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This work aims to use carboxymethyl cellulose (CMC) as main structural and functional component of 3D printed
scaffolds for healing of diabetic wounds. Differently from previous inks involving small contents in CMC, herein
sterile (steam-heated) concentrated CMC solely dispersions (10-20%w/v) were screened regarding printability
and fidelity properties. CMC (15%w/v)-citric acid inks showed excellent self-healing rheological properties and
stability during storage. CMC scaffolds loaded with platelet rich plasma (PRP) sustained the release of relevant
growth factors. CMC scaffolds both with and without PRP promoted angiogenesis in ovo, stem cell migration in
vitro, and wound healing in a diabetic model in vivo. Transparent CMC scaffolds allowed direct monitoring of
bilateral full-thickness wounds created in rat dorsum. CMC scaffolds facilitated re-epithelialization, granulation,
and angiogenesis in full-thickness skin defects, and the performance was improved when combined with PRP.

Overall, CMC is pointed out as outstanding component of active dressings for diabetic wounds.

1. Introduction

Cellulose ethers are widely used for biomedical and food applications
because of their natural source-availability, biocompatibility and
biodegradability (Arca et al., 2018), fulfilling the principles of green
chemistry and circular economy (Chen et al., 2020). Cellulose ethers can
be found in an ample variety of solid and semisolid drug dosage forms
owing to their thickening and interface stabilizing roles. Particularly,
carboxymethyl cellulose (CMC) leads a large-scale market, compared to
other cellulose derivatives, due to the simpler and more affordable
synthesis routes and raw materials and also stimuli-responsive behavior
(Alvarez-Lorenzo, Blanco-Fernandez, Puga, & Concheiro, 2013; Zen-
nifer, Senthilvelan, Sethuraman, & Sundaramurthi, 2021).

With the advent of 3D printing, the scope of potential applications of
polysaccharides is widening. Cellulose ethers have already been
demonstrated as an alternative to synthetic polymers in hot melt
extrusion approaches because of their temperature-tunable softening in
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contrast to the melting typical of thermoplastics (Melocchi et al., 2016).
Low processability temperatures are compatible with labile drugs and
the obtaining of modified-release printlets (Borujeni, Mirdamadian,
Varshosaz, & Taheri, 2020; Goyanes et al., 2019; Vo, Zhang, Nyava-
nandi, Bandari, & Repka, 2020). Moreover, water solubility enables the
use of cellulose ethers as sacrificial material for the construction of
plastic architectures with delicate external and internal patterns (Pola-
maplly et al., 2019). Semisolid extrusion 3D printing has also found a
great ally in cellulose ethers due to the outstanding viscoelastic and self-
healing properties of their aqueous dispersions (Dai et al., 2019). In this
regard, most applications have focused on the development of person-
alized medicines with patient-tailored drug doses and delivery patterns
(Conceicao et al., 2019).

In the regenerative medicine field, 3D printing allows for preparing
scaffolds endorsed with adequate porous structures and patient-specific
dimensions to better replicate the anatomical shape of the tissue to be
repaired (Wang et al., 2019). Cellulose ethers, particularly CMC, have
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also recently been reported as useful structural components of bioinks
for wound healing due to their matrix-forming capability, cell compat-
ibility and cross-linking feasibility (Mallakpour, Tukhani, & Hussain,
2021). However, CMC-based inks are claimed to provide insufficient
mechanical stability to the printed structures and, thus, incorporation of
a variety of additives is assumed as mandatory (Zennifer et al., 2021).
Nevertheless, this drawback could be related to the relatively low CMC
concentrations tested so far. Additionally, since the use of CMC as the
sole structural component of scaffolds has not been explored yet, con-
clusions about the true functionalities that CMC may have on its own are
limited. Although there is still a paucity of information on the specific
cell pathways that CMC may trigger, it has been suggested that CMC can
be recognized by cells through receptors for glucose (GluT-1 receptor)
because the glucopyranose units resemble the cyclized form of glucose,
which is the predominant form in physiological environments; it does
not interfere with the CD44 hyaluronic acid receptor (even though CMC
has anionic groups); and it does not alter cell proliferation (Garrett et al.,
2007). Remarkably, CMC has been shown to induce by itself the
chemotactic migration of a variety of cells and to facilitate cell migration
in response to soluble factors (Singh, Kothapalli, Varma, Nicoll, &
Vazquez, 2014). CMC may also protect scaffolds from adsorption of
serum albumin (Paribok, Solomyanskii, & Zhavnerko, 2016), which is a
recognized inhibitor of mesenchymal stem cells (MSC) chemotaxis.
These findings suggest that CMC may favor scaffold colonization by cells
and subsequent tissue growth, behaving as an active player in tissue
regeneration in addition to its process-enabling and structural role for
3D printing.

The high swelling and transparency typical of cellulose ethers
hydrogels (Mallakpour et al., 2021) may also represent outstanding
advantages in terms of optimum moist environment and nutrients ex-
change (Basu, Narendrakumar, Arunachalam, Devi, & Manjubala, 2018;
Capanema et al., 2018; Habib, Sathish, Mallik, & Khoda, 2018) as well as
visual assessment. Transparent wound dressings allow direct monitoring
of the tissue underneath avoiding the risk of altering the healing process
due to dressing removal (Oliverius et al., 2021).

The aim of this work was to design 3D printed CMC-based scaffolds
that can help to address the unmet clinical challenge of wound chron-
ification in diabetic patients. Diabetic ulcers present reduced expression
of key growth factors and blood supply and an enhanced proteolytic
activity, which inhibit new tissue formation (Pino-Sedeno et al., 2019).
This work relies on the hypothesis of that inks made of CMC at suffi-
ciently high concentration may provide 3D scaffolds for wound healing
with the multi-fold functionalities of adequate exudate uptake,
increased cell mobility for faster healing, and transparency for tissue
monitoring. Moreover, the well-known compatibility of cellulose ethers
with proteins may make CMC scaffolds as outstanding platforms for
controlled release of growth factors while preserving them from
degradation. Platelet rich plasma (PRP) is a safe and cost-effective
source of autologous growth factors able to stimulate wound regenera-
tion by promoting neovascularization and tissue remodeling, shortening
the healing of diabetic ulcers (Babaei et al., 2017; Qian et al., 2020;
Suresh, Suryanarayan, Sarvajnamurthy, & Puvvadi, 2014). Neverthe-
less, direct administration of PRP and recombinant growth factors is
hindered by their short half-life and the intense degradative environ-
ment in the wound site, and thus platforms that can regulate the stability
and time of permanence of growth factors in the wound site are
demanded (Long, Johnson, Jeffries, Hara, & Wang, 2017; Lu et al., 2016;
Yang et al., 2011; Yassin, Dawoud, Wasfi, Maher, & Fayez, 2019). To
carry out the work, first CMC dispersions with adequate self-healing
properties and that can be steam-heat sterilized and stored were
screened in terms of rheological properties and printability. Citric acid
was chosen as a green, safe cross-linker that could modulate the integrity
of the scaffold in the wound (Coma, Sebti, Pardon, Pichavant, &
Deschamps, 2003; Ghorpade, Yadav, & Dias, 2017). Porous scaffolds
were 3D printed, loaded with PRP, and characterized in terms of me-
chanical properties, controlled release of growth factors, in ovo
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angiogenesis, and in vitro promotion of cell migration and proliferation.
Finally, the wound healing properties of CMC scaffolds with and without
PRP were tested in vivo using a type 1 diabetic rat wound defect model,
and angiogenesis, cell proliferation and new tissue formation were
evaluated.

2. Materials and methods
2.1. Materials

Sodium carboxymethylcellulose (CMC, 395 kDa, degree of substitu-
tion (DS) 0.9, viscosity 2% NF 2960 cPs, 8.8% Na) was from Ashland
(Blanose® 9M31F PH; Wilmington, DE, USA). Citric acid 1-hydrate (CA)
was from Panreac (Barcelona, Spain). DMEM (Dulbecco's Modified Eagle
Medium), MEMo (Minimum Essential Medium «), fetal bovine serum
(FBS), penicillin/streptomycin 100x solution, TryplE®, and phosphate
buffer saline (PBS) were from ThermoFisher Sci (Waltham, MA, USA).
Streptozotocin was from Sigma-Aldrich (St. Louis, MO, USA). Cell
Counting Kit-8 (CCK-8) was from Dojindo (Kumamoto, Japan). Ultra-
pure water (resistivity >18.2 MQ.cm at 25 °C) was obtained by reverse
osmosis (MilliQ®, Millipore; Madrid, Spain). Adipose-derived mesen-
chymal stem cells (MSCs; ATCC-PCS-500-011) were from the American
Type Culture Collection (Manassas, VA, USA).

2.2. Preparation and characterization of CMC inks

CMC (10, 15 and 20%w/v) aqueous dispersions were prepared by
mixing CMC powder with water using a mortar and then autoclaved
(121 °C, 20 min). After preliminary tests, only 15% CMC dispersions
were chosen to prepare the inks. To do that, citric acid (20%w/wcnc)
was added to the CMC dispersions and homogeneously mixed in a
mortar in a clean environment (laminar flow cabinet) (Fig. 1).

Rheological properties of CMC inks (with and without citric acid)
were characterized, in triplicate, using a MCR 302 rheometer (Anton
Paar; Graz, Austria) fitted with a Peltier module and a plate (15 mm
diameter, 1 mm gap, 20 °C). G’ (storage modulus) and G” (loss modulus)
were recorded applying five cycles: 0.5% shear strain at 1 Hz for 300 s
(simulating rest conditions: inside the printing barrel or onto the
printing platform), 100% shear strain at 1 Hz for 120 s (mimicking the
pressure applied during extrusion), 0.5% shear strain at 1 Hz for 300 s,
100% shear strain at 1 Hz for 120 s, and 0.5% shear strain at 1 Hz for
300 s (Conceicao et al., 2019). One batch of steam-heat sterilized CMC
dispersions was stored at 22 °C protected from light, and the rheological
properties were monitored along time. At pre-established time points,
vials were opened and portions of CMC inks were evaluated before and
after adding citric acid (as explained above). CMC ink printability was
also assessed using the filament drop test and the pore shape geometry
test (Gillispie et al., 2020; Paxton et al., 2017).

2.3. 3D printing of scaffolds

Sterile CMC inks immediately after the incorporation of the citric
acid were poured into 3 mL printing cartridges and extruded at 22 °C
through a 22G conical needle (0.41 mm inner diameter) at 2 mm/s
feeding rate and 5 mm/s deposition speed. Scaffolds were printed as a
cylinder (10 mm in diameter, 2 mm height, 1.2 mm on-center spacing)
with a 90° crosshatch pattern using a Bio V1 3D printer (Regemat3D;
Granada, Spain). Immediately after printing, scaffolds were frozen at
—80 °C and freeze-dried for 24 h in a LyoQuest freeze dryer (Telstar;
Barcelona, Spain). Freeze-dried scaffolds were then crosslinked by
thermal treatment at 120 °C for 7 min (Coma et al., 2003) and stored at
room temperature (Fig. 1).

2.4. Preparation of PRP-loaded scaffolds

PRP was obtained from human buffy coat from the Galician Blood
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Fig. 1. Workflow for preparation of CMC ink and subsequent printing of the scaffolds and loading with PRP. The PRP aliquots used for incubation had the typical

yellow color. PRP-loaded scaffolds were transparent and colorless.

and Tissue Donation Agency. Buffy coat was collected from anonymized
healthy donors after obtaining written informed consent, in agreement
with Spain legislation (Law 14/2007 on Biomedical Research). Aliquots
(8 mL) of fresh buffy coat were transferred to 15 mL conical tubes and
centrifuged at 1400 rpm for 15 min (Eppendorf centrifuge; Hamburg,
Germany). The upper phase containing the plasma rich in platelets was
collected, and platelet concentration was measured using a hemocy-
tometer (ABX Pentra XL 80; Horiba medical; Kyoto, Japan) resulting in
1.9-10° platelets/uL. PRP was then activated by three consecutive
freeze-thaw cycles (frozen at —80 °C followed by incubation at 37 °C for
1 h). Activated PRP was then centrifuged at 10,000g for 10 min at 4 °C.
Subsequently, the supernatant showing a clear yellowish aspect was
collected and frozen at —80 °C until use. Freeze-dried CMC scaffolds
were placed individually in 24-well plates and incubated with 1.5 mL of
activated PRP for 2 h at 22 °C. The resultant CMC-PRP scaffolds were
used immediately after preparation.

2.5. Scaffold characterization

2.5.1. Swelling

Freeze-dried CMC scaffolds (without PRP; n = 5) were individually
placed in 24-well plates containing 1.5 mL of water, NaCl 0.9%w/v, or
activated PRP and incubated at 37 °C for 24 h. At pre-established
timepoints, scaffolds were taken from the swelling media, the excess
of fluid was removed, and the weight and dimensions of each scaffold
were recorded using a precision scale and a caliper, respectively. The
fluid uptake of the scaffolds was calculated as follows:

@

Fluid uptake (%) = IOOx{M}

Wq

where W,, and Wy represent the weights of wet and dry scaffolds,
respectively.

In parallel, the mass loss of the scaffolds during incubation in NaCl
0.9%w/v was calculated by taking scaffolds from the medium at each
timepoint, which were rinsed with water, freeze-dried and weighed. The
mass loss was calculated from the initial mass for each scaffold.

2.5.2. Structure analysis

Freeze-dried scaffolds (CMC scaffolds before and after crosslinking,
and CMC-PRP scaffolds; n = 5) were sputter-coated using gold-palla-
dium and analyzed using an EVO LS 15 scanning electron microscope
(Zeiss; Oberkochen, Germany). The microporous structure was also
evaluated using a SkyScan 1272 X-ray microCT (Bruker; Kontich,
Belgium) with a resolution of 3 pm/pixel and no filter. The obtained
projections were reconstructed using Nrecon software and the analysis
of the structure was carried out with CTAn software.

2.5.3. FTIR-ATR

Attenuated total reflectance Fourier-transform infrared (FTIR-ATR)
spectra of freeze-dried CMC and CMC-PRP scaffolds and raw materials
(CMC, citric acid, and freeze-dried PRP) were recorded using a Varian
670-IR (Varian Inc.; Palo Alto, CA) within the 400-4000 cm ! range ata

resolution of 2 cm ™.

2.5.4. Mechanical properties

CMC scaffolds (n = 5; 10 mm diameter, 5 mm height) swollen in NaCl
0.9% or PRP for 2 h were transferred to Petri dishes and their
compressive properties were determined applying an unconfined
compression test at crosshead speed of 1 mm/s and an activation force of
0.1 g using a TA.XTplus Texture Analyzer (Stable Micro Systems; Surrey,
UK) fitted with a 5-kg load cell. The force-deformation curves were
recorded for two consecutive compression/decompression cycles of
each scaffold, and hardness, cohesiveness, and adhesiveness were
calculated (Hurler, Engesland, Poorahmary Kermany, & Skalko-Basnet,
2012).

2.6. Growth factors release

Immediately after PRP loading, CMC-PRP scaffolds were placed
individually in LoBind microcentrifuge tubes (Eppendorf; Hamburg,
Germany) and NaCl 0.9%w/v aqueous solution (1 mL) was added to
each tube. The tubes were maintained at 37 °C and, at pre-established
timepoints, aliquots (0.5 mL) of release media were collected and
replaced with the same volume of fresh NaCl 0.9%w/v solution. The
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aliquots were stored at —80 °C until analysis. Total protein release was
evaluated using Pierce BCA Protein Assay Kit (ThermoFisher Sci.; Wal-
tham, MA, USA). Transforming growth factor-p1 (TGF-f1) and vascular
endothelial growth factor (VEGF) were quantified using enzyme-linked
immune sorbent assay (ELISA) kits (Invitrogen, Carlsbad, CA, USA).
Results were expressed as the cumulative release obtained after
normalizing the amount of growth factors at each time-point to the total
amount present in the scaffold (n = 5).

2.7. In ovo evaluation

A chorioallantoic membrane (CAM) assay was implemented to
evaluate cell infiltration and neovascularization in the scaffolds (Merckx
et al., 2020). Fertilized hen eggs (50-60 g, Coren; Orense, Spain) were
incubated as described before (Diaz-Gomez et al., 2014). On day 3, a
window was opened on the pointed end of the eggs to facilitate the
dissociation of the CAM from the shell membrane, and the eggs were
returned to incubation. On day 8, scaffolds (n = 5) were placed indi-
vidually in direct contact with the CAM and incubated again. As con-
trols, 200 pL of activated PRP were placed on the surface of the CAM.
Finally, on day 12 of incubation, the window was widened, and the CAM
was fixed in 10% formalin for 3 h. New vessel formation was assessed for
each material by observing and counting the number of microvessels
converging towards the scaffold using a stereomicroscope.

2.8. Cell proliferation and migration

MSCs were seeded in 24-well plates with CMC or CMC-PRP scaffolds
individually placed (n = 5) in inserts and cell proliferation was evalu-
ated using a CCK-8 assay at 24, 48 and 96 h. A scratch assay was also
carried out to evaluate the ability of the substances being released from
the scaffolds (after 24 h incubation in complete culture medium at
37 °C) to promote MSCs migration. Details are provided in S1 (Supple-
mentary material). No changes in color of culture medium due to
unreacted citric acid were observed.

2.9. In vivo wound healing assay

In vivo procedures were approved by the University of Santiago de
Compostela Bioethics Committee for Animal Studies (protocol No.
15007/16,/001) and conducted in accordance with the European regu-
lation on care and use of animals in experimental procedures and the
ARRIVE guidelines. Healthy male Sprague Dawley rats (18 animals,
200-250 g) were acclimatized for 7 days in cages at 23 + 2°Cunder 12 h
light/dark cycle and ad libitum feeding. On day 4, diabetes was induced
using intraperitoneal injections of streptozotocin (60 mg/kg). The ani-
mals were housed for 6 weeks to ensure a delayed healing phenotype
(Ansell, Marsh, Walker, Hardman, & Holden, 2018; Elliot, Wikrama-
nayake, Jozic, & Tomic-Canic, 2018), and glucose levels were monitored
weekly (Glucocard SM; Menarini Firenze, Italy). All 18 rats had glucose
levels higher than 250 mg/dL, polyuria, polydipsia and polyphagia one
week after diabetes induction and were included for the study. At week
6, animals were anesthetized using 2.5% isoflurane. The dorsal skin was
shaved using a trimmer. Then, four symmetrical, full-thickness wounds
of 8 mm in diameter were created on the back of each animal using
sterile disposable biopsy punches (Kai Medical, Seki City, Japan). The
animals were randomly divided into 3 groups (time points 3, 7, and 14
days) and the wounds of each rat were randomly divided into 3 treat-
ment groups (n = 7): 1-untreated controls; 2-CMC scaffolds (swollen in
NaCl 0.9% for 2 h); 3-CMC-PRP scaffolds (2 h loading in PRP). Trans-
parent films (Tegaderm™ 3 M; Maplewood, MN, USA) were used to
cover the wound sites during the first 24 h after scaffold implantation to
prevent the animals from removing the scaffolds (Ramli & Wong, 2011).
After surgery, animals returned to individual cages until the end of the
study.

The wound area was determined from digital photographs obtained
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daily during the first week and every other day thereafter and processed
using ImageJ (NIH; Bethesda, MD, USA). The wound closure rate was
calculated as follows:

Wound area at ty — Wound area at t,

Re—epithelialization (%) = 100
e—epithelialization (%) X Wound area at 1

@

Animals were euthanized at 3, 7 or 14 days after surgery by carbon
dioxide inhalation. Wound site biopsies were collected using 8 mm bi-
opsy punches and fixed in 4% paraformaldehyde for histopathological
(hematoxylin and eosin (H&E) staining) and immunohistochemical
(CD31 and PCNA) analysis (S2 and S3 in Supplementary material). The
skin biopsies were then embedded in OCT resin (Tissue-Tek, Sakura
Finetek; Tokyo, Japan), sliced in sections of 15 pm using a cryostat and
fixed on glass slides.

2.10. Statistical analysis

One-way analysis of variance (ANOVA) and Tukey's multiple com-
parison posttests were performed using GraphPad Prism (GraphPad
software; La Jolla, CA). Differences were considered significant for p <
0.05.

3. Results and discussion
3.1. Preparation of CMC-PRP scaffolds

In this work, CMC and autologous PRP were combined in 3D printed
porous scaffolds endorsed with a well-defined, personalized structure
for the regeneration of chronic wounds. CMC was selected due to its
remarkable printability and bioactivity, including cell migration prop-
erties (Garrett et al., 2007). Wound dressings prepared with medium and
high molecular weight CMCs have been shown to induce faster healing
rates than those prepared with low molecular weight CMC due to better
moisture and water loss control (Kanikireddy, Varaprasad, Jayaramudu,
Karthikeyan, & Sadiku, 2020; Ramli & Wong, 2011). Furthermore, a
substitution degree in the 0.8-1 range is desired to achieve adequate
mechanical and swelling properties for wound healing applications
(Capanema et al., 2018). Thus, a CMC with medium molecular weight
(395 kDa) and a substitution degree of 0.9 was chosen.

Preliminary studies were carried out with inks containing CMC at 10,
15 and 20%w/v to assess extrudability, shape fidelity and reproduc-
ibility (Gillispie et al., 2020). CMC 10%w/v dispersions led to strands
with low mechanical properties and poor shape fidelity, resulting in the
collapse of the scaffolds due to the sagging of the fibers under the weight
of the scaffold. CMC 15%w/v dispersions allowed for the fabrication of
scaffolds with well-defined structure, high printing fidelity and unre-
stricted height in the evaluated range (Table S1 in Supplementary ma-
terial). The filament drop test (Paxton et al., 2017) confirmed that the
ink showed proper gel properties after extrusion, and a uniform,
continuous, smooth filament was formed at the nozzle tip. As expected,
the extruded filament led to homogeneous structures with accurate pore
geometries close to perfect square shapes disregarding the pore size.
Differently, CMC 20%w/v inks led to “over-gelled” bumpy filaments,
and scaffold printing required longer time and extrusion pressure close
to the limit of the printer. Therefore, CMC 15%w/v dispersions were
chosen to prepare the 3D printed scaffolds.

CMC dispersions were steam heated at 121 °C before printing with
the two-fold aim of (i) favoring the full hydration of the cellulose ether
chains to avoid the presence of partially-hydrated colloidal particles
(Savage, 1971), and (ii) obtaining a sterile preparation readily available
for on-demand 3D printing. Heating at 121 °C for short time has been
shown not to alter CMC molecular weight (Hiltunen, Xu, Willfor, &
Backfolk, 2018). The rheological properties of the inks were evaluated to
assess in more detail their behavior during printing and also to elucidate
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the effect of storage on printability (Conceicao et al., 2019; Zidan et al.,
2019). A cyclic sweep test mimicked the conditions applied to the inks
during the printing process; namely, a rapid increase in the stress to
simulate the pressure applied to the cartridge during the extrusion,
followed by a release of pressure. CMC dispersions, both before and after
addition of CA, showed a gel-like behavior (G'> G” at 0.5% strain)
(Fig. 2). Simulation of the extrusion conditions (sudden increase to
100% strain) caused an immediate decrease in both moduli values, with
a more pronounced drop in G'. The decrease of the strain back to a
resting state (0.5%) allowed for a rapid recovery of G’ to values close to
the initial ones. Application of successive cycles resulted in similar
instantaneous recoveries of G/, indicating the adequate self-healing
properties of the CMC dispersions for their use as inks for bio-
fabrication purposes (Seoane-Viano, Januskaite, Alvarez-Lorenzo, Basit,
& Goyanes, 2021). Replicates of each dispersion presented similar G/
and G” values, which indicated the homogeneity of the CMC inks.
Importantly, the rheological properties of the inks were not significantly
altered during the storage, showing a minor increase in G’ and G” after
14 days storage (Fig. 2) that did not alter the printing parameters needed
to extrude the materials.

CMC inks were printed as cylindrical scaffolds with diameters of 10
mm (for structural characterization and in vitro studies) or 8 mm (for in
vivo studies). Since macropores of size between 50 pm and 1 mm are
preferable for tissue regeneration (Saghazadeh et al., 2018), the on-

0.5% l@% 0.5% M 0.5%
104 -
CMC ink
w
g
o
'o [T1T
5 109 | B é.“
ED YYYYYYY ‘««
—o— —O0— day0
—v— —4&—day7
—&—  —&— day 14
0 200 400 600 800 1000 1200
104 -

G'and G" (Pa-s)

T T T T

0 200 400 600 800

Time (s)

1000 1200

Fig. 2. Rheological properties of CMC dispersions with and without citric acid
(CA) as freshly prepared and after storage (7 and 14 days at 22 °C in closed
containers, protected from light) under cyclic changes in shear strain (0.5%
- 100%).
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center spacing between strands was fixed at 1.2 mm to obtain 790 pm
gaps. The obtained structures presented high printing fidelity with
respect to the original 3D model (Table 1 and Fig. 3). After printing,
scaffolds were freeze-dried to preserve their 3D structure during water
removal (as demonstrated for other polysaccharides; Long et al., 2019)
and, subsequently, crosslinked to reinforce the mechanical strength.
Citric acid (20%w/w with respect to CMC) in the ink allowed for the
cross-linking in the bulk of the scaffold through an esterification reac-
tion with the hydroxyl groups of CMC (Coma et al., 2003; Ghorpade
et al., 2017). The freeze-drying step was expected to favor subsequent
dehydration of citric acid to form reactive anhydride species. Citric acid
contents above 10%w/w with respect to cellulose ethers have been
shown to allow for 100% cross-linking at 190 °C in few minutes (Coma
et al., 2003), but increasing the ratio up to 20%w/w efficient cross-
linking of CMC could be obtained at much lower temperature in order
to avoid chemical degradation of the cellulose ether (Demitri et al.,
2008; Ghorpade et al., 2017). After preliminary studies, in our case a
crosslinking time of 7 min at 120 °C was selected to obtain scaffolds that
combine swelling behavior (exudate uptake) and flexible structure able
to adapt to the wound site. Shorter crosslinking time (<5 min) led to
unstable structures that dissolved shortly after incubation at 37 °C,
while longer crosslinking time (>10 min) significantly increased the
stiffness and fragility of the scaffolds. Scaffolds endorsed with poor
mechanical properties and high erosion rates might not be suitable for
wound healing applications (Pettignano, Charlot, & Fleury, 2019).
Conversely, high crosslinking degrees have detrimental effects on the
flexural properties of the dressings (required for a complete contact with
the wound surface area) and may cause physical damage to the on-
growing tissue (Capanema et al., 2018).

The pore size and fiber width of the CMC scaffolds (CMCfreeze-dried)
were monitored by SEM and microCT to determine the effect of cross-
linking (CMCerosslinked) @and PRP loading (CMC-PRP) on the structure of
the scaffolds (Table 1; Fig. 3). The crosslinking had no significant effect
on pore size and fiber diameter. CMC scaffolds before and after cross-
linking showed a dual pore population: (i) large pores of ca. 790 pm
resulting from the printing pattern; and (ii) a micropore population of
37.5 + 15.3 pm and 41.3 + 26.2 pm for CMC scaffolds before and after
crosslinking, respectively, formed because of the freeze-drying process
(Fig. S1).

The effect of PRP loading on the porous structure of CMC scaffolds
was also investigated (Fig. 3). CMC-PRP scaffolds showed a significant
increase (ca. 10%) in the pore size and fiber width (p < 0.05), which can
be attributed to the swelling of the CMC strands during the incubation
period in the PRP medium. SEM analysis revealed a spongy-like network
homogeneously distributed on the surface of the fibers and confirmed
the maintenance of the micropore population on the printed fibers.

3.2. Scaffolds characterization

The FTIR-ATR analysis (Fig. S2) of CMCfreeze-dried ad CMCerosslinked
scaffolds showed bands at 3318 cm™! ascribed to the -OH stretching
frequency, at 2922 cm ™' due to the C—H stretching vibration, at 1590
em™! typical of cellulose ethers, and at 1715 and 1411 cm™!

Table 1
Structure parameters of the CMC scaffolds immediately after freeze-drying, once
cross-linked, and after PRP loading (n = 5).

Scaffold Diameter Height Pore size Fiber diameter
(mm) (mm) (um) (pm)
3D model 10 2 790 420
CMCfreeze- 9.3+0.3 2.0+ 0.0 796.3 + 444.1 + 30.2
dried 45.7

CMCerosslinked 9.6 & 0.2 1.9+ 0.1 788.6 + 461.6 + 31.7
52.0

CMC-PRP 11.5+ 0.6 21+0.2 877.9 + 510.4 £ 43.9
87.4




L. Diaz-Gomez et al. Carbohydrate Polymers 278 (2022) 118924

CMCfreeze-dried CN‘Ccmsslinked CMC-PRP

& .EF <
Seqet el Jet
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Fig. 4. (A) Fluid uptake of CMC scaffolds when incubated in water, NaCl 0.9% or PRP for 24 h, (B) pore size (mean + standard deviation; n = 5), and (C) SEM
micrographs of freeze-dried CMC scaffolds after incubation in NaCl 0.9%w/v for 1, 2 or 24 h. Scale bars: 400 pm (upper row) or 100 pm (lower row). The size of the
macropores was not significantly altered after incubation for 24 h in NaCl 0.9% (p > 0.05).
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characteristic of carboxylic acid groups and that overlapped with those
of citric acid (Demitri et al., 2008). Transient bands of anhydrides at
1758 and 1828 cm ! were not observed because either the reaction had
ended with the ester formation or the ratio of anhydride groups was too
low to be detected. As previously reported, monitoring of the cross-
linking by means of FTIR is more feasible in the case of non-ionic cel-
lulose ethers that lack of carboxylic groups (Demitri et al., 2008).
Nevertheless, since the reaction with citric acid should involve a
decrease in primary alcohols (absorption bands at 1075-1000 cm 1)
with respect to secondary alcohols (absorption at 1150-1075 cm™};
Langkilde & Svantesson, 1995); the absorption peak at 1021 cm™! was
compared with that of 1091 em™ L. Pristine CMC had A1021/A1001 Of
1.68, while after cross-linking the ratio decreased to 1.57, which sug-
gested a 7% decrease in the number of primary alcohols. A 10% decrease
in primary alcohols have been reported for other cellulose ethers when
reacted with ethyleneglycol diglycidylether to form chemically cross-
linked hydrogels (Rodriguez, Alvarez-Lorenzo, & Concheiro, 2003;
Rodriguez-Tenreiro, Alvarez-Lorenzo, Rodriguez-Perez, Concheiro, &
Torres-Labandeira, 2006). Incorporation of PRP in the CMC scaffolds
was revealed by amide I and II peaks at 1660 and 1550 cm ™, respec-
tively, and a broadening of peak in the 3300-3500 cm ™ region ascribed
to NH groups.

Wound healing requires precise regulation of the moisture, pre-
venting dehydration but also excessive accumulation of exudates, which
may result in the degradation of key components of the extracellular
matrix (Everett & Mathioudakis, 2018). CMC scaffolds swelled fast in
water, NaCl 0.9%w/v and PRP and the curves stabilized after 2 h
(Fig. 4A). Water uptake values were over 40% while the swelling of
scaffolds incubated in PRP and NaCl 0.9%w/v was close to 15% after 2
h, which can be explained by the higher ionic strength of the latter
media. The macroporous structure of the CMC scaffolds was not signif-
icantly affected by the incubation for 1, 2 and 24 h in NaCl 0.9% medium
(SEM image; Fig. 4C). The average macropore size (quantified using
Image J software) did not experiment significant changes (p > 0.05)
during the incubation period (Fig. 4B). Mass loss during swelling in NaCl
0.9% medium was also monitored and revealed 17.5 + 2.6% weight loss
in 2 h and 55.2 + 2.4% after 24 h. Regarding the microstructure, liquid
uptake led to an apparent increase in the micropore density of the
printed fibers, which can be related to the swelling of the structure and
the significant mass loss during the first hours.

Regarding mechanical properties, hardness, cohesiveness and
adhesiveness (Coviello et al., 2005) of the CMC and CMC-PRP scaffolds
were evaluated after incubation in NaCl 0.9% or PRP for 2 h (Fig. S3 and
Table S2). PRP loading led to a significant increase in the hardness (peak
force during the first compression cycle; 124 + 7 mN vs. 94 4+ 18 mN) but
did not change the cohesiveness (ratio of the positive force area during
the second compression compared to the first cycle; 1.01 + 0.13 vs. 1.13
+ 0.07), a parameter related to the work needed to overcome internal
bonds. Both CMC and CMC-PRP scaffolds showed similar cohesiveness
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values close to 1, confirming that the porous scaffolds maintain their
internal structure during consecutive compressive stresses; namely, the
different layers of the 3D network were successfully entangled at the
contact points and the scaffolds performed as quasi-perfectly elastic
materials. Adhesiveness (ie., the negative area during the first
compression cycle) of CMC-PRP scaffolds (13.20 + 3.99 mJ) was one
order of magnitude higher compared to CMC scaffolds (1.33 +1.17 mJ),
which suggests an increase in tackiness of the scaffold due to the fibrin
present in the activated PRP (Hurler et al., 2012; Pavlovic, Ciric, Jova-
novic, Trandafilovic, & Stojanovic, 2021).

3.3. Growth factors release

Cumulative amounts of total protein released from CMC-PRP scaf-
folds in NaCl 0.9% (BCA assay; Fig. 5A) showed a burst within the first 6
h of incubation, followed by a more controlled release rate. The cumu-
lative protein released was 232 + 41 pg per mg of scaffold after 72 h of
incubation. At day 7, the scaffolds were completely disintegrated, thus it
can be assumed that the growth factors contained in the scaffolds were
100% released. This time frame of release may fit to the requirements of
wound dressings, which are optimally inspected or replaced one to two
times a week in order to avoid healing disturbances (Berg, Lazaro
Martinez, Serena, Dhoonmoon, & Ousey, 2019; Kavitha, 2014). The
protein release pattern recorded for CMC-PRP scaffolds was consistent
with previous findings for scaffolds having large and interconnected
pores (Diaz-Gomez et al., 2014; Long et al., 2019). CMC-PRP scaffolds
can provide a steep delivery of growth factors to start the therapeutic
effect immediately after implantation, which is especially relevant in the
case of diabetic wounds characterized by impaired growth factors
availability (Kavitha, 2014; Pino-Sedeno et al., 2019). Then, sustained
release rate might be useful to maintain the concentration of growth
factors in the wounded area for several days (Saghazadeh et al., 2018).

Regarding individual growth factors release, VEGF was rapidly
delivered showing the maximum at 24 h, with 18.6 + 4.8 pg VEGF
released per mg of CMC-PRP scaffold (Fig. 5B). During normal healing
VEGF secretion is elevated in the first 2-3 days to stimulate angiogen-
esis, vasodilation, endothelial cell migration and proliferation, and
collagen deposition (Bao et al., 2009). However, VEGF secretion in
diabetic wounds is very limited, which contributes to chronification
(Babaei et al., 2017; Bao et al., 2009). The delivery of significant con-
centrations of VEGF during the initial hours of treatment in diabetic
wounds, as observed for CMC-PRP scaffolds, could positively impact the
healing by promoting chemotaxis and angiogenesis.

Differently, TGF-p1 was sustainedly released over 7 days (Fig. 5C).
By the end of the study, the amount of TGF-p1 released was 821.1 +
405.2 pg per mg of CMC-PRP scaffold. Compared to VEGF, TGF-p1 is
significantly involved in all the stages of wound healing promoting the
formation and organization of granulation tissue; thus, sustained release
at the wound site is desired in order to stimulate the regeneration
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Fig. 5. Cumulative release of (A) total protein, (B) VEGF, and (C) TGF-f1 from CMC-PRP scaffolds in NaCl 0.9% at 37 °C.
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process (Liarte, Bernabé-Garcia, & Nicolads, 2020). Slower release of
TGF-p1 than of VEGF has also been reported for other PRP-containing
scaffolds (Diaz-Gomez et al., 2014) and may be related to structural
differences. VEGF has a molecular weight of 27,042 Da and pI 9.21,
while TGF-$1 molecular weight is 44,341 Da and the pI is 8.83 (Phos-
phoSitePlus® v6.5.9.3, 2021). Therefore, both growth factors are posi-
tively charged at physiological pH and can interact with CMC scaffold,
but the larger size of TGF-p1 may restrict the diffusion rate.

3.4. In ovo angiogenesis test

The high vascularity of the chorioallantoic membrane (CAM), which
is the extraembryonic membrane of the developing chick embryos, has
been extensively exploited to evaluate the angiogenic potential of a wide
variety of materials (Azzarello, Thnat, Kropp, Warnke, & Lin, 2007;
Merckx et al., 2020). A high number of vascular vessels developed
radially from CMC-PRP (96 =+ 15) scaffolds as well as from activated PRP
deposited directly on the CAM (positive control, 103 + 11) (Fig. 6). CMC
scaffolds also promoted a significant vascularization (55 + 23). The
integration of CMC and CMC-PRP scaffolds in the CAM was remarkable
after 5 days of incubation, with numerous blood vessels penetrating
throughout their macroporous structure. Angiogenesis is a main pillar of
wound healing (Veith, Henderson, Spencer, Sligar, & Baker, 2019), and
PDGF and VEGF contained in PRP may synergistically facilitate neo-
vascularization when released from dressings (Diaz-Gomez et al., 2014;
Kano et al., 2005; Nour, Imani, Chaudhry, & Sharifi, 2021).

3.5. Cell proliferation and migration

A scratch assay was carried out with MSCs seeded in the migration
chambers (p-dishes) and incubated in complete medium (negative
control) or in release medium from CMC or CMC-PRP scaffolds (24 h
release at 37 °C). Wound closure percentage was calculated from the
initial gap length after 6 and 24 h (Fig. 7). CMC and CMC-PRP release
media reduced the gap significantly faster than the negative control. At
24 h, wound closure was almost complete in CMC and CMC-PRP treated
cells, which confirmed that both CMC and PRP enhanced by themselves
cell migration. This finding agrees with previous in vivo tests (rabbit
cornea) showing that CMC induces cell migration (Garrett et al., 2007).
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Fig. 6. Formation of blood vessels radially growing in the CAM where (A) PRP,
(B) CMC or (C) CMC-PRP scaffolds were deposited and incubated for 5 days.
Different letters denote significant differences (p < 0.05; n = 5).
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Differently, only CMC-PRP scaffolds significantly increased MSCs pro-
liferation at 48 and 96 h (p < 0.05). The ability of PRP to promote MSCs
and fibroblast migration and proliferation has been effectively used to
promote tissue regeneration (Devereaux et al., 2020; Qian et al., 2020).

3.6. In vivo wound healing

Wound healing performance of the CMC and CMC-PRP scaffolds was
evaluated in vivo in a full-thickness wound diabetic rat model that
mimics the effect of the imbalanced concentrations of glucose and in-
sulin on recurrent ulcers (Ansell et al., 2018; Qian et al., 2020). Full-
thickness skin wounds (8 mm) were generated on the back of diabetic
rats, and the CMC or CMC-PRP scaffold was applied only once, at time 0,
without replacement. Untreated wounds were used as control and the
wound closure rate was monitored on days 3, 7, 10 and 14 (Fig. 8 A,B).

Daily inspections of the wounds (facilitated by the transparency of
the scaffolds in the first days and gel erosion along time; Fig. 8B)
confirmed no signs of inflammation or infection in any group during the
14-day treatment period. CMC-PRP scaffolds significantly reduced the
size of the wounds after 3 and 7 days of treatment, compared to un-
treated wounds (Fig. 8A; p < 0.05). After 3 days, wounds treated with
CMC and CMC-PRP scaffolds showed a wound closure rate of 44.1 +
9.7% and 50.2 + 12.2%, respectively, while the closure rate in the
control group was 35.8 + 13.1% (n = 7; p < 0.02). On day 7, CMC and
CMC-PRP treated wounds were less than 50% of the initial size (closure
rates 58.0 + 12.3% and 62.8 + 14.7%, respectively) (n = 7; p < 0.006;
statistically different with respect to control). On day 10, the closures
rates were approx. 75%. By the end of the study, CMC-PRP treated
wounds presented the highest closure (88.6 + 4.7%).

The effect of the wound dressings on the re-epithelialization of the
tissue was evaluated using hematoxylin and eosin staining, which
revealed the presence of granulation tissue in the wound bed in all
groups on day 3 of wound treatment (Fig. 9 and S4). In the control group
the dermis was not completely repaired on day 14, while epidermis
appeared as completely repaired at day 14 (falsely closed). CMC-PRP
scaffolds promoted the formation of an epithelial layer already at day
3 after wound infliction and the regenerated dermis was significantly
thicker than in the control group. Wounds treated with CMC scaffolds
developed a continuous epidermal layer that was evident on day 7 and
displayed an enhanced dermis formation, although the extension of the
dermis layer was not as pronounced as with CMC-PRP scaffolds. Overall,
wounds treated with CMC and, in a higher extent, CMC-PRP scaffolds
benefited from a faster migration of cells involved in the regeneration.
Rapid wound healing have also been found for other PRP-loaded poly-
meric platforms (Qian et al., 2020; Yassin et al., 2019), but it is evi-
denced here for first time for CMC solely scaffolds.

Immunohistochemical analysis was also carried out to evaluate the
efficiency of tissue regeneration. Vascularization was evaluated by
immunofluorescent staining of the newly formed vessels using an anti-
CD31 antibody, an endothelial cell marker (Fig. S5). On days 7 and
14, wounds treated with CMC-PRP scaffolds presented the highest
amount of blood vessels (p < 0.05; Fig. 9B), which can be attributed to
the presence of VEGF in the PRP. Also, porosity and pore inter-
connectivity may have contribute to angiogenesis and vascular ingrowth
of scaffolds (Chiu et al., 2011; Lee, Parthiban, Jin, Knowles, & Kim,
2021).

The ability of CMC and CMC-PRP scaffolds to promote cell prolifer-
ation was examined by analyzing the expression of PCNA, a cell
proliferation-specific protein. The highest PCNA-positive cell concen-
tration was found in wounds treated with CMC-PRP scaffolds, suggesting
a high proliferation rate in the wound region since the early days of
treatment (Fig. S6 and 9C). CMC group also showed a positive effect on
the stimulation of cell proliferation compared to control group on days 3
and 7, suggesting that CMC scaffolds promoted a faster proliferation rate
in vivo. On day 14, the concentration of PCNA positive cells increased in
all groups, but significant differences were still observed between the
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CMC-PRP group and the control group, which can be attributed to the
generation of an environment rich in growth factors and the upregula-
tion of the expression of growth factors involved in the proliferation of
epidermal cells (Tsai et al., 2017; Xu et al., 2020). Nevertheless, syn-
ergism between PRP and CMC could not be discarded.

4. Conclusion

3D printed porous scaffolds were successfully prepared by extrusion
printing using a storable, ready-to-use CMC ink. Dispersions prepared
with 15%w/v CMC and citric acid (20% with respect to CMC) showed
adequate rheological properties for 3D printing without the need of
additional components. Moreover, freeze-drying and heating at 7 min at
120 °C rendered scaffolds that exhibited an adequate balance between
swelling behavior (exudate uptake) and flexural properties. CMC scaf-
folds were shown able to induce angiogenesis in ovo and to favor MSCs
migration in vitro; these performances being reinforced when the scaf-
folds were soaked in PRP after printing (CMC-PRP scaffolds). Interest-
ingly, the scaffolds could be loaded with patient-specific PRP
immediately before use becoming transparent, which enables a direct

monitoring of the healing of the tissue underneath. In the diabetic
wound model, a single application of the CMC scaffold promoted effi-
cient dermis and epidermis healing facilitating wound contraction,
which confirmed the effect of CMC on cells migration and proliferation
even in challenging wounds. The capability of CMC scaffolds to regulate
the release of growth factors from PRP can be seen as an additional
advantage for accelerating the tissue regeneration. The regulatory status
of CMC as component of drug products and medical devices may facil-
itate the translation of these scaffolds to the clinical arena.
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