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In patients with comorbidities, a large number of wounds become chronic, representing an overwhelming economic
burden for healthcare systems. Engineering the microenvironment is a paramount trend to activate cells and burst-
healing mechanisms. The extrusion bioprinting of advanced dressings was performed with novel composite bioinks
made by blending adipose decellularized extracellular matrix with plasma and human dermal fibroblasts.
Rheological and microstructural assessments of the composite hydrogels supported post-printing cell viability and

proliferation over time.

bioink 3D bioprinting decellularized adipose extracellular matrix plasma platelet

cytokines growth factors wound healing

| 1. Introduction

Skin is the first line of defense against many types of infections and diseases. Acute skin injuries, in healthy people,
repair through a sequence of complex, constitutively active signaling pathways. However, in patients with
comorbidities, a large number of wounds become chronic as they fail to repair within three months . Diabetes,
venous stasis, radiation or paralyses are common risk factors for complex wounds. In these patients, healing
mechanisms fail to progress through the different stages and ulcers become stagnant. Wound chronicity, referred
to as silent epidemic, is an overwhelming economic and medical burden for healthcare systems &, Common
biological features of chronicity include uncontrolled inflammation and loss of the dermal cells’ ability to respond to
reparative stimuli 4.

The current standard of care (SOC) addresses several specific aspects related to wound etiology and involves the
control of moisture in the wound bed through the careful personalized selection of dressings 2!, which, theoretically,
provide the conditions for proper cell/protein interactions committed to healing. However, closure rates in complex
wounds are low 8. On the other hand, cell-based wound dressings are commercialized and investigated to replace
the current SOC 4. Most cell-based dressings utilize a hydrogel scaffold upon which cells are seeded. There are
three general categories, which include (1) amniotic and placental membranes (e.g., dehydrated (EpiFix®, Marietta,
GA, USA), or cryopreserved (Grafix*, Osiris, Columbia, MD, USA)) [8: (2) human allogeneic skin cells seeded in
bovine type 1 collagen (e.g., OrCel® (Ortec International NY, USA), Apligraf®, Organogenesis Inc., Canton MA,
USA) & or polyglactin mesh scaffold (Dermagraft®, Organogenesis Inc., Canton MA, USA) &: and (3) allogeneic
fibrin patch with platelets and leukocytes (LeucoPatch® (Reapplix, Birkergd Denmark)) 19, Their efficacy is better

than the SOC, but there are still opportunities for refinement, as efficacies range between 31 and 50% of closure
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1. 1n addition to the limited efficacy, higher upfront costs limit their integration in clinical practice . The latter can
be overcome by the adoption of novel manufacturing technologies, such as 3D bioprinting 1. In particular,

extrusion bioprinting is compatible with almost all hydrogels and can be easily scaled up to print at a reasonable
cost [L2[13][14]

Upgrading dressing manufacturing can help to meet the urgent clinical need created by ulcer chronicity, helping to
mitigate obstacles to healing and, in doing so, restoring the skin barrier function in complex situations. Moreover,
bioink customization can be achieved by the careful selection of autologous or homologous components following

a biomimetic approach.

Even so, advanced dressings can fail to boost healing mechanisms because they encounter a hostile
microenvironment rich in inflammatory cytokines and enzymes, such as collagenase, gelatinases, stromelysins and
cell-membrane-associated MMPs (Matrix Metalloproteinases), which contribute to the rapid clearance of growth
factors and cytokines in the wound area and are detrimental for cell viability. Therefore, engineering the
microenvironment has been regarded as a paramount trend to enhance cell survival and burst-healing

mechanisms by the constant release and diffusion of signaling proteins [,

Several novel bioinks for skin engineering have been developed in the past two years (8. However, existing
bioinks cannot meet the complex needs of difficult-to-heal wounds 4. An ideal scenario would present the cells
within advanced dressings in a natural microenvironment that exhibits similar characteristics to a healing tissue. In
this work, biomimetic hydrogels formulated as smart bioinks for manufacturing new modalities of advanced
dressings were created by blending porcine decellularized adipose matrix (pDAM2) (171 and alginate with platelets
and plasma growth factors at two concentrations and human dermal cells. The proteomic analysis of pDAM2
confirmed that several proteins, specifically, collagens, proteoglycans, glycoproteins and affiliated proteins, were
preserved. The complete proteomic analysis of pDAM2 material has been previously reported by the team 17,
Besides, pDAM2 hydrogels can provide mechanical support to enhance cell attachment and modulate cell
behavior, regulating cell phenotype and function, as well as infection. Actually, since the Egyptians 18, bandages
made with grease from animal fat have been used as a barrier to bacteria to treat battle injuries 12, On the other
hand, by adding PRP (platelet-rich plasma) to bioink (dressing), researchers provided active biological molecules
to drive cell activities towards the enrichment of healing mechanisms. Finally, by blending pDAM2, plasma and
human dermal fibroblasts, their advanced dressings could mimic cell-to-matrix and cell-to-environment interactions,

paramount for physiologically relevant cell functions.

Within the clinical context, according to a recent meta-analysis, PRP-assisted fat grafting is effective in soft-tissue
augmentation 29, |n particular, diabetic foot ulcers treated with fat and PRP showed increased vessel density and
graft survival 21, Although fat combined with PPP has been poorly investigated in humans, research in nude mice
revealed that both PRP and PPP enhanced fat-graft survival, although PRP had stronger angiogenic effects (22,

2. Rheological and Microstructural Properties of the
Composite Bioinks
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For extrusion-based 3D printing, the material must have adequate zero-shear viscosity and shear-thinning
properties to extrude smoothly through a narrow nozzle. The pDAM2: PRP/ALG and pDAM2: PPP/ALG bioinks
showed shear-thinning behavior in a shear-stress range of 1-1000 s™1—viscosity is a decreasing function of the
shear rate. Viscosity values at shear rates of 1 s™1 for the pDAM2: PRP/ALG and pDAM2: PPP/ALG hybrid bioinks
were measured at 6.30 and 8.27 Pas, respectively. The viscosity of the hybrid bioinks showed medium values
compared with raw bioinks DAM2, PRP/ALG and PPP/ALG (Figure 1A).
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Figure 1. Rheological behavior: (A) flow curves of pDAM2: PRP/ALG and pDAM2: PPP/ALG inks and the
individual components; (B) dynamic moduli at varying frequency at 37 °C of hydrogels (storage and loss moduli
measured by frequency sweep tests of pDAM2: PRP/ALG and pDAM2: PPP/ALG inks).

Because good fluidity during bioink extrusion and gelling ability just after deposition are essential for bioprinting, the
rheological behavior of the hydrogels was investigated. When the rheological properties were measured under
oscillating conditions after gelification, the hybrid hydrogels exhibited gel-like properties, with the storage modulus
(G") being higher than the loss modulus (G") (Figure 1B). Thus, after gelation, the hydrogels retained their shape
and form, which is a prerequisite for the fabrication of 3D-bioprinted dressings. The pDAM2 hydrogel showed the
lowest storage modulus; moreover, the PRP/ALG and PPP/ALG hydrogels exhibited a similar rheological profile in
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terms of storage and loss modulus and revealed larger storage moduli than the hybrid hydrogels
(PDAM2:PRP/ALG, pDAM2:PPP/ALG).

Scanning electron microscopy of the pDAM2 hydrogels showed a randomly oriented fibrillar structure, with an
average fiber diameter of less than 100 nm and interconnecting pores. The PRP/ALG and PPP/ALG hydrogels
exhibited microstructures with many irregular aggregates. However, the images of the pDAM2: PRP/ALG and
pDAM2: PPP/ALG hybrid hydrogels revealed that those aggregates were covered by the fibrillar structure of the
pDAM2 hydrogels (Figure 2).

Figure 2. Scanning electron microscopy (SEM) images of: (A) PRP/ALG, (B) pDAM2 and (C) pDAM2: PRP/ALG.

Regarding the advantages in bioprinting processes, the behavior of the hydrogel blends (pDAM2: PRP/ALG and
pDAM2: PPP/ALG) was individually superior to the plasma bioinks and allowed us to reduce the diameter of the
extrusion needle (from 20 G to 22 G), improving filament homogeneity, without detrimental consequences in terms

of cell viability.

Before bioprinting, cytocompatibility was assessed. The HDFs encapsulated within these constructs were
metabolically active in the formulation of both hydrogels. Both blends, pDAM2: PRP/ALG and pDAM2: PPP/ALG,
stimulated higher metabolic activity than the single pDAM2 hydrogel.

3. Three-Dimensional Bioprinting Procedure, Post-Printing
Cell Viability and Proliferation in Wound Dressings

Following the methodology described before [23] proper 3D-printing resolution and dispensing uniformity were
achieved with both pDAM2:PRP/ALG and pDAM2:PPP/ALG bioinks, obtaining advanced wound dressings with
high reproducibility. This was due to filament uniformity during extrusion and maintenance of the construct stability
with 100% infill. Further structural integrity of the dressings was achieved by physical cross-linking using CaCl2
(Figure 3A). The results showed a high number of HDF cells viable after bioprinting with pDAM2: PRP/ALG and
pDAM2: PPP/ALG (Figure 3B,C), whereas a very low number of dead cells was observed in all tested dressings.
Staining for cell viability and cell density revealed that both bioink modalities had comparable cytocompatibility and
bioactivity to promote cell growth. Changes in cell density and morphology over time confirmed that the bioinks

allowed cells to adhere and grow in an ideal 3D microenvironment.
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Figure 3. (A) Macroscopic image of cell-laden constructs bioprinted on 24-well plates. (B) HDF proliferation (DNA
ng/mg construct) within a period of 11 days of culture. (C) HDF viability at 0, 4, 7 and 11 days of culture after
bioprinting with pDAM2:PRP/ALG and pDAM2:PPP/ALG. Green corresponds to calcein-AM staining of life cells

and red corresponds to Propidium iodide staining of dead cells (scale bar = 100 pm).

4. Expression of Extracellular Matrix Proteins by Embedded
Dermal Fibroblasts

The HDFs embedded within the advanced dressings showed high expression of FN and moderate expression of
COL1A1, COL1A2 and COL3AL relative to GAPDH. On the other hand, the expression of COL4A1 and COL4A2
was low and ELN expression was under the detection limits. Repeated measurements of gene expression showed
steady levels of expression, without statistically significant changes over time in any of the analyzed molecules
(Figure 4).
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Figure 4. HDFs embedded within both modalities of advanced dressings showed moderate expression of
COL1A1, COL1A2 and COL3AL1 relative to GAPDH, without variations over time. The expression of fibronectin was
high in both dressing types (RNA from the 11-day construct was lost), whereas the expression of COL4Al1 and
COL4A2 was low. There were no significant changes in gene expression over time and no differences between the

two dressing modalities.

5. Paracrine Potential of Wound Dressings: Signhaling Protein
Expression over Time
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To evaluate the effects of manufactured dressings on the wound microenvironment, researchers investigated the
release of healing signaling molecules over time. Fibroblasts embedded in either pDAM2: PRP/ALG or pDAM2:
PPP/ALG synthesized and released wound-healing cytokines over 11 days; protein concentrations were
normalized with protein data at 1 h. In doing so, they obtained folds relative to one-hour cultures. Using core IPAs,
researchers found that the “wound healing” canonical pathway was significantly enriched in their data. Figure 5A
depicts important molecules in this pathway. Z-score values predicted that wound healing was activated over time
by the molecules released from the construct (Figure 5B). The Z-score increased over time for the pDAM2:
PRP/ALG dressings (4 d, Z = 0.365; 7 d, Z = 1.616; 11 d, Z = 3.413), while the maximum Z-score for pDAM2:
PPP/ALG was achieved at 7 d (4 d, Z = 1.061; 7 d, Z = 2.611; 11 d, Z = 1.257). In parallel, the Z-score for
paracrine activation of cell signaling and viability displayed a similar pattern of variation, with differences between

both dressings (Figure 5C).
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Figure 5. Signaling pathways enriched in the data obtained from the analysis of the conditioned media. (A)
Signaling molecules synthesized by encapsulated cells over time that were involved in the wound-healing signaling
pathway. (B,C) pattern of Z-score outcome over time predicting activation of the wound-healing signaling pathway
(B), cell signaling and cell viability (C).

To confirm the predictions obtained by the IPA algorithms, researchers used ELISAs to perform individual
assessments of relevant cytokines involved in cell signaling and modulation of inflammation and angiogenesis. IL-8
is a pleiotropic interleukin involved in cell activation and movement; both modalities of advanced dressings showed
significant synthesis and release of IL-8 over time (p < 0.001). Maximum release was achieved after 4 days without
additional synthesis from day 4 to day 11 in any of the bioink variants (p < 0.001) (Figure 6A). On the other hand,
MCP-1, also known as CCL-2, was not detected in acellular scaffolds at any time point (Figure 6B). However, the
HDFs embedded within the pDAM2:PRP/ALG dressings synthesized increasing concentrations of MCP-1 over time
(p < 0.001); maximum concentrations were achieved after 11 days of culture, representing a 70-fold increase
compared with 1-hour concentrations (26.72 + 1.14 ng/mL at 11 days and 0.372 + 0.008 ng/mL at 1 hour). Instead,
the pDAM2: PPP/ALG dressings released MCP-1 after four days but did not show additional synthesis over time.
The amount of MCP1 released by the pDAM2: PRP/ALG dressings was significantly higher at 11 days (26.716 +
1.14 ng/mL versus 8.92 + 0.52 ng/mL; p < 0.001).
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Figure 6. (A—D) Box plots show the median and 25-75 percentiles of relevant signaling cytokines involved in the
modulation of inflammation (IL-8 and MCP-1, (A) and (B), respectively) and in angiogenesis (VEGF and HGF, (C)
and (D), respectively) measured by ELISA in the conditioned media harvested over time. * Mean HGF
concentration at Day 11 was 98,198 + 3815 ng/mL (not shown in the graph). (E,F) RANTES and PDGF-BB
released from the PRP component in the pDAM2: PRP/ALG dressings (as shown by acellular scaffolds cultured in

the same conditions) were used up by embedded cells.

Researchers quantified VEGF and HGF as an index of angiogenesis. There was a significant synthesis of VEGF
and HGF by both advanced dressings, i.e., manufactured with either the pDAM2: PRP/ALG or pDAM2: PPP/ALG
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bioink, with p < 0.001 for both dressings and both proteins. Of note, cells within the pDAM2: PPP/ALG dressings
released higher concentrations of VEGF and HGF after 7 and 11 days (Figure 6C,D).

On the other hand, researchers measured RANTES (CCL5) and PDGF, which are abundant platelet proteins, here
provided by the PRP component of the prepared bioink. The pDAM2: PPP/ALG constructs did not show any
synthesis/secretion of RANTES and PDGF-BB. Remarkably, RANTES and PDGF-BB released from the PRP
dressings without cells showed higher concentrations than those released by the constructs with cells, pointing out

protein consumption by the embedded fibroblasts.

| 6. Indirect Co-Cultures: Dermal-Cell Proliferation

The conditioned media harvested over time from the two modalities of advanced dressings (differing in platelet
number) stimulated human-dermal-cell proliferation, as revealed by indirect co-cultures. The media harvested from
the bioprinted constructs manufactured without cells was used as control. The conditioned media from cells within
the pDAM2: PRP/ALG dressings had a more-potent proliferating activity than the conditioned media from the
pDAM2: PPP/ALG dressings (p = 0.001) (Figure 7). Although the proliferation rate was optimal for both dressing
modalities, those manufactured with pDAM2: PRP/ALG reached higher proliferation rates with the conditioned

media harvested after 7—11 days of in vitro maturation.
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Figure 7. (A) Proliferative effect of conditioned media harvested from advanced dressings manufactured with PRP.

(B) Proliferative effect of conditioned media harvested from advanced dressings manufactured with PPP.
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