vybrant Dii, Thermofisher Scientific, Waltham, MA, USA) according to manufacture 

instructions, seeded on top of fully polymerized fibrin gels, and incubated for 1 hour at 37°C.  



After 1 hour, three washes with PBS were performed to remove non-adherent cells and florescence 

intensity (Abs:549 nm, Em: 565 nm) was determined via plate reader (Biotek Synergy H1). It is 

possible that fluorescence intensity may vary from cell to cell, therefore, cell attachment was also 

quantified from confocal microscopy images taken at 40x from cells seeded at a density of 12,000 

cells/well and fixed after 16 hours. Cell count was determined as the number of cells in the field 

of view. The average values from 12 images at the same magnification are reported. 

Cell spreading on fibrin: 

Cell spreading on fibrin films was analyzed via confocal microscopy. Uniform fibrin films were 

formed on coverslips using modified standardized protocols30. To create hydrophilic bottom 

coverslips to adhere to fibrin matrices, a 0.1 M sodium hydroxide (NaOH) solution was added to 

coverslips in a 12 well cell culture plate and left to evaporate. The coverslips were then 

functionalized with (3-Aminopropyl)triethoxysilane (APTMS)  for 5 minutes at room temperature. 

Once dry, a 0.05% glutaraldehyde solution was added to each well and left to incubate for 30 

minutes followed by 3 washes with H2O. Neonatal and adult fibrin gels consisting of 2.5 mg/mL 

fibrinogen and 0.5 U/mL human α-thrombin were then formed on functionalized coverslips and 

immediately covered with dichlorodimethylsilane (DCDMS) coated coverslips. After  2 hours of 

polymerization, top coverslips were removed and fibrin gels were stored at 4°C until use. Gels 

were sterilized via UV light for 30 mins prior to cell attachment. HDFns were seeded on fibrin 

gels at a density of 12,000 or 6,000 cells per well and media (HDFn growth medium; DMEM, 10% 

fetal bovine serum, 1% pencillin-streptomycin, 1% L-glutamine); up to 1 mL was added to each 

well. Plates were then incubated for 16 hours at 37°C. Cells were fixed with 4% paraformaldehyde 

in PBS and stained with Alexa 488 labeled phalloidin for visualization. Samples were mounted 

with Vectashield with Dapi (Fisher Scientific, Hampton, NH, USA) to visualize nuclei and 



coverslips were sealed with nail polish. Confocal microscopy (Zeiss LSM 710) was utilized to 

examine cell morphology and cell area, perimeter, and circularity were calculated with ImageJ.  

Evaluation of in vitro cell migration in neonatal vs. adult fibrin matrices 

HDFns were cultured into spheroids over 72 hours using a hanging drop cell culture technique5. 

Fibrin clots composed of 2.5 mg/ml human neonatal or fibrinogen and 0.5 U/ml human α-thrombin 

(Enzyme Research Laboratories, South Bend, IN, USA) were created in the wells of a 96-well 

tissue culture plate (VWR, Radnor, PA, USA). After a 2 hour polymerization period, cell spheroids 

were transferred onto a fibrin clot using a 21 G x 1 ½’ needle (BD Biosciences, San Jose, CA, 

USA) and then covered with a second fibrin layer to create a 3D environment. After a 2 hour 

polymerization time for the second fibrin layer, HDFn growth medium (DMEM, 10% fetal bovine 

serum, 1% penicillin-streptomycin, 1% L-glutamine) was added into each well, and spheroids were 

imaged every 24 hours for a 72-hour period. Cell migration throughout the fibrin matrix was 

quantified by measuring the projected spheroid surface area for each 2D image using ImageJ.  

Evaluation of wound healing in vivo 

Wound healing in vivo in the presence of neonatal and adult fibrin scaffolds was assessed using a 

murine wound healing model previously described by Dunn et al11. All protocols were approved 

by the NCSU IACUC prior to conducting studies. 8 week old C57/B6 mice (Charles River 

Laboratories, Wilmington, MA, USA) were anesthetized with 5% isoflurane in oxygen in an 

induction box prior to surgery. Throughout the duration of the surgery, general anesthesia was 

maintained with a nosecone at 3% isoflurane. Full thickness dermal wounds were created using 4 

mm biopsy punches (Fisher Scientific, Hampton, NH, USA) and splinted with 10 mm silicone 

rings with a 5mm inner diameter. Wounds were splinted to force healing through reepithelization 

rather than skin contraction as it is more physiologically relevant to humans. 10 µL of neonatal or 



adult fibrin scaffold treatments created with 2.5 mg/mL fibrinogen polymerized in the presence of 

0.5 U/mL human α-thrombin were applied topically with 0.9% sterile filtered saline as a control 

group (n = 6 wounds/group). Wounds were imaged and covered with Opsite bandages (Fisher 

Scientific, Hampton, NH, USA). Carprofen (ApexBio, Houston, TX, USA) (5 mg/kg) was 

administered subcutaneously for pain relief for the first five days post-surgery. Wounds were 

imaged and dressings were changed every day for nine days post-surgery. Wound size analysis 

was performed on wound images that were blinded by treatment group and randomized using a 

random number generator. Wound sizes were quantified using ImageJ and normalized to the 

silicone ring openings. Normalized wound areas were used to determine wound closure rates for 

each treatment group. Total wound healing rate was calculated as the total percent wound closure 

on day 9 divided by 9. 

Animals were euthanized under carbon dioxide and then tissue surrounding the wounds 

was excised nine days post-surgery and fixed in 10% formalin. Tissue samples were ethanol 

dehydrated, embedded in paraffin wax, and sectioned for analysis. Martius Scarlet Blue (MSB) 

staining was performed to identify collagen and fibrin within the wound site.  Epidermal thickness 

was quantified from MSB images by measuring the thickness of the epidermal layer at 3 regions 

across the wound area. CD31 labeling was performed to evaluate angiogenesis within tissue 

forming at the wound sites. Tissue was deparaffinized, rehydrated, and incubated with 1% goat 

serum (Thermo Fisher Scientific, Waltham, MA, USA). Sections were labeled with a rabbit anti-

mouse monoclonal antibody to CD31 (1:50, clone SP38, Thermo Fisher Scientific, Waltham, MA, 

USA) overnight at 4°C.  Sections were then washed in PBS and labeled with Alexa 594 goat anti-

rabbit as a secondary antibody for one hour at room temperature. Sections were then washed in 

PBS and mounted with Vectashield HardSet mounting medium with DAPI (Fisher Scientific, 



Hampton, NH, USA).  CD31 positively labeled tissue was quantified via previously published 

protocols23,29. Briefly, ImageJ Particle Analysis was used to measure total red area (defined as red 

area greater than 1.0 µm2 with a threshold of 0-50) in wounds.   

Statistical Analysis: 

Statistical analysis was performed in GraphPad Prism 7 (GraphPad, San Diego, CA, USA).  Data 

was analyzed via a One-way Analysis of Variance (ANOVA) with a Tukey’s post hoc test using 

a 95% confidence interval for all measurements except for analysis of wound closure, which was 

conducted with a two way ANOVA. Outlier tests were performed prior to all statistical analysis. 

No outliers were found and no data was removed. Data is presented as average +/- standard 

deviation. 

Results: 

Structural characterization of fibrin matrices: 

Fibrin matrix architecture has been shown to influence fibroblast infiltration and migration21. 

Therefore, we hypothesized that the differences observed in adult and neonatal fibrin scaffolds 

would likewise differentially influence fibroblast behavior. Here, we utilized confocal microscopy 

to compare the architecture of fibrin scaffolds constructed from neonatal or adult fibrin (Figure 

1A). At equal fibrinogen (2.5mg/mL) and thrombin (0.5 U/mL) concentrations we observed major 

structural distinctions between clots that are consistent with patterns identified in our previous 

studies4,24. Specifically, adult fibrin networks were found to have a dense, branched structure 

compared to the highly porous, low cross branching structure seen in neonatal networks. Analysis 

of fiber density using the ratio of black to white pixels revealed significantly lower fiber density 

in neonatal samples compared to adult scaffolds (Figure 1B) (Neonatal fibrin: 0.684 +/- 0.157,  

Adult fibrin: 1.350 +/- 0.201, p<0.0001). Using a custom MATLAB code for fiber alignment we 



observed a higher, although not statistically significant, degree of fiber alignment in the neonatal 

samples compared to adult (Figure 1C) (Neonatal fibrin: 1.095 +/- 0.073 alignment index, Adult 

fibrin: 1.054 +/- 0.030 alignment index, p=0.142). Quantification of fibrin branching indicated 

significantly more branch points per area in adult samples compared to neonate (Figure 1D) 

(Neonatal fibrin: 0.045 +/- 0.006 branch points/ µm2, Adult fibrin: 0.057 +/- 0.010 branch points 

/µm2, p<0.01).  

Cells display enhanced attachment, spreading, and migration on neonatal fibrin scaffolds: 

Fibroblast attachment to the provisional fibrin matrix is a crucial step in wound healing and is 

mediated by surface integrin  avb312. Fibrin architecture is known to influence fibroblast 

attachment, spreading, and migration, therefore we hypothesized that the differences observed in 

adult and neonatal fibrin scaffolds would likewise differentially influence fibroblast behavior. To 

that end, fibroblast attachment on neonatal or adult fibrin scaffold was first explored with 

fluorescently labeled fibroblasts (Figure 2). After the 1 hour incubation period, attachment of 

fibroblasts on neonatal fibrin matrices was found to be significantly higher than on adult fibrin 

(Neonatal fibrin: 0.647 +/- 0.027 fluorescence intensity, Adult fibrin: 0.594 +/- 0.026 fluorescence 

intensity, p<0.01). Additionally, cell attachment was determined from cell counts on images taken 

after 16 hours of incubation (Supplemental Figure 1). Similarly, cell attachment on neonatal 

fibrin matrices was higher than on adult fibrin matrices in these experiments (Neonatal fibrin: 

42.91 +/- 24.92 cells/field of view, Adult fibrin: 26.00 +/- 13.21 cells/field of view, p<0.05).    

While the underlying specific cause of structural differences between neonatal and adult fibrin 

networks remains a topic of investigation and is likely multifactorial, these differences could be 

due to differences in posttranslational modifications. Previous studies have identified differences 

in sialic content between adult and neonatal fibrinogen15, therefore, we next investigated the 



influence of sialic acid on the observed cell attachment responses by removing sialic acid from the 

fibrinogen prior to fibrin polymerization and then evaluated cell attachment. When sialic acid was 

removed from both adult and neonatal fibrinogen with neuraminidase incubation, no significant 

differences in fibroblast attachment were observed on fibrin scaffolds, indicating the presence of 

sialic acid may influence cell attachment (Figure 3) (Neonatal fibrin: 0.466 +/- 0.064 fluorescence 

intensity, Adult fibrin: 0.455 +/- 0.056 fluorescence intensity). We next characterized cell 

morphology of adherent fibroblasts on neonatal and adult fibrin scaffolds with confocal 

microscopy at 6,000 cells/well (Figure 4) and 12,000 cells/well (Supplemental Figure 2). At 

various cell densities, cell area and perimeter were increased with decreased cell circularity on 

neonatal fibrin scaffolds compared to fibroblast parameters on adult fibrin matrices (6,000 

cells/well; cell area; Neonatal fibrin: 1571.09 +/- 397.82 μm2  Adult fibrin: 877.12 +/- 323.02 μm2 

, p<0.0001, cell perimeter: Neonatal fibrin: 311.99 +/- 73.95 μm, Adult fibrin: 184.94 +/- 55.45 

μm, p<0.0001, cell circularity; Neonatal fibrin: 0.223 +/-  0.09 , Adult fibrin: 0.4138 +/- 0.11, 

p<0.0001). Finally, we evaluated fibroblast migration through 3D neonatal or adult fibrin scaffolds 

using a spheroid based assay. Fibroblast migration through fibrin networks was observed over a 

72 hour period (Figure 5). Cell migration was found to be significantly greater at 48 and 72 hours 

on neonatal derived fibrin scaffolds compared to adult (48 hours: Neonatal fibrin: 248.16 +/- 63.29 

% change from day 0, Adult fibrin: 27.75 +/- 18.27 % change from day 0, p<0.0001, 72 hours: 

Neonatal fibrin: 425.61 +/- 107.89 % change from day 0, Adult fibrin: 38.57 +/-11.68 % change 

from day 0, p<0.0001). 

Evaluation of wound healing in vivo 

Fibroblasts migrate into the provisional fibrin matrix and synthesize new extracellular matrix 

during native wound healing to form new tissue21. Based on our results demonstrating enhanced 



cell attachment and migration on neonatal fibrin scaffolds compared to adult scaffolds, we 

hypothesized that wound healing outcomes would also be improved. To assess this, neonatal or 

adult fibrin clots (2.5 mg/mL fibrinogen, 0.5 U/mL thrombin) or a saline control were applied to 

full thickness dermal wounds in adult mice. Rates of wound closure was assessed by measuring 

the wound area over the 9 day period. Evaluation of wound closure indicated an overall greater 

rate of closure and significantly smaller wound areas on day 9 in mice treated with neonatal fibrin 

compared to adult fibrin and saline treatment groups (wound closure rate; Neonatal fibrin: 5.21 +/- 

1.91% closure/day, Adult fibrin: 3.628 +/- 1.605% closure/day, Saline 2.72 +/- 0.987% 

closure/day, Neonatal fibrin vs. Saline p<0.05) (Figure 6). Histological analysis of wound tissue 

stained with MSB staining revealed a more robust epithelial layer with significantly greater 

thickness in neonatal fibrin treated wounds compared to wounds from mice treated with a saline 

control (Neonatal fibrin: 48.33 +/-20.84 µm, Adult Fibrin: 35.67 +/- 15.03 µm, Saline: 21.27 +/-

13.86 µm. Neonatal fibrin vs. Saline p<0.05) (Figure 7). Immunohistochemistry staining for 

angiogenic marker CD31 indicated increased angiogenesis in wounds treated with neonatal fibrin 

relative to wounds treated with adult fibrin or saline, although statistical significance was not 

reached (Neonatal fibrin: 23630.00 +/- 35634.40 µm2, Adult Fibrin: 5040.5 +/- 4057.33 µm2, 

Saline: 1744 +/- 2687.34 µm2). 

Discussion and Conclusions: 

In these studies, we demonstrate that neonatal fibrin network properties differentially 

influence cell behavior compared to scaffolds comprised of adult fibrin. Fibroblast attachment, 

spreading, and migration was greater on neonatal derived fibrin scaffolds. Additionally, the topical 

application of neonatal fibrin to full thickness dermal wounds enhanced wound closure in vivo. 

These studies demonstrate that neonatal fibrin properties positively direct cell behavior resulting 



in enhanced wound healing outcomes, indicating that fibrin scaffolds sourced from neonatal 

plasma could improve healing outcomes compared to scaffolds sourced from adult plasma. 

 While the differences in cell responses and wound healing outcomes on neonatal fibrin 

scaffolds compared to adult fibrin scaffolds are likely multifactorial, structural differences may 

play a role. Structural characterization revealed significant age-dependent differences in matrix 

organization at equal thrombin concentrations. Neonatal scaffolds were more aligned and less 

dense than adult scaffolds, consistent with trends identified in our previous studies4,24,25. These 

distinct structural architectures have been previously linked to differences in fibrin network 

degradation and may influence additional clot mechanical properties31. Importantly, previous 

studies have linked scaffold structural properties to cell behavior21,35. Increased matrix porosity, 

which is dependent on the thickness and density of the fibrin fibers, is linked to increased cellular 

infiltration and tissue growth8. With lower fiber and intersection density, neonatal fibrin networks 

have a higher permeability to allow for increased cell penetration and migration throughout the 

scaffold. Fibrinogen naturally contains two common arginine-glycine-aspartic acid (RGD) binding 

motifs to facilitate in cell adhesion27. Research has shown that cell attachment can be directed by 

topological cues from substrate microenvironment including physical and biochemical properties2. 

At equal starting cell densities and incubation times, significantly greater fibroblast attachment 

was observed on neonatal fibrin networks compared to adult networks. Because more aligned 

fibers promote cell migration to a greater degree than randomly aligned fibers, the aligned structure 

of the neonatal networks likely also contributes to the enhanced cell migration through these 

scaffolds35,37. 

While the underlying specific cause of these structural differences remains unclear and 

future studies exploring fibrin polymerization mechanisms in neonates is necessary to fully 



understand these structural patterns, our results demonstrate that increased sialic acid content of 

neonatal fibrinogen may play a role. Previous research has indicated that neonatal fibrinogen has 

biochemical differences compared to the mature adult form, including increased sialic acid content 

which contributes to an overall more negative protein charge1. Hyper-salinated fibrinogen has also 

been identified in patients with liver disease and is characterized by an increased negative charge, 

altered matrix structure, and delayed fibrin clotting times, which is speculated to be caused by 

increased electrostatic repulsion between fibers19,33. To determine if the differential sialic acid 

content affects cell attachment patterns, fibroblast attachment was evaluated on neonatal and adult 

fibrin matrices with sialic acid removed via neuraminidase digestion. When sialic acid was 

removed via enzymatic digestion, fibroblast attachment was no longer significantly different 

between adult and neonatal fibrin matrices, indicating the increased glycosylation contributes to 

the higher fibroblast attachment seen with normal neonatal fibrin. The impact on attachment may 

be due to effects related to the increased negative charge from the sialic acid or steric availability 

of RGD binding sites but future studies are needed to determine the underlying mechanism. Since 

sialic acid content does play a role in cell attachment behavior, it is possible that sialyation of adult 

fibrinogen may result in fibrin network properties that recapitulate those of neonatal fibrin. Future 

studies exploring fibrin matrix properties, cell behavior, and wound healing outcomes on 

hypersialyinated adult fibrinogen are necessary to determine the potential as a protein source for 

biomaterial development.  

 Fibroblast morphology and migration has also been shown to be dependent upon 

underlying matrix organization2,35,37. Confocal microscopy analysis of HDfn morphology revealed 

significantly greater cell area and decreased fibroblast circularity on neonatal fibrin networks 

compared to adult. Additionally, we observed a higher degree of fibroblast alignment on neonatal 



fibrin matrices compared to adult. Cells have been shown to align and elongate longitudinally on 

cylindrical substrates as is observed on different tissue types across physiological systems37. With 

our observed lower cross branching density and greater concentrations of longitudinal fiber 

organization in neonatal scaffolds, elongation of fibroblasts along longitudinal fiber axes most 

likely contribute to decreased circularity. Next, we quantified cell migration by embedding 

fibroblast spheroids within a neonatal or adult fibrin network and analyzing migration over 72 

hours. Our results indicated significantly greater fibroblast migration away from spheroid bodies 

when embedded in neonatal fibrin networks compared to adult. This may be due to the increased 

fibrin matrix porosity seen in neonatal fibrin networks that allows for greater cell infiltration into 

the scaffold. Additionally, recent studies have also indicated that 3D fibroblast migration is 

facilitated in softer fibrin matrices and previous research from our group has shown that neonatal 

plasma clots are significantly less stiff than adult22,24. Therefore, this mechanical aspect is likely a 

contributing factor to cell infiltration rates. As mentioned above, increased fiber alignment in 

neonatal scaffolds is also a potential contributing factor to increased migration. 

 Enhanced fibroblast migration has been linked to acceleration of healing of excisional 

wounds23. With our findings of enhanced fibroblast migration through neonatal scaffolds, we 

hypothesized that we would observe enhanced healing in wounds treated with neonatal fibrin. 

Indeed, topical application of neonatal fibrin to full thickness excisional wounds in mice resulted 

in significantly smaller wound areas nine days post injury compared to mice treated with adult 

fibrin or saline. In histological analysis of wounds nine days post injury, we observed formation 

of significantly thicker epidermal layers in wounds treated with neonatal fibrin relative to those 

treated with saline, indicating more robust healing and epidermal regeneration. Immunolabeling 

for CD31+ revealed greater angiogenesis in wounds treated with neonatal fibrin, although 



statistical significance was not reached, most likely due to the large variances between these 

samples. Overall would healing outcomes were greater in animals treated with neonatal fibrin 

compared to adult fibrin or saline controls. 

 The primary goal of this research was to characterize the effects of neonatal vs. adult fibrin 

on cell behavior and wound healing outcomes. Overall, these studies indicate that the biochemical 

and structural differences between neonatal and adult fibrin scaffolds affect fibroblast attachment, 

spreading, and migration and ultimately lead to enhanced dermal wound healing outcomes. 

Improved wound healing has been previously identified in neonatal animals where incisional 

dermal wounds healed faster and free of fibrotic responses, following fetal-like wound repair 

patterns, compared to adult counterparts34. Much of the work to recapitulate this enhanced wound 

healing has been focused on the diversity and quantities of cytokine expression during wound 

healing. Here, we show that the properties of the provisional fibrin matrix affect cell patterns and 

subsequent wound healing results. Biochemical contributions from increased sialic acid content of 

neonatal fibrinogen were shown to directly impact cell attachment. Structural matrix properties 

including fibrin density most likely also contribute to the differential cell and wound healing 

outcomes between neonatal and adult fibrin groups. The results of these studies are applicable to 

the development of novel fibrin-based scaffolds to accelerate wound repair in patients with chronic 

wounds. However, this study has several limitations. We indicated that the distinct mechanical 

properties between neonatal and adult fibrin scaffolds may influence cell behavior. In our previous 

experiments obtaining the elastic moduli of PPP clots under compressive forces, bulk scaffold 

stiffness was lower in neonatal derived groups compared to adult groups. However, the alignment 

of fibers in neonatal clots may increase stiffness in the direction parallel to fibers due to mechanical 

anisotropy. Further studies are needed to characterize mechanical anisotropy. Also, in our 



experiments, we utilized adult derived human thrombin to form fibrin scaffolds. In order to 

investigate age-dependent differences in fibrin, this reagent source and concentration was kept 

consistent. To date, no significant differences have been described between neonatal and adult 

thrombin except lower generation in neonates14. However, this should be considered in future 

studies. Additionally, in our experiments analyzing cell morphology on fibrin scaffolds, glass 

surfaces were functionalized to create uniform fibrin films.  It is possible that this process of 

tethering the fibrin to the surface could alter fibrin properties and/or affect cellular responses. The 

minimum clot volume utilized in these experiments was 30 µL, resulting in scaffolds at least 10 

µm thick. Research has indicated that cell-soft matric interactions can be significantly altered by 

an underlying substrate at 2-3 µm in thickness6. Therefore, the cells in these experiments are most 

likely responding to the fibrin scaffold not the underlying glass. However, there is the possibility 

that tethering the fibrin to the glass could affect cell mechanotransduction. If so, we expect equal 

effects between adult and neonatal groups.  

There are also important considerations for our in vivo wound healing model utilized in 

this study. In order to properly recapitulate human wound healing, dermal wounds were splinted, 

which requires a longer duration under anesthesia and creates the potential of local inflammation 

at suture sites. Nonetheless, this splinting is crucial to promote wound healing through re-

epithelialization, cell proliferation, and angiogenesis, which more closely resembles healing 

patterns in humans11. Finally, while sourcing neonatal plasma from human donors is certainly not 

feasible ethically or practically, recently, we identified similar age-dependent patterns in 

fibrinogen and fibrin clot properties in pigs25. Neonatal porcine and human fibrin clots had closely 

matched structural, mechanical, and fibrinolytic characteristics25. Porcine sources are frequently 

used for clinically used fibrin based hemostatic materials, therefore, for future use in biomaterial 



development, porcine plasma could be utilized as a neonatal fibrinogen source, thereby increasing 

the translational potential of this work.  

In summary, the results of this research determined that distinctions in neonatal and adult 

fibrin clot properties influence cellular behavior and wound healing. Cell attachment, migration, 

and spreading was greater on neonatal fibrin films and led to greater wound healing outcomes. The 

results of this research are critical for the understanding of age dependent differences in wound 

healing and the development of therapeutic technologies for treatment of chronic wounds. In 

particular, fibrin scaffolds sourced from neonatal porcine plasma could improve healing outcomes 

compared to scaffolds sourced from adult plasma. 
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Figures: 
 

 
Figure 1: Neonatal and adult fibrin scaffolds are structurally distinct. (A) Representative 
confocal images taken at 63x of adult or neonatal fibrin clots polymerized with 2.5 mg/mL 
fibrinogen and 0.5 U/mL thrombin. (B) Fiber density was calculated as the ratio of black (fibers) 
over white (space) fibers. (C) Alignment index and (D) quantification of branch points was 
conducted with custom MATLAB codes. N=3 clots per group with 3 random images each. Mean 
+/- standard deviation is shown. Scale = 10 µm. p**<0.01, p***<0.001. 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Fibroblast attachment is greater on neonatal fibrin scaffolds. Fluorescently labeled 
HDFns were seeded on adult or neonatal derived fibrin scaffolds and attachment was investigated 
after 1 hour via fluorescent plate reader. Mean attachment +/- standard deviation is shown. N=6 
wells per group. p**<0.01. 
 
 

 
 
Figure 3. Fibroblast attachment is similar on desalinated adult and neonatal fibrin scaffolds. 
Sialic acid was cleaved via neuraminidase digestion and then fibroblast attachment on desalinated 
fibrin scaffolds was investigated. Fluorescently labeled HDFns were seeded on adult or neonatal 
derived desalinated fibrin scaffolds and attachment was investigated after 1 hour via fluorescent 
plate reader. Mean attachment +/- standard deviation is shown. N=6 wells per group. 
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Figure 4. Fibroblast spreading is greater on neonatal fibrin films. (A) Representative confocal 
microscopy images of fibroblast morphology on neonatal or adult fibrin films at 40x. Cells were 
seeded on fluorescently labeled fibrin networks (purple) at a density of 6,000 cells per well for 16 
hours prior to fixation. Fluorescent phalloidin (green) was used for membrane visualization. (B) 
Cell area, (C) perimeter, and (D) circularity was quantified with ImageJ. Mean +/- standard 
deviation is shown. Scale = 10 µm. p****<0.0001. N=15 cells per group.  
 
 
 
 
 
 



 

Figure 5. Fibroblast migration is accelerated through neonatal fibrin scaffolds compared to 
adult fibrin scaffolds. (A) Schematic of spheroid migration assay utilized to characterize 
fibroblast migration through 3D fibrin scaffolds. HDFns are cultured into spheroids and 
subsequently embedded in a 3D fibrin scaffold. Migration away from the spheroid body is 
measured daily for 72 hours and is quantified by measuring the spheroid boundary using Image J. 
(B) Representative images of cell migration outward from the spheroid after 72 hours imaged at 
10x. Fibroblast outgrowth is outlined in white. (C) Migration results over 72 hours. Mean areas 
+/- standard deviation is shown. Scale = 200 µm. N=3-5/group. p***<0.001. 



Figure 6. Wound closure is accelerated in the presence of neonatal fibrin scaffolds compared 
to adult fibrin scaffolds. (A) Neonatal or adult derived fibrin scaffolds were applied to a rodent 
full thickness dermal injury and wound healing was monitored over 9 days. Representative images 
of wounds treated with neonatal fibrin, adult fibrin, or saline on day 0, 4, and 9, (B) % wound 
closure over 9 days and (C) wound healing rate are shown. Means +/- standard deviation are 
shown. N=6 wounds per group. p*<0.05. 
 
 
 
 
  



Figure 7. Neonatal fibrin scaffolds enhance epidermal thickness and angiogenesis compared 
to adult fibrin scaffolds. (A) Representative images of wounds stained with MSB and CD31 at 
10x. (B) Quantification of images was performed by measuring thickness of epidermal layer in 
ImageJ and using ImageJ particle analysis to measure CD31 (red) area. MSB staining revealed 
significantly greater epidermal thickness in wounds treated with neonatal fibrin scaffolds. N=5-6. 
Immunolabeling for CD31+ tissue suggests enhanced, though not statistically significant, 
angiogenesis in wounds treated with neonatal fibrin. N=4-6. Means +/- standard deviation is 
shown. p*<0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Supplemental Figure 1. Fibroblast attachment is greater on neonatal fibrin scaffolds.  HDFns 
were seeded on neonatal or adult derived fibrin scaffolds at a density of 12,000 cells per well and 
incubated for 16 hours prior to fixation. Cells were labeled fluorescently labeled for visualization 
on confocal microscopy. Cell count was quantified as number of cells per viewing area. Mean cell 
count +/- standard deviation is shown. N=12 images per group. P*<0.05. 
 
  



 
Supplemental Figure 2. Fibroblast spreading is greater on neonatal fibrin films. (A) 
Representative confocal microscopy images of fibroblast morphology on neonatal or adult fibrin 
films at 40x. Cells were seeded on fibrin networks at a density of 12,000 cells per well and 
incubated for 16 hours prior to fixation. Fluorescent phalloidin (green) was used for membrane 
visualization. (B) Cell area, (C) perimeter, and (D) circularity was quantified with ImageJ. Mean 
values +/- standard deviation are shown. N=20 cells per group. Scale = 10 µm. p*<0.05, 
p****<0.0001. 
 


