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Abstract 

Autologous human plasma-based dermo-epidermal skin equivalents have been designed over 
the past decade to treat burns and surgical wounds; however, poor mechanical properties including 
fragility during handling, and shrinking during culture and implantation persist and demand creative 
solutions. This article investigates the mechanical modulation of human plasma-based skin scaffolds 
with the introduction of an interpenetrating biodegradable polyethylene glycol (PEG) network 
composed of 4-arm succinimidyl glutarate terminated PEG (4SG-PEG) and 4-arm amine terminated 
PEG (4A-PEG), each with a molecular weight of 10 kDa. The physical properties of the PEG-fibrin 
network hydrogels were characterized via gelation time, temporal mass swelling, and protein release. 
Additionally, viability of primary human fibroblasts (hFBs) and keratinocytes (hKCs) was assessed by 
Alamar Blue and MTS assays, respectively. The results obtained suggested that the incorporation of 
reactive multi-arm PEGs as an interpenetrating biodegradable PEG network modulated the physical 
behaviour by inducing swelling and increasing scaffold strength without significantly decreasing cell 
viability. These results warrant further investigation into this platform as an approach to influence 
skin scaffold properties.

Keywords: Scaffold, skin engineering, biosynthetic hydrogel, human plasma, fibrin hydrogel, 4-arm 
polyethylene glycol (PEG)

Resumen

Equivalentes dermo-epidérmicos basados en plasma humano autólogo han sido diseñados a 
lo largo de la última década con el objetivo de tratar quemaduras y heridas quirúrgicas; aun así, 
las malas propiedades mecánicas como son la fragilidad o la contracción durante el cultivo y la 
implantación persisten y requieren soluciones.  Este artículo investiga la modulación mecánica de 
equivalentes dermo-epidérmicos basados en plasma humano mediante la introducción de una red 
tridimensional (3D) polimérica interpenetrante y biodegradable compuesta por polietilenglicol tetra-
glutarato de succinimidil (4SG-PEG) y polietilenglicol tetra-amino (4A-PEG), con pesos moleculares 
de 10kDa. Las propiedades físicas de estos hidrogeles de fibrina y PEG fueron caracterizadas 
mediante la cuantificación de grupos aminos libres, el tiempo de gelificación, el hinchamiento de 
forma temporal y la liberación de proteínas. Además, la viabilidad de fibroblastos y queratinocitos 
primarios humanos fueron estudiadas mediante los ensayos Alamar Blue y MTS respectivamente. Los 
resultados obtenidos sugieren que mediante la introducción de una red interpenetrante basada en 
PEG y fibrina, las propiedades mecánicas de los geles de fibrina fueron moduladas positivamente, sin 
disminuir significativamente la viabilidad celular. Estos resultados prometen futuras investigaciones 
para mejorar las propiedades mecánicas de estos equivalentes dermo-epidérmicos.

Palabras clave: scaffold, ingeniería de tejidos, hidrogeles biosintéticos, plasma humano, hidrogel 
de fibrina, polietilenglicol
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Introduction
 

Patients with skin injuries caused by burns, 
chronic ulcers, infections, cancer surgery, 
and other genetic and somatic diseases requi-
re effective treatment to prevent morbidity 
or mortality. Autologous skin grafts are the 
standard of treatment for severe and extensi-
ve burns, and have been used in patients with 
sufficient healthy tissue to cover the wound 
(1,2). When 50% to 60% of the patient’s body 
surface area is damaged, not enough skin is 
available to autograft, and other treatments are 
considered (3-5). Grafts from other patients, 
known as allografts can be used as temporary 
or permanent wound covers to avoid dehydra-
tion and infections. The major disadvantage 
regarding allografts is that when they become 
vascularized the immunogenic epithelial cells 
may trigger the immune response of the host 
and the graft could be rejected (6). Another 
alternative is the use of cultured autologous 
epithelial autografts (CEA) but their results 
are far from ideal since they are limited by the 
fragility and difficulty of handling, unpredic-
table take rate and sensitivity to mechanical 
shearing forces for at least two months post 
grafting (7).

In response to these limitations, new ap-
proaches for skin engineering have been tes-
ted and developed in recent years. These ad-
vances have led to the development of more 
sophisticated laboratory-grown skin substi-
tutes containing dermal and epidermal com-
ponents that interact dynamically with each 
other during in vitro maturation and further 
after transplantation (8,9). Over the past de-
cade, our group has generated a human plas-
ma-based autologous bilayered (including 
dermis and epidermis) skin model to treat 
burns and surgical wounds yielding good cli-
nical results (10,11). However, these plasma-
derived fibrin hydrogels suffer from shrinking 
during transport, fragility, and high degrada-
tion rates caused by poor mechanical proper-
ties. The combination of plasma-derived fibrin 
with other synthetic and natural polymers has 
been considered for improving the hydrogel 
mechanical properties without compromising 
biocompatibility (12–14). 

One of the most widely investigated poly-
mers is polyethylene glycol (PEG) due to its 
unique properties, such as solubility in both 
water and organic solvents, nontoxicity, low 
protein adhesion and nonimmunogenicity 
(15). It is synthesized in a wide range of mole-
cular weights, and has the ability to attach to 
a variety of reactive functional groups such as 
carboxyl, thiol and acrylate, or to other mole-
cules or bioactive agents through its terminal 
alcohol group, which greatly increase applica-
tions of PEG (16,17). Multi-arm PEG derivati-
ves such as 4-arm PEGs and star PEGs are also 
prepared and commonly employed in the for-
mation of hydrogels for various applications 
such as controlled drug release (18,19), wound 
healing (20), tissue sealing (21,22) and cell en-
capsulation (23). In addition, amine reactive 
multi-arm PEG platforms have previously 
been investigated as tissue adhesives, surgical 
sealants, and hemostatic agents, and have de-
monstrated excellent strength as network gels 
(21, 24). The described research project aimed 
to improve the mechanical properties of these 
scaffolds by using two synthetic PEGs: ami-
ne reactive succinimidyl glutarate terminated 
4-arm PEG (4SG-PEG) and amine terminated 
4-arm PEG (4A-PEG), which react covalently 
with fibrinogen, plasma proteins, and each 
other to form a PEG-fibrin network hydrogel.

Materials and methods

Materials
Fresh frozen human plasma was provided 

by voluntary donors of the Centro Comuni-
tario de Tejidos del Principado de Asturias 
(CCST) and was obtained according to the 
standards of the American Association of 
Blood Banks (25). Tranexamic acid (Amchafi-
brin, Fides- Ecopharma) was used as received. 
Sodium chloride (NaCl), calcium chloride 
(CaCl2), phosphate-buffered saline (PBS, pH 
7.4), and bovine serum albumin (BSA) were 
purchased from Sigma-Aldrich. 4-arm po-
lyethylene glycol succinimidyl glutarate (4SG-
PEG, MW 10,000) and 4-arm polyethylene 
glycol propylamine (4A-PEG, MW 10,000) 
were purchased from JenKem Technology Co. 
and NOF America Corporation, respectively. 
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Methods 
Plasma-PEG hydrogel preparation 

Plasma-derived fibrin hydrogels (without 
PEG) were prepared following the protocol 
created by Llames et al. (10). This protocol was 
modified to incorporate a PEG network com-
posed of 4SG-PEG and 4A-PEG in a 1:1 molar 
ratio with concentrations between 0.125 and 
1% (w/v) of total PEG in the plasma hydrogels 
(Table 1), while final concentration of fibri-
nogen, tranexamic acid and CaCl2 were kept 
constant at 0.12%, 0.008 % and 0.08% (w/v) 
respectively.

In order to prepare 2.046mL of hydrogel 
solution, 20.46mg of 4SG-PEG and 4A-PEG 

were weighted, and plasma was thawed at 
37°C. A volume of 994µl of plasma was in-
troduced in a 15mL falcon, followed by 16µl 
of tranexamic acid (amchafibrin). Next, the 
20.46mg of 4A-PEG were dissolved in 600µl 
of 0.9% NaCl. From this volume, 300µl was 
added to the plasma solution, plus another 
272µl of NaCl. In a separate eppendorf, 164µl 
of 1% CaCl2 was added. The 20.46mg of 4SG-
PEG were dissolved in 600µl of NaCl, from 
which 300µl were added to the CaCl2. The 
eppendorf solution was then added to the fal-
con solution, vortexed and divided into three 
equal gels of 682µl each in 19mm vials. In this 
way, 1% w/v gels were created (Figure 1). 

Table 1. Different tested gel compositions, showing total 4SG-PEG and 4A-PEG content in each 
plasma-PEG hydrogel.

Abbreviation 4SG-PEG content
(% w/v)

4A-PEG content
(% w/v)

4SG-PEG : 4A-PEG 
Weight Ratio

0.125% PEG 0.0625% 0.0625% 1:1
0.25% PEG 0.125% 0.125% 1:1
0.5% PEG 0.25% 0.25% 1:1
1% PEG 0.5% 0.5% 1:1

Figure 1. A. Schematic of plasma-PEG gel synthesis. 4A-PEG is dissolved in 0.9% NaCl and com-
bined with human plasma and amchafibrin. Separately, 4SG-PEG is dissolved in 0.9% NaCl and 
further added to 1% CaCl2. Both solutions are combined, and left undisturbed at 37ºC until polyme-
rization occurs. B. Schematic of the reaction between 4A-PEG and 4SG-PEG.
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The remaining 4A-PEG and 4SG-PEG so-
lutions were diluted by half by adding another 
300µl of NaCl, and the same protocol was fo-
llowed, creating 0.5% w/v PEG gels. The same 
dilution procedure was carried out to create 
0.25% and 0.125% w/v plasma PEG hydrogels. 
Gel solutions were vortexed between each 
addition. Gels were incubated in a 37°C oven 
with 5% CO2 until gelation occurred.

Gelation Time
Formation of gels and gelation times were 

confirmed by inversion of the vial. Once the 
gels were prepared, they were placed in an 
incubator at 37ºC, and gelation was checked 
every 30 seconds by slightly tilting the vial. 
The experiments were performed in triplicate.

Swelling studies
Gels were detached from the vials and 

transferred to a P35 tissue culture plate (Cor-
ning). Excess liquid was removed by micropi-
pette aspiration, and mass was recorded. Swe-
lling measurements were taken at different 
time points: 0, 1, 2, 4, 6, 24, 48 and 72 hours, 
followed by 10 days and 17 days. After each 
time point, gels were covered in 3mL 1XPBS 
and they were placed in the incubator at 37°C 
until the next measurement. Swelling ratio 
was computed with the equation:

          SR = M - M              	 (i)
	            M - M

Where Ms is the mass of the swollen gel, Mp 
is the mass of the P35 petri dish and Mi is the 
initial mass of the gel.  

Bradford Assay
The Bradford protein assay (Bio-Rad Pro-

tein Assay, Bio-Rad) was performed at time 
points: 1, 2, 4, 6, 24, and 48 hours, in order 
to quantify the amount of protein release from 
gels. At every time point, a sample of 20µL of 
1XPBS from each gel was taken and added 
to 780µL of fresh 1XPBS. Finally, 200µL of 
Bradford reagent was added. A standard curve 
of bovine serum albumin (BSA) was carried 
out to determine the protein content. Absor-
bance was measured with Biowave II (Bio-

chrom) spectrophotometer at 695nm. This 
assay was performed simultaneously with the 
swelling study. 

Embedded Human Fibroblast Viability
Primary human fibroblasts (hFBs) were 

embedded and their viability was quantified. 
Cells were routinely grown in Dubecco’s Modi-
fied Eagle’s Medium (DMEM) (Sigma Aldrich, 
Ireland) supplemented with 10% fetal bovine 
serum (FBS) and 1% Penicillin/Streptomycin 
(P/S). This medium was changed every 3 days, 
and cells were maintained at 37° C, 5% CO2.

The plasma-PEG gel preparation protocol 
was slightly modified in order to encapsulate 
hFBs in the hydrogels. First of all, medium was 
removed from plated hFBs, which were then 
detached using 1mL of Trypsin (Sigma Al-
drich). 5mL of DMEM10 was added, and cells 
were centrifuged. A small volume of NaCl was 
then used to incorporate the cells in the gels. 
A 96 well plate was used to prepare the gels, 
which had a volume of 75µl each and 6,000 
hFBs. One hour after the gels had been pre-
pared, 100µl of culture media DMEM10 were 
added to each well, and left undisturbed for 20 
hours in a 37°C, 5% CO2 oven.

hFBs metabolic activity was quantified by 
Alamar Blue assay at days 1, 7, 14 and 21. At 
each time point, a 3mL stock solution with 
2700µl DMEM10 and 300µl of Alamar Blue 
(Thermo Fisher Scientific) reagent was prepa-
red. Culture medium was removed from the 
gels and they were then covered with 100µl 
of the new medium containing Alamar Blue 
reagent, and incubated (37°C, 5% CO2) for 3 
hours. After incubation, 75µl of media from 
each sample was transferred to another 96-
well plate, and fluorescence was measured at 
530nm with Synergy HTX multimode reader 
(BioTek). 

Primary Human Keratinocyte Viability
For this study, primary human keratino-

cytes (hKCs) were used. Cells were routinely 
grown in CNT57 medium, (CELLnTEC). This 
medium was changed every 3 days, and cells 
were maintained at 37°C, 5% CO2.

Plasma-PEG gel samples of 75µl each were 
prepared for all compositions on a 96 well 
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plate, following the protocol previously des-
cribed. They were then covered with 100µl of 
DMEM10 for 4 hours, allowing excess CaCl2 
to leech out from the gel, in order to avoid 
hKCs differentiation. Meanwhile, CNT57 
medium was removed from the plated hKCs, 
which were then detached using 1mL of Tryp-
sin (Sigma Aldrich). A volume of 5mL of 
CNT57 media was added and the solution was 
further centrifuged. The medium covering 
the gels was removed, and 10,000 hKCs were 
added to each well in 100µl of CNT57 media. 
Gels were left undisturbed in a 37°C incubator 
for 3 days. 

hKC viability was assessed by MTS as-
say (Bio Vision). At day 3, MTS reagent was 
thawed in a 37°C water bath. A volume of 20µl 
was added to each well already containing 
100µl of media, and incubated for 2 hours 
(37°C, 5% CO2). The reaction was then stop-
ped by adding 25µl of 10% sodium dodecyl 
sulfate (SDS) to each gel. Aliquots of 75µl were 
removed from each well, and absorbance was 
measured at 490nm with Synergy HTX multi-
mode reader (BioTek).

Results

Plasma-PEG Gel Synthesis
Gels with varying PEG content (0.125%, 

0.25%, 0.5%, 1%) were synthesized and com-
pared to regular plasma gels (0%) (Figure 
2). A difference in colour could be observed 
between the current plasma gel and the gels 
containing different PEG contents, as well as 
an apparent increase in swelling in gels con-
taining PEG. It was also observed that the in-
corporation of PEG improved gel rigidity and 
resilience against manipulation.

Gelation time
Plasma gels (0% PEG) were formed in 

about 12 minutes, and it could be observed 
that the incorporation of PEG affected and de-
layed the gelation time (Figure 3). Plasma gels 
(0% PEG) were formed in about 12 minutes, 
and it could be observed that the incorpora-
tion of PEG affected and delayed the gelation 
time. As PEG content increased, gelation time 
increased as well. Gels with final PEG content 
of 0.125% and 0.25% showed very similar ge-

Figure 2. Different tested gel compositions. Percentages indicate total PEG content of each plasma-
PEG gel (% w/v).
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lation times, around 13 minutes. When PEG 
content was increased to 0.5% total, gelation 
took place in 15 minutes, and when this PEG 
content was doubled (1%), gelation time in-
creased to 19 minutes. Therefore, 0% and 1% 
PEG gels gelation times differed by about 8 
minutes.

Mass Swelling
The addition of an interpenetrating PEG net-

work to the plasma gels had a noticeable effect on 
the swelling behaviour of the gels, especially during 
the first 24 hours, where plasma gels have a high 
tendency to contract (Figure 4). Gels with 0.125%, 
0.25% and 0.5% PEG show a lower tendency to 
contract in relation to plasma gels. Maximum swe-
lling was observed for 1% plasma-PEG gels. 

Bradford Assay

Figure 3. Gelation time at 37°C for each gel compositions (n=3). Data are reported as mean ± SD; 
asterisk denotes a significant difference between the 0% and 1% compositions (p<0.05).

Figure 4. Temporal swelling in 1XPBS (3mL) at 37°C over 48 hours for each scaffold composition 
(n=3). Insert shows a magnified view of the first 6 hours. Percentages indicate % w/v PEG content.
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A Bradford assay was performed at the 
same time as the swelling study. Gels were em-
bedded in 3mL of 1XPBS. In order to quantify 
protein release, 20µl of 1XPBS were removed 
from each gel for every time point, and the 
Bradford assay was performed. A cumulative 
protein release curve was obtained (Figure 5). 
The incorporation of an interpenetrating PEG 
networks in the plasma hydrogels results in a 
lower amount of protein release. 

Embedded Human Fibroblast Viability
An increase in cell proliferation could be 

observed in all gel compositions between day 
1 and 14 (Figure 6), and by day 14 cells from 
different gel compositions reached very si-
milar metabolic activities. In addition, hFBs 
morphology was verified by contrast phase 
microscopy during the experiment.

Figure 5. Cumulative protein release during 48 hours for each scaffold composition (n=3).

Figure 6. Alamar Blue cell metabolic assay for embedded human fibroblasts in 96-well plate 
over time. Data are reported as mean ± SD (n=4); asterisks denote difference between populations 
(p<0.05).
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Figure 7. MTS cell viability assay for primary human keratinocytes after 3 days. Data are reported 
as mean ± SD (n=8); asterisks denote that 0% is different from all other compositions (p<0.01).

Primary Human Keratinocyte Viability
MTS assay was performed at day 3 for all 

scaffold compositions (Figure 7). It could be 
observed how metabolic output from cells 
within gels containing PEG was 15-20%lower 
compared to regular plasma gel (0%) after 72 
hours. 

Discussion

The goal of this project was to modulate 
the physical behaviour of autologous human 
plasma-based biological skin scaffolds without 
affecting cell viability. A platform was desig-
ned, where 4A-PEG and 4SG-PEG were intro-
duced into the existing human plasma-based 
scaffold protocol in the form of an interpene-
trating polymer network. Amine reactive 4SG-
PEG reacts covalently with amine terminated 
4A-PEG, fibrinogen and plasma proteins, for-
ming a PEG-fibrin network hydrogel.

Gelation time measurements showed that 
gelation was delayed as total PEG concentra-

tion was increased. This delay can be attributed 
to competitive covalent inibition (4SG-PEG 
reacting with fibrinogen’s free amino groups) 
and non-competitive physical inhibition of 
PEG molecules with normal fibrin formation. 
However, gelation times are still suitable for 
clinical application. The mass swelling ratio 
of each gel composition was assessed, and it 
was demonstrated that the capacity of each gel 
to swell was increased as a function of total 
PEG content, due to the hydrophilicity of PEG 
molecule (26). Therefore, when 4A-PEG and 
4SG-PEG are introduced into the plasma sca-
ffolds, hydrogel content is increased. Incorpo-
ration of PEG network also helped to reduce 
protein release. Studies have shown that when 
increasing the amount of PEG in hydrogels, 
there is a decrease in the amount of protein 
release, caused by the additional crosslinks 
in the overall scaffold (27). This is important 
when involving dermo-epidermal substitutes, 
as plasma proteins play an important role in 
wound healing by accelerating tissue repair 
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and cell migration, preventing autoimmune 
reactions, reducing inflammatory response, 
and inhibiting microbial invasion (28).

Regarding in vitro assessment, hFBs proli-
feration increased in all scaffold compositions 
between day 1 and 14, which confirms the bio-
compatibility of the synthetic polymer PEG. 
However, incorporating PEG into the system 
increased the overall degree of crosslinking in 
the gel network. Studies have shown that in-
creased degree of crosslinking increases the 
stiffness of the environment, causing limita-
tions for cell elongation, migration and pro-
liferation, which could have led to a slight de-
crease in hFB proliferation up to day 7 (29). 
However, high protein content help regulate 
cell proliferation and survival, which might 
have helped counteract this effect in the long-
term (30). Thje MTS assay showed a slight de-
crease in hKC metabolic output in gels con-
taining PEG, which is likely due to PEG’s non 
adhesiveness to cells (31). 

Conclusion

Mechanical behaviour of the new scaffolds 
was assessed by mass swelling, protein release, 
and gelation time. Increasing PEG content de-
layed gelation, possibly caused by competitive 
covalent and non-competitive physical inhi-
bition with normal fibrin formation, but ge-
lation times remained clinicaly viable. Plasma 
gel contractibility was decreased as hydrogel 
content was increased, and the addition of the 
PEG network helped reduce protein leeching. 
Elasticity and ease of handling was improved 
as PEG content increased. Regarding cell via-
bility, hFB and hKCs proliferation were asses-
sed by Alamar Blue and MTS assays respecti-
vely. Results indicated a slight decrease in hFB 
proliferation as crosslinking increased, and 
suggested a decrease in hKC adhesion to the 
scaffold when PEG was present. This project 
demonstrated a platform that has potential to 
modulate the physical behaviour of human 
plasma-based biological skin scaffolds while 
having only mild effects on hFB and hKC via-
bility.
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