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A B S T R A C T   

Efficient wound treatments to target specific events in the healing process of chronic wounds constitute a sig
nificant aim in regenerative medicine. In this sense, nanomedicine can offer new opportunities to improve the 
effectiveness of existing wound therapies. The aim of this study was to develop catechol bearing polymeric 
nanoparticles (NPs) and to evaluate their potential in the field of wound healing. Thus, NPs wound healing 
promoting activities, potential for drug encapsulation and controlled release, and further incorporation in a 
hydrogel bioink formulation to fabricate cell-laden 3D scaffolds are studied. NPs with 2 and 29 M % catechol 
contents (named NP2 and NP29) were obtained by nanoprecipitation and presented hydrodynamic diameters of 
100 and 75 nm respectively. These nanocarriers encapsulated the hydrophobic compound coumarin-6 with 70% 
encapsulation efficiency values. In cell culture studies, the NPs had a protective effect in RAW 264.7 macro
phages against oxidative stress damage induced by radical oxygen species (ROS). They also presented a regu
latory effect on the inflammatory response of stimulated macrophages and promoted upregulation of the vascular 
endothelial growth factor (VEGF) in fibroblasts and endothelial cells. In particular, NP29 were used in a hydrogel 
bioink formulation using carboxymethyl chitosan and hyaluronic acid as polymeric matrices. Using a reactive 
mixing bioprinting approach, NP-loaded hydrogel scaffolds with good structural integrity, shape fidelity and 
homogeneous NPs dispersion, were obtained. The in vitro catechol NPs release profile of the printed scaffolds 
revealed a sustained delivery. The bioprinted scaffolds supported viability and proliferation of encapsulated L929 
fibroblasts over 14 days. We envision that the catechol functionalized NPs and resulting bioactive bioink pre
sented in this work offer promising advantages for wound healing applications, as they: 1) support controlled 
release of bioactive catechol NPs to the wound site; 2) can incorporate additional therapeutic functions by co- 
encapsulating drugs; 3) can be printed into 3D scaffolds with tailored geometries based on patient requirements.   

1. Introduction 

Wound healing is a complex process that involves the interaction of 
different cell types, the presence of bioactive molecules and a matrix 
scaffold to support regeneration of the damaged tissue. Several disease 
conditions, such as diabetes, can impair healing and lead to chronic 
wounds, which are especially difficult to heal, and represent an impor
tant global healthcare problem [1–4]. At present, existing wound 
dressings such as films, hydrogels, foams or wafers can be found to assist 
the healing process in chronic wounds; and synthetic drugs can be 

administrated such as silver sulfadiazine to avoid bacterial infection. 
However, the development of efficient wound dressings to target spe
cific events in the healing process without side effects is still necessary 
and constitutes a significant target in regenerative medicine [1,5,6]. 

In this sense, the cutting-edge nanomedicine offers new possibilities 
to improve the effectiveness of existing wound therapies. For example, 
incorporation of bioactive and/or drug loaded nanocarriers in wound 
dressings can provide additional wound healing benefits. Numerous 
nanocarriers have been used to enhance the drug therapeutic efficacy 
including liposomes, polymeric, inorganic or lipid nanoparticles (NPs), 
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nanofibrous structures and nanohydrogels [7–10]. In particular, poly
meric NPs have provided good thermodynamic stability, high efficiency 
as drug carriers, ability to enhance solubilization of hydrophobic drugs 
and protection against environmental degradation [11–16]. Specially, 
NPs capacity to provide a localized sustained drug release and subse
quently diminish their dose-related toxicity has achieved considerable 
attention in wound healing therapies [17,18]. 

Catechols are benzene derivatives with recognized antioxidant and 
anti-inflammatory activities [19,20]. Our group and others have 
demonstrated that catechol derived polymers can support healing in 
chronic wounds by providing successful scavenging of ROS (reactive 
oxygen species), mitigating the inflammatory response and facilitating 
the neovascularization [19–24]. Catechol bearing polymeric NPs have 
attracted much attention as nanocarriers since they can provide sus
tained drug release while reducing the side effects of several anticancer 
drugs or antimicrobials [25–27]. Thus, the use of catechol bearing 
nanocarriers to provide a controlled local drug administration while 
enhancing the bioactivity of the system can be of great interest for 
advanced wound healing applications. 

Polymeric NPs have been increasingly combined with other bioma
terial matrices to obtain hybrid systems with unique physicochemical 
and biological properties that cannot be accomplished individually. For 
instance, the integration of antimicrobial loaded polymeric nano
particles into different hydrogel matrices has shown a great promise to 
support local treatment of bacterial infections [25,28–30]. The intrinsic 
properties of hydrogels are favorable for the wound healing process 
[31–33], however, hydrogel wound dressings are not customizable to 
fulfil specific conditions [34]. Hydrogel precursors can be processed by 
3D bioprinting technology (bioinks) to develop 3D printed scaffolds 
with tailored geometries based on patient requirements that support cell 
encapsulation and contribute to enhance wound dressings efficiency 
[35–39]. Cell therapy has emerged as a promising modality to enhance 
the wound healing process and restore the damaged tissue by modu
lating the immune response and promoting angiogenesis [40,41]. Cell 
loaded 3D bioprinted hydrogel scaffolds of varying porous and multi
layered designs are promising constructs to support the proliferation of 
therapeutic cells. Beyond scaffold design, 3D bioprinting facilitates 
automation and standardization of the fabrication process, and provide 
flexibility in the choice of design, materials, therapeutic agents, control 
over the formulation doses, and release rate can be tailored in response 
to patient requirements [34,42,43]. 

The aim of this work is to develop bioactive catechol functionalized 
polymeric NPs and subsequently design hydrogel bioprinted scaffolds 
with a controlled NPs release for wound healing purposes. Thus, cate
chol bearing polymeric NPs with 2 and 29 mol% contents (named NP2 
and NP29 respectively) are presented. Their capacity to encapsulate 
hydrophobic drugs and act as nanocarriers with controlled pharmaco
kinetic profile is studied along with their antioxidant, anti-inflammatory 
and neovascularization properties coming from the presence of catechol 
moieties in their structure. The NP29 are further used as active ingre
dient in the formulation of an advanced hydrogel bioink using printable 
mixtures of the polysaccharides carboxymethyl chitosan (CMCh) and 
hyaluronic acid (HA) loaded with fibroblasts. A reactive 3D bioprinting 
methodology recently developed by our group is used to fabricate cell- 
laden NP-3D hydrogel scaffolds with tailorable geometry and particle 
distribution [44]. The proposed bioprinting approach has several ad
vantages in 3D extrusion bioprinting: (i) in situ crosslinking provides 
appropriate structural integrity to maintain the printed shape, so there is 
no need for additional crosslinkers that can be cytotoxic; (ii) it avoids 
postprinting cell seeding, neutralization or washing steps; and (iii) it 
allows the use of low viscosity starting solutions, which decreases shear 
stress in encapsulated cells. Finally, the properties of the as-obtained 3D 
scaffolds are described. The localized NPs release to the wound site is 
expected to enhance bioactivity by the regulation of the radical oxygen 
species (ROS) production, control of the constant activation of the in
flammatory response, facilitation of the neovascularization, and 

consequently, cell proliferation and tissue modeling. We expect that this 
biologically active bioink opens a possibility to engineer 3D scaffolds 
with enhanced therapeutic performance and potential for the treatment 
of chronic wounds. 

2. Experimental 

2.1. Materials 

3,4-Dihydroxyhydrocinnamic acid (hydrocaffeic acid, Sigma- 
Aldrich), thionyl chloride (Scharlau), N,N-dimethylformamide (DMF) 
(Scharlau), toluene (Merck), dimethyl sulfoxide (DMSO) (Scharlau), N- 
vinylcaprolactam (Sigma-Aldrich), 1,4-dioxane (Panreac), triethyl
amine (Scharlau), ethanol (VWR Chemicals), carboxymethyl chitosan 
(Chitoscience, 85–90% degree of deacetylation, viscosity = 5–300 
mPas), sodium hyaluronan (HA) (Mw ~ 1.5–1.8 × 106 Da, Sigma 
Aldrich,), sodium periodate (NaIO4) (Alfa Aesar), ethylene glycol 
(Sigma), hydroxylamine (Sigma-Aldrich), iron chloride (III) (Sigma- 
Aldrich), phosphate buffered saline solution (PBS) (10 mM pH 7.4, 
Gibco), esterase from porcine liver (Sigma-Aldrich), acetone (Scharlau), 
coumarin-6 (Sigma-Aldrich), and tween 80 (Fluka), were used as 
received. 2-Hydroxyethyl methacrylate (Sigma-Aldrich) was previously 
purified according to the literature [45]. Azobisisobutyronitrile (AIBN) 
(Sigma-Aldrich) was crystallized in methanol (Sigma-Aldrich) prior to 
use. Oxidized sodium hyaluronan (HAox) was prepared as reported 
elsewhere [46], with a final oxidation degree of 48 ± 3.2% [47]. 

2.2. Preparation of catechol bearing NPs 

Catechol containing terpolymers were obtained by conjugation of 
the chloride derivative of hydrocaffeic acid to copolymers of N-vinyl
caprolactam and 2-hydroxyethyl methacrylate following a previously 
described protocol [19]. Terpolymers with catechol molar fractions of 2 
and 29% (Fig. 1a) were obtained, as quantified by UV spectroscopy 
(Fig. S1). These catechol derivatized terpolymers will be designated as 
T2 and T29 respectively regarding their catechol composition. Catechol 
functionalized NPs were obtained by self-assembly of the amphiphilic 
T2 and T29 by nanoprecipitation. Briefly, the terpolymer was dissolved 
in ethanol/acetone 1:1 at 5 mg/mL and the solution was added dropwise 
into 0.003 M NaCl aqueous solution under continuous stirring, without 
addition of surfactant. The mixture was stirred at r.t. for 24 h in order to 
remove the organic solvent and the final NPs concentration was 1 mg/ 
mL. NPs suspensions were sterilized by filtration through 0.22 μM poly 
(ether sulfone) membranes (PES, Millipore Express, Millex GP) and 
stored at 4 ◦C until used. The NPs are designated by the catechol 
composition as NP2 and NP29 in the following sections. 

NPs were loaded with the model drug coumarin-6 (C6) during the 
nanoprecipitation. Briefly, the terpolymer and C6 were dissolved in 
ethanol/acetone 1:1 (5 mg/mL polymer and 2 wt-% C6 with respect to 
the polymer content) and the solution was added dropwise into 0.003 M 
NaCl aqueous solution under continuous stirring. The mixture was 
stirred at r.t. for 24 h. NPs suspensions were sterilized by filtration 
through 0.22 μM PES membranes and stored at 4 ◦C until used. These 
loaded NPs are designated as C6NP2 and C6NP29 (for NP2 and NP29, 
respectively). 

2.3. NPs characterization 

2.3.1. Particle size distribution and zeta potential 
The particle size distribution and zeta potential (ξ) of the NPs were 

determined by Dynamic Light Scattering (DLS) and laser Doppler elec
trophoresis (LDE) respectively, using a Malvern Nanosizer NanoZS In
strument at r.t. NPs suspensions at 1 mg/mL were used. The statistical 
average and standard deviation of mean hydrodynamic diameter (Dh) 
and particle dispersion index (PDI) were calculated from 6 measure
ments of 11 runs, while the zeta statistical average and standard 
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deviation were calculated from 6 measurements of 20 runs each. The 
morphology of the nanostructures was characterized by Scanning Elec
tron Microscopy (SEM) using a Hitachi SU8000 TED, cold-emission FE- 
SEM microscope (accelerating voltage 2 kV) at 0.02 mg/mL concen
tration. The stability of aqueous NPs suspensions was studied by storing 
them at 4 ◦C and characterizing the Dh, PDI and ξ at different time 
points: 1 day, 1 week and 3 weeks. 

2.3.2. C6 encapsulation efficiency and release 
To calculate the encapsulation efficiency (EE) of C6 in the C6NP2 or 

C6NP29, water suspensions of NPs were freeze-dried and NPs dissolved 
in ethanol/acetone 1:1 mixture for 12 h. Samples were analyzed by UV 
at 450 nm using a NanoDrop One spectrophotometer (Thermo Scientific, 
Spain). A calibration curve of C6 in ethanol/acetone 1:1 was measured, 
from which the absorbance of the corresponding non-loaded NPs sus
pension was subtracted. EE was calculated as the percentage ratio be
tween C6 concentration detected experimentally and the initial C6 
concentration added during the nanoprecipitation. A minimum of three 
replicates were performed, and results given as mean ± SD. 

Esterase-mediated release kinetic of C6 from the NPs was analyzed 
by adding 15 u/mL esterase to 4 mL of C6NP2 or C6NP29 water sus
pensions and dialyzing (membrane molecular weight cutoff, 3.5 kDa) 
against 15 mL of 0.5% Tween 80 aqueous solution at 37 ◦C. At different 
time points (1, 4, 7, 14 and 21 days), 1 mL of the dialyzing medium was 
withdrawn and replenished by fresh medium. The absorbance of sam
ples was analyzed by UV at 450 nm using NanoDrop One spectropho
tometer. C6 release was calculated by interpolation in the calibration 
curve of C6 in the same solvent (0.5% tween 80 aqueous solution) after 
subtraction of the absorbance corresponding to NP2 or NP29. Release 

data were calculated as the percentage ratio of C6 concentration 
detected experimentally and the one loaded in the NPs. A minimum of 
three replicates of each composition were analyzed and results given as 
mean ± SD. 

2.4. NPs biological evaluation 

2.4.1. Cell culture 
Human dermal fibroblasts (HDF, Innoprot), murine RAW 264.7 

macrophages (ECACC, Sigma) and human umbilical vein endothelial 
cells (HUVEC, Innoprot) were used. HDF and RAW cells were cultured in 
Dulbecco's modified Eagle's medium (DMEM) supplemented with 4-(2- 
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) for HDF cells or 
sodium pyruvate (110 mg/L) for RAW 264.7 cells; 10% fetal bovine 
serum (FBS), 100 units/mL penicillin, 100 μg/mL streptomycin and 200 
mM L-glutamine. Endothelial cells were cultured in endothelial cell 
medium (ECM, Innoprot) supplemented with 5% FBS, 1% endothelial 
cell growth supplement and 1% penicillin/streptomycin solution. In
cubation was carried out at 37 ◦C, 95% humidity and 5% CO2. The 
culture medium was changed every two days. 

2.4.2. NPs cytotoxicity 
Cell viability was analyzed in the presence of different concentra

tions of NP2 and NP29. RAW 264.7 cells were seeded in a 96 well-plate 
at 2.5 × 105 cells/mL density and incubated overnight. The medium was 
replaced by the corresponding NPs solution (1:1 NPs suspension/DMEM 
to give final particle concentrations from 0.0156 to 0.5 mg/mL). After 
24 h of culture, cell viability was determined by Alamar Blue staining 
assay (Sigma-Aldrich) by measuring fluorescence at (Ex 530–560 nm/ 

Fig. 1. (A) Scheme of NPs preparation on the basis on T2 and T29 amphiphilic catechol functionalized terpolymers. (B) SEM images of NP2 and NP29. (C) Graph of 
the particle size distribution of NPs and the C6-loaded NPs obtained by DLS. (D) C6 esterase mediated cumulative release from C6NP2 and C6NP29. 
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Em 590 nm) using a Multi-Detection Microplate Reader Synergy HT 
(BioTek Instruments; Vermont, USA). A minimum of 6 replicates was 
analyzed for each composition. Results were normalized to the control 
(cells seeded without NPs) and expressed as a mean percentage of 
relative cell viability ± SD. Analysis of variance (ANOVA) using Tukey 
grouping method of the results for loaded and non-loaded NPs, and for 
NP2 and NP29 compositions at the concentrations from 0.0156 to 0.25 
mg/mL was performed at a significant level of *p < 0.05. 

2.4.3. Cell uptake of C6-loaded NPs 
Murine RAW 264.7 macrophages (ECACC, Sigma) were selected to 

investigate endocytosis of C6NP2 and C6NP29 systems. RAW 264.7 cells 
were seeded into a 96 well-plate at the density of 1 × 105 cells/mL in 
complete DMEM and incubated overnight. Afterward, the medium was 
replaced by the corresponding NPs solution 1:1 NPs suspension/DMEM 
to give final particle concentrations in the range of 0.0156 to 0.25 mg/ 
mL and incubated for 24 h. Then, cells were washed with PBS and fixed 
with paraformaldehyde solution in PBS (3.7 w/v %). Nuclei were 
stained with DAPI (Thermofisher) and fluorescence images were taken 
at 60× magnification using a microscope Nikon Eclipse TE2000-S with 
camera NikonDS-Ri2. 

2.4.4. NPs antioxidant activity 
Antioxidant properties of NP2 and NP29 were evaluated. For that, 

ROS quantification of RAW 264.7 macrophages in the presence of NP2 
and NP29 at different concentrations was carried out using 2′,7′- 
dichlorofluorescin diacetate (DCFH-DA), a nonfluorescent compound 
that becomes DCF (2′,7′-dichlorofluorescein) and emits fluorescence 
after being oxidized. RAW 264.7 were seeded at 2.5 × 105 cells/mL 
density and incubated for 24 h in complete medium. The medium was 
removed and replaced by the corresponding NPs solution 1:1 NPs sus
pension/DMEM to give final particle concentrations in the range of 
0.0156 to 0.25 mg/mL. After 24 h of culture, cells were washed 3 times 
with PBS and 100 μL of a 40 mM DCFH-DA in PBS were added to the 
cells. Cells were incubated at 37 ◦C for 30 min and washed with PBS 
another 3 times. Then, 100 μL of H2O2 solution in PBS (100 mM) were 
added to the wells. Well-plate was incubated for 15 min and fluores
cence was measured at 485 nm excitation/580 nm emission with a UV 
multiplate reader (Biotek Synergy HT, Winooski, VT, USA). Analysis of 
variance (ANOVA) using Tukey grouping method of the results for NP2 
and NP29 treated-cells was performed in comparison with the positive 
control of cells treated with H2O2 at significant levels of *p < 0.05, **p 
< 0.01 and ***p < 0.001. 

2.4.5. NPs anti-inflammatory behavior 
The anti-inflammatory activity of NP2 and NP29 nanoparticles was 

evaluated using the nitric oxide (NO) inhibitory assay [48]. RAW 264.7 
cells were seeded in 96-well plates at a density of 2.5 × 105 cells/mL and 
incubated at 37 ◦C for 24 h. Afterward, the medium was removed and 
replaced by the corresponding NPs solution 1:1 NPs suspension/DMEM 
to give final particle concentrations in the range 0.0156 to 0.25 mg/mL. 
After 24 h of culture, medium was removed again and 5 μg/mL of li
popolysaccharides from E. coli 055:B5 (LPS, Sigma) were added to half 
of the samples. These samples were incubated for next 24 h, either with 
or without LPS. NO concentration was determined by the Griess reaction 
[49,50]. Aliquots (100 μL) of supernatants were mixed with the Griess 
reagent (Sigma-Aldrich) (100 μL) and after 10 min, absorbance at 548 
nm was measured. A minimum of 6 replicates was analyzed and data 
were expressed as the percentage of NO production and cell viability and 
given as mean ± SD. Analysis of variance (ANOVA) using Tukey 
grouping method of the results for NP2 and NP29 treated-cells was 
performed in comparison with the positive control of cells treated with 
LPS at significant levels of *p < 0.05, **p < 0.01 and ***p < 0.001. Cell 
viability of RAW 264.7 cells in the presence of LPS and the different 
concentrations of NP2 and NP29 was evaluated in parallel by Alamar 
Blue staining assay as previously explained in this section. 

2.4.6. VEGF production quantification 
HDF were seeded into 12-well plates at 100,000 cells/mL. Cells were 

treated with serum-free medium for 2 h. Then, they were exposed to 
different concentrations of NP2 and NP29 prepared in serum-free me
dium (0.25, 0.125 and 0.0625 mg/mL) for 48 h. Then, medium super
natants were centrifuged for 1 min at 1400 r.p.m. and VEGF release was 
evaluated by ELISA experiment according to the manufacturer's in
structions (VEGF Human ELISA Kit, Invitrogen, Thermo Scientific). The 
cell viability was determined using trypsin and a cell counter (Innoprot) 
and results were normalized to 106 cells. Cells without NPs treatment 
were used as control. Analysis of variance (ANOVA) using Tukey 
grouping method of the results for NP2 and NP29 treated-cells was 
performed in comparison with the cells control at significant levels of *p 
< 0.05, **p < 0.01 and ***p < 0.001. 

VEGF release by endothelial cell lines seeded on the top of NPs 
loaded hydrogels was also evaluated. Hydrogels containing 1 mg/mL 
NP29, 2 wt-% CMCh, 4 wt-% HAox and 0.4 wt-% HA (denoted as 
CMChNP29/HAox-HA) were directly prepared in 12-well plates right 
before seeding. Hydrogels without NPs (denoted as CMCh/HAox-HA) 
were used as control. Endothelial cells in serum free medium were 
seeded on the top of the hydrogels at 300,000 cells/mL. After 48 h of 
culture, medium supernatants were centrifuged for 1 min at 1400 r.p.m. 
and VEGF release was evaluated by ELISA experiment according to the 
manufacturer's instructions. DNA content was analyzed by Picogreen 
assay of cells within the gels and results were normalized to 106 pg DNA. 
Analysis of variance (ANOVA) using Tukey grouping method of the re
sults for CMChNP29/HAox-HA sample was performed in comparison 
with CMCh/HAox-HA sample at significant levels of *p < 0.05, **p <
0.01 and ***p < 0.001. 

2.5. NP-hydrogel inks formulation and 3D printing 

A two-component ink containing NP29 was formulated and named 
CMChNP29/HAox-HA. Solution A contained 1 mg/mL NP29 suspension 
and 2 wt-% CMCh solution in PBS (pH = 7.4). Solution B contained 4 wt- 
% HAox and 0.4 wt-% HA in 0.1 M NaCl. For cell-laden scaffolds, L929 
fibroblasts (ATCC, Germany) were suspended in the bioink precursor 
solution A prepared in RPMI 1640 (Gibco) (instead of PBS). A cell 
concentration of 1 × 106 cells/mL was used. Bioink formulation without 
NPs (further denoted as CMCh/HAox-HA) was used as control. 

3D scaffolds were fabricated using a 3D Discovery printer (RegenHu, 
Switzerland) modified to adapt a static mixing tool (RegenHu, 
Switzerland) following a printing methodology previously described by 
our group [44]. Briefly, two 1 mL syringes (RegenHu, Switzerland) were 
loaded with the hydrogel precursors solutions A and B. They were 
simultaneously extruded by mechanical printer motor into the static 
mixing tool in a 1:1 volume ratio, where they were mixed and imme
diately began to crosslink. Finally, the crosslinked hydrogel was 
extruded through the needle giving a final NP29 concentration of 0.25 
mg/mL. 

A grid square design (12 × 12 mm, 1.5 mm interstrand distance) was 
used to fabricate two-layer scaffolds. Same architecture was used for all 
the experiments performed in this work. One sacrificial 4 cm line was 
printed before the scaffold for material homogenization in the static 
mixer. Scaffolds were printed onto glass cover slips using a print head 
movement speed of 15 mm/s and a plunger speed of 0.06 mm/s (resi
dence time of around 2.5 min), both processes were controlled by the 
software modified by RegenHu. A conical polyethylene needle with an 
inner diameter of 200 μm was used. A cytocompatible post-printing 
stabilization step was carried out by immersion of the printed scaf
folds in a 20 mM FeCl3 aqueous solution for 7 min [44]. 

2.6. Characterization of the inks and the printed scaffolds 

2.6.1. Rheological characterization 
Rheological measurements of the inks were performed using a 
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rotational rheometer (ARG2, TA Instruments). A parallel plate geometry 
was used, with sand-blasted plates of 25 mm diameter. Measurements 
were performed at 25 ◦C. A solution volume of 150 μL was used for each 
measurement, and measuring gap was predefined at 300 μm. Inks with 
and without NPs were analyzed. All experiments were performed at least 
in triplicate. 

The shear (G′) and loss modulus (G′ ′) were recorded in time sweep 
experiments during 5 min at 1 Hz and 1% oscillatory strain. 75 μL of the 
solution A (with or without NPs) was deposited on the lower plate of the 
rheometer, followed by deposition of 75 μL of the solution B on the top. 
Solutions were quickly mixed by pipetting and compressed between the 
measuring plates. The gelation time, defined at the crossover point of G′

and G′ ′, was extracted from the rheology curves. Each sample was 
measured three times and the average gelation time value calculated. 
Frequency sweep (1–300 Hz) experiments at 1% strain were performed 
for CMChNP29/HAox-HA and CMCh/HAox-HA hydrogels. The viscosity 
of the hydrogels was also determined in a rotational flow sweep 
experiment at increasing shear rates from 0.2 to 500 1/s right after 
hydrogel formation. 

2.6.2. Morphological evaluation of 3D printed scaffolds 
The printed scaffolds were inspected and imaged with an optical 

microscope (Nikon SMZ800N, Germany) and camera (Samsung 13MPx). 
The surface morphology was analyzed with Multimode AFM (Veeco 
Instruments). 

2.6.3. In vitro stability of the printed scaffolds 
In vitro swelling and degradation assays were performed in physio

logical conditions (PBS pH = 7.4 at 37 ◦C) for CMChNP29/HAox-HA and 
CMCh/HAox-HA printed scaffolds. For swelling experiments, freshly 
printed two-layers scaffolds were weighed (Wd) and incubated in 3 mL 
of PBS for 0.5, 1, 4 and 18 h. At each time point, scaffolds were removed 
from PBS, carefully dried with tissue paper, and weighed again (Wt). The 
water uptake was calculated using the following equation: 

Water uptake (%) = [(Wt–Wd)/Wd ] × 100 

For degradation analysis, scaffolds were dried at 60 ◦C, weighed (W0) 
and incubated in PBS for different times (1, 4, 7, 14 and 28 days). At the 
specific time points scaffolds were washed with distilled water, dried at 
60 ◦C, and weighed again (Wt). Weight loss was calculated at each time 
gravimetrically and weight remaining of the samples was defined as 
following equation: 

Weight remaining (%) = [1 − (W0 − Wt)/W0 ] × 100 

A minimum of four replicates of each sample was analyzed for the 
experiments and results given as mean ± SD. Surface morphology of 
printed scaffolds after incubation in PBS for 1 to 28 days was qualita
tively analyzed by optical microscope Nikon Eclipse TE2000-S with 
camera NikonDS-Ri2 (Nikon SMZ800N, Germany). 

2.6.4. In vitro NPs release kinetics from the printed scaffolds 
The release of NP29 nanoparticles from the two-layer printed scaf

folds was evaluated. The release of NP29 from solvent-casted hydrogel 
films with the same composition was also measured for comparison 
purposes. Freshly printed scaffolds (or casted films) were immersed into 
3 mL of PBS pH 7.4 and stored at 37 ◦C. At different time points (1, 4, 7 
and 14 days), catechol NPs concentration was quantified by measuring 
the absorbance of the PBS at the maximum absorbance wavelength of 
the catechol (280 nm) using a NanoDrop One (Thermo Fisher Scientific). 
A calibration curve of hydrocaffeic acid in PBS was used, and the cu
mulative release percentage was calculated for each sample. A minimum 
of 4 replicates was analyzed for each time point and results given as 
mean ± SD. 

2.7. Biological evaluation of bioprinted scaffolds 

2.7.1. Cell cultures 
L929 Fibroblasts were cultured in RPMI 1640 phenol red free me

dium (Gibco, 61870-010) supplemented with 20% fetal bovine serum 
(FBS, Gibco, 10270), 200 mM L-glutamine and 1% penicillin/strepto
mycin (Invitrogen). Incubation was carried out at 37 ◦C, 95% humidity 
and 5% CO2. The culture medium was changed every two days. 

2.7.2. Live dead assay of bioprinted scaffolds 
Cell viability of L929 fibroblasts within the NP-loaded hydrogel 

scaffolds was evaluated after bioprinting using fluorescein diacetate 
(FDA, Sigma-Aldrich) and propidium iodide (PI, Sigma Aldrich) stain
ings to detect live and dead cells, respectively. L929 fibroblasts encap
sulated in bulk hydrogel (no printing) after 1 day of culture were used as 
control. Stabilization step with Fe3+ (explained in Section 2.5) was 
performed for both printed and non-printed formulations. At different 
time points of culture (1, 4, 7 and 14 days) scaffolds were washed with 
PBS and incubated with FDA (20 μg/mL) and PI (6 μg/mL) for 10 min at 
r.t. Samples were washed 3 times with PBS and fluorescence images 
were taken with Nikon Ti-Ecllipse microscope (Nikon Instruments 
Europe B.V., Germany). To calculate the percentage of viable cells, live 
and dead cells were quantified in a minimum of 5 images for 3 inde
pendent samples using the Image-J software. Analysis of variance 
(ANOVA) using Tukey grouping method of the results for printed scaf
folds at different time points, was performed in comparison with the 
non-printed sample at significant levels of *p < 0.05, **p < 0.01 and 
***p < 0.001. 

2.7.3. Immunostaining of bioprinted scaffolds 
Immunostaining of the printed scaffolds was carried out at different 

times of culture (1, 4, 7 and 14 days). At each specific time point, cells 
were fixed with PFA 3.7% w/v for 15 min, permeabilized with 0.5% 
Triton-X 100 in PBS for 15 min and blocked with 0.1% Triton-X 100 and 
5% w/v BSA (PBST solution) for 20 min. Scaffolds were incubated in 
1:1000 vinculin rabbit antibody (Thermofisher) for cytoskeleton label
ing and 1:200 Alexa fluor-546 Phalloidin (Thermofisher) for focal 
adhesion staining in PBST at r.t. for 1 h. Samples were rinsed 3 times 
with PBST and incubated with secondary antibody Alexa flour-488 goat 
antirabbit (Thermofisher, 1:500 dilution) to stain cytoskeleton. They 
were rinsed twice with PBST, incubated with 1:1000 DAPI (Thermo
fisher) in PBS for 20 min for nuclei staining, and rinsed twice in PBS. 
Finally, fluorescence imaging was carried out using a Zeiss LSM 880 
confocal microscope, and fluorescence images of nuclei staining with 
DAPI were taken at 2× magnification using a microscope Nikon Eclipse 
TE2000-S with camera NikonDS-Ri2. 

2.7.4. Alamar Blue staining assay of bioprinted scaffolds 
Alamar Blue staining assay was carried out to quantify cell prolif

eration of L929 fibroblasts within the printed scaffolds over a 14-days 
period by measuring fluorescence at Ex 530–560 nm/Em 590 nm 
using a Multi-Detection Microplate Reader Synergy HT (BioTek In
struments; Vermont, USA). A minimum of 6 replicates of 4 independent 
samples was analyzed for each scaffold composition. Results were 
normalized to the control (hydrogel without NPs after 1 day of culture) 
and expressed as the mean percentage of relative cell viability ± SD. 
Analysis of variance (ANOVA) using Tukey grouping method of the re
sults for CMChNP29/HAox-HA sample was performed in comparison 
with the CMCh/HAox-HA control sample at significant levels of *p <
0.05, **p < 0.01 and ***p < 0.001. 

3. Results and discussion 

3.1. Preparation and characterization of catechol NPs 

Amphiphilic terpolymers were obtained by free radical 
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copolymerization of an acrylic and a vinyl monomer, and the subsequent 
post-synthesis conjugation with hydrocaffeic acid to introduce long-arm 
catechol side groups in the polymer chain [19]. Terpolymers with 
different catechol compositions, i.e. 2 and 29 M %, were obtained and 
used in this study. The different reactivity ratios of the monomers N- 
vinylcaprolactam and 2-hydroxyethyl methacrylate (previously studied 
by Jansen et al.) [51] lead to the formation of copolymers with a 
gradient distribution of monomeric sequences [20]. This architecture 
along with the conjugation of the catechol side groups provided ter
polymers with an appropriate hydrophilic/hydrophobic balance to self- 
assemble into core-shell nanoparticles in aqueous media (Fig. 1A). 
Spherical and monodispersed nanoparticles were imaged by SEM 
(Fig. 1B) giving mean particle sizes of 81.3 ± 0.8 nm for NP2 and 69.0 ±
1.0 nm for NP29. DLS analysis of NPs aqueous suspensions revealed 
narrow, unimodal size distributions (Fig. 1C) with mean hydrodynamic 
diameters (Dh) of 109 ± 6.6 nm for NP2 and 72 ± 8.7 nm for NP29 
(swollen) and low PDI values (Table 1), indicating that homogeneous 
populations were obtained. The particle sizes obtained by DLS differed 
from those observed by SEM. This can be explained by the fact that SEM 
measurements were performed for NPs in the dry state, whereas DLS 
provided the hydrodynamic diameter of NPs in water. Zeta potential 
values of − 20.8 ± 2.1 and − 24.9 ± 1.1 mV were obtained for NP2 and 
NP29 respectively (Table 1), which were negative enough to ensure 
stability. The difference in the negative surface charge of the NPs sug
gests the catechol groups are located at the surface of the NPs. The 
exposure of the catechol groups is expected to positively contribute to 
the beneficial bioactive properties of the NPs [21,52,53]. Aqueous dis
persions of NP2 were stable in the medium until 3 weeks of storage at 
4 ◦C, as depicted by the relatively low increase in the Dh and zeta po
tential values during storage time (Table S1). However, NP29 showed 
macroscopic aggregates after 3 weeks. This fact can be probably due to 
an “auto-oxidation” process of the catechol groups located at the sur
face, as previously explored by other groups [54,55]. 

The capability of the NPs to entrap hydrophobic compounds was 
tested using coumarin-6, frequently used as a model hydrophobic drug 
and a fluorescent tracer to study the cellular uptake of loaded NPs [56]. 
C6 was added to the solution during nanoprecipitation. The amount of 
C6 loaded and the release profile of the C6-loaded NPs (C6NP) were 
evaluated. C6 encapsulation into the core during the self-assembly 
process was successful and EE values were around 70% for both NPs 
compositions (Fig. 1C and Table 1). It can be observed that C6 loading 
caused a slight increase in the diameter of the NPs. C6 release from the 
NPs was studied in vitro by an esterase-mediated dialysis method. The 
release kinetics (Fig. 1D) showed sustained release with zero order ki
netics during the first 14 days and exponential release for longer periods. 
An initial sustained release is a very important feature for drug delivery, 
as a premature release can result in dangerous side effects and low 
effectiveness of the therapy [57]. We conclude that NP2 and NP29 could 
act as nano-vehicles to carry hydrophobic drugs that can be cytotoxic 
when administered systemically (not locally), such as curcumin [58], 
melatonin [59], amphotericin B [9] and other anti-inflammatory or 
antimicrobial drugs, beneficial for the treatment of skin injures [60]. 

3.2. Biological behavior of catechol NPs 

Bioactive properties of the catechol functionalized NPs of potential 
relevance for wound care management were evaluated in in-vitro 
studies. RAW 264.7 macrophage cell line was chosen, since macro
phages have a key role in the regulation of the inflammatory reaction of 
chronic wounds [61]. Fluorescent C6 is used to trace the cellular uptake 
of the C6NPs by RAW264.7 macrophages. Fig. 2A shows images of the 
cells exposed to different concentrations of C6NPs after 24 h of culture. 
Green fluorescent NPs of both compositions (C6NP2 and C6NP29) were 
observed inside the cells. NPs uptake by the cells was observed already 
at the lowest NPs concentration (0.0156 mg/mL). These results 
corroborate that NP2 and NP29 are internalized by cells, presumably by 
endocytosis process according to their size [62]. The cytotoxicity of C6- 
loaded and non-loaded NPs was also tested using macrophages line 
(Fig. 2B). High cell viability was observed at NPs concentrations <0.5 
mg/mL but it decreased to 70% for the highest tested concentration (0.5 
mg/mL) after 24 h of incubation. However, no significant differences 
were noticed comparing loaded and non-loaded NP, neither NP2 and 
NP29 compositions within the concentration range 0.0156–0.25 mg/ 
mL. 

A cellular based assay was carried out to evaluate the antioxidant 
properties of the catechol NPs [63–66], more specifically their capacity 
to reduce intracellular ROS production of macrophages previously 
subjected to oxidative stress with H2O2. Fig. 2C shows that addition of 
NP2 and NP29 to the cell culture at concentrations 0.125–0.25 mg/mL 
significantly decreased ROS production (compared to H2O2 treated 
macrophages without NPs). This reduction was more prominent in NP29 
treated samples, which were able to moderate ROS production at 
0.0625 mg/mL concentration. These results confirm that the antioxidant 
activity of catechol NPs is associated and increases with the catechol 
content in the terpolymer. ROS are continuously generated by cells as a 
normal metabolic byproduct [67,68]. In chronic wounds, ROS produc
tion generally exceeds the capability of the endogenous antioxidant 
defense [69–71]. This uncontrolled ROS overproduction induces 
oxidative stress, severe tissue damage and activates the inflammatory 
response [5,67,72,73]. Consequently, the wound remains in the in
flammatory phase for too long, which hinders tissue regeneration and 
healing [6,54,74]. At sight of the antioxidant activity of catechol groups, 
the sustained release of the catechol NPs embedded into a printed 
scaffold is expected to provide a continuous source of ROS scavenger to 
the wound, beneficial for the wound healing process. 

To assess the anti-inflammatory activity of the catechol NPs, the NO 
inhibitory assay was used. NO acts as an intermediary and regulator 
agent in inflammatory reactions [48,75]. NO reduction by the materials 
indicates their anti-inflammatory properties. The ability of uptaken NPs 
to inhibit NO production of macrophages exposed to the pro- 
inflammatory agent LPS was evaluated. NO production of LPS-treated 
macrophages with different cytocompatible concentrations of NPs, as 
well as the corresponding cell viability values are displayed in Fig. 2D. 
Both NPs formulations showed a NO inhibition effect in a dose-depended 
manner. NP2 were able to significantly reduce NO production from 0.25 
to 0.0625 mg/mL, compared to the positive control of LPS-treated 
macrophages without NPs. For NP29 formulation, significant NO inhi
bition was observed for concentrations from 0.25 to 0.0313 mg/mL. 
Therefore, NO inhibition of LPS-treated macrophages was more efficient 
for NP29 formulation, following a similar trend to that of the ROS 
production. These results indicate that the anti-inflammatory activity of 
NPs is related to the catechol composition, as previously reported 
[76–79]. There are two reported strategies through which catechol 
groups can reduce NO production: (1) by inhibiting the LPS signaling, 
and (2) by directly quenching the NO [77], which demonstrates the 
potential of catechol to mitigate inflammatory damage. The anti- 
inflammatory activity is especially desirable in the treatment of 
chronic wounds, when the inflammatory stage is too long and inhibits 
tissue regeneration [6,64,80]. 

Table 1 
Mean hydrodynamic diameter (Dh), polydispersity index (PDI) and zeta poten
tial (ξ) of nude and C6-loaded NPs, along with C6 encapsulation efficiency (EE) 
values.  

Sample Dh (nm) PDI ξ (mV) EE (%) 

NP2 109 ± 6.6 0.07 ± 0.02 − 20.8 ± 2.1 – 
C6NP2 153 ± 2.9 0.27 ± 0.04 – 66.1 ± 2.9 
NP29 72 ± 8.7 0.42 ± 0.07 − 24.9 ± 1.1 – 
C6NP29 107 ± 2.2 0.42 ± 0.06 – 74.5 ± 7.0  
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Angiogenesis or neovascularization plays a key role in regenerative 
processes. New blood vessel formation provides nutrients and oxygen 
supply, removes metabolic waste and reduces the risk of infection, 
essential for the reparation of damaged tissues [81–84]. However, rapid 
angiogenesis is still a challenge in skin regeneration [83,85]. The neo
vascularization process is usually induced by growth factors released by 
cells. Among them, vascular endothelial growth factor (VEGF) is the 
most potent angiogenic growth factor that plays a critical role in the 

regulation of wound angiogenesis [86–88]. In this study, the direct ef
fect of catechol nanoparticles on the in vitro VEGF expression of cells was 
examined. VEGF expression of 2D fibroblasts culture exposed to 3 con
centrations of NP2 or NP29 was evaluated (Fig. 3A). NP29 at 0.24 mg/ 
mL notably enhanced VEGF expression in fibroblasts. However, VEGF 
expression of fibroblasts treated with NP2 did not differentiate from the 
control. To further evaluate the effect of NP29 on the angiogenic pro
cess, endothelial cells were seeded on CMCh/HAox-HA and CMChNP29/ 
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HAox-HA hydrogels as a proof of concept, and VEGF secretion was 
analyzed by ELISA (Fig. 3B). VEGF production of endothelial cells in the 
NP-loaded hydrogel was significantly higher respect to the non-loaded 
hydrogel. These findings corroborate previous studies on the in vivo 
response of catechol containing IPN membranes reported by the authors, 
where catechol functionalized terpolymer/chitosan/hyaluronic acid 
hydrogels demonstrated to promote in vivo blood vessels formation [21]. 
They also align with reported observations of other authors that suggest 
a pro-angiogenic effect of catechol containing polymers. For example, 
Shin et al. [89] and Park et al. [90] demonstrated the enhanced in vivo 
angiogenesis capacity of stem cells encapsulated in hyaluronic acid de
rivatives functionalized with catechol groups, for the treatment of 
ischemic diseases. Also, Xu et al. showed the upregulating capacity of 
catechol/ε-poly-L-lysine polymers in an in-vivo full-thickness cutaneous 
wound model [91]. Therefore, we envision that catechol NPs integrated 
into hydrogel scaffolds could support the neovascularization process at 
the wound site by upregulating the expression of VEGF and, conse
quently, accelerating the proliferative stage of the healing process. 

3.3. 3D bioprinting of NP-loaded hydrogel bioink 

The flexibility of 3D bioprinting to produce scaffolds with different 
material, bioactive and cellular components provides new perspectives 
for wound healing therapies [43,92–94]. In this sense, we addressed the 
integration of catechol functionalized NPs into a hydrogel bioink loaded 
with L929 fibrobasts and the possibility to print 3D scaffolds. NP29 
formulation was selected for these studies because of its higher bioac
tivity observed in the previous section as consequence of its higher 
catechol content. A previously developed two component bioink based 
on the natural polysaccharides carboxymethyl chitosan (CMCh) and 
hyaluronic acid (HA) was used as hydrogel matrix [44]. The carbox
ymethyl modification makes CMCh soluble at neutral conditions and 
compatible with cell encapsulation, which avoids neutralization or 

washing steps commonly used for pure chitosan-based printing [95–97]. 
NP29 were added to the CMCh solution and an homogeneous dispersion 
of the NPs in the CMCh was obtained. The second component was a 
mixture of HA and HAox adequate to achieve similar viscosities of the 
two reactive components, which is essential for homogeneous mixing 
during the printing process [98,99]. The aldehyde groups of the HAox 
form Schiff-bases with the free amine groups of CMCh [46] to form a 
crosslinked network [21,100–102]. The reversible character of Schiff- 
bases is beneficial for printing, since dynamic crosslinking is expected 
to show shear thinning behavior. The final post-printing stabilization 
step carried out with FeCl3 provides additional crosslinking points to the 
network through Fe (III) coordination complexes with hyaluronic acid 
[103], increasing the long-term stability of the scaffold, as previously 
demonstrated [44]. 

A dual-syringe system with a static mixing tool was applied for 
bioprinting, which allows in situ crosslinking of the two-reactive com
ponents (Fig. 4A) [98,99]. Continuous printing at 15 mm/s printing 
speed and a corresponding residence time in the static mixer of around 
2.5 min was possible. Two-layer scaffolds (12 × 12 mm, 1.5 mm inter
strand distance) with a grid square design-were printed as a model 
structure (Fig. 4B). The scaffolds were mechanically stable and pre
sented smooth filaments of uniform thread dimensions (360 ± 34 μm 
diameter threads) (Fig. 4C). The microstructure of the thread surface 
studied by AFM (Fig. 4D) showed that NPs were uniformly distributed in 
the hydrogel framework and presented good integration with the 
hydrogel matrix, what can be attributed to the homogeneity of the 
bioink. 

Inks without cells were formulated and printed for rheological and in 
vitro characterization of inks and printed scaffolds and are described in 
Sections 3.4 and 3.5. 

Fig. 4. (A) Schematic illustration of the bioprinting methodology. (B) Camera picture of a two-layer grid square scaffold (12 × 12 mm, 1.5 mm interstrand distance) 
using CMChNP29/HAox-HA formulation. (C) Light microscopy pictures of dried scaffold (left) and scaffold in PBS (right) using CMChNP29/HAox-HA formulation. 
(D) AFM microscopy of scaffold strand surface printed using CMChNP29/HAox-HA and CMCh/HAox-HA formulations. 
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3.4. Rheological properties of the ink 

Time sweep experiments were performed to study the crosslinking 
kinetics of CMCh and HAox solutions in the presence or absence of the 
catechol NPs (Fig. 5A). The increase of G′ and G′′ with time is associated 
to the formation of Schiff base linkages in the system, what lead to a 
crossover point of G′ and G′′ that indicates the formation of a hydrogel 
network [104,105].A gelation time of 3.32 ± 0.53 min was observed for 
CMCh/NP29HAox-HA ink formulation. Gelation kinetics of this NP- 
loaded hydrogel was proved optimal for printing with a residence 
time of 2.5 min in the mixer. Gelation time obtained for CMCh/HAox- 
HA ink (3.65 ± 0.33 min) was in the same order of magnitude, and it 
was also suitable for printing. This indicates that the presence of the 
catechol NPs does not influence the viscosity of the bioink or impair the 
printing process within the conditions and geometries tested in this 
work. 

Frequency sweep experiments with the crosslinked ink (Fig. 5B) 
showed that storage modulus was higher than loss modulus within 
1–300 rad/s frequency range, which corroborates the formation of the 
hydrogel network. Frequency sweep plots with small slope were ob
tained for CMChNP29/HAox-HA and CMCh/HAox-HA formulations. 
This behavior usually correlates with weak hydrogels with shear thin
ning behavior [106]. The final storage modulus of NP-loaded hydrogel 
was slightly higher than the hydrogel without NPs. This effect can be 
attributed to the formation of electrostatic interactions between the NPs 
and the hydrogel network. However, the small difference implies that 
mainly the covalent crosslinking between hydrogel precursors 
contribute to the mechanical stability of the network. The hydrogels 
showed a final shear modulus G′ = 50–150 Pa at frequencies between 2 
and 300 rad/s, analogous to those published for cell-laden chitosan and 
hyaluronic acid hydrogels in other reports [99,101,107,108]. Results 
correspond to soft hydrogels, suitable for soft tissue regeneration [99]. 

Viscosity of the ink at increasing shear rate was investigated. Both 
formulations, CMCh/NP29HAox-HA and CMCh/HAox-HA, presented a 
shear-thinning behavior right after hydrogel formation, with a linear 
decrease in viscosity as the shear rate increased (Fig. 5C). The shear 
thinning behavior is a favorable characteristic for printing since ensures 
that hydrogel viscosity decreases under applied deformation facilitating 
the flow of the material during extrusion, and it increases when defor
mation ceases, enabling shape fidelity of the printed features [36,109]. 
The viscosity of both studied solutions was relatively low compared to 
air pressure-based extruded inks (in the range of 30 6 × 107 mPa) 
[92,93]. The presence of the NPs and their possible interactions with the 
hydrogel network did not affect viscosity values. Low viscosity of the ink 
and the shear thinning behavior contribute to the reduction of the shear 
stress to which cells are exposed during extrusion, which favors cell 

viability [36,110–112]. 

3.5. 3D printed scaffolds in vitro performance 

Swelling and degradation behavior of two-layer printed scaffolds of 
CMChNP29/HAox-HA and CMCh/HAox-HA (as control) formulations 
were analyzed. Fig. 6A shows that both hydrogel formulations presented 
similar swelling behavior in in vitro physiological conditions; a 
maximum swelling degree was obtained after 30 min of incubation 
(around 30%), and then swelling decreased and stabilized to reach the 
equilibrium state (around 5%) after 4 h. The presence of NPs in the 
hydrogel did not affect the swelling properties of the network. The 
degradation of the scaffolds was determined by monitoring the weight 
loss after different incubation times in physiological conditions 
(Fig. 6B). Both formulations presented a gradual degradation pattern 
with a remaining weight of about 60% within the first 6 days. However, 
after 28 days, degradation was relatively higher for the NPs loaded 
formulation (32 ± 9% of weight remaining) compared to the control (47 
± 12% of weight remaining). This effect might be attributed to the fact 
that the entrapped NPs establish interactions with the network influ
encing the degradation mechanism of the hydrogel matrix. Fig. 6C 
shows that scaffolds maintained their structural integrity after 28, 
though erosion signs can be appreciated in the optical microscopy 
visualization. 

Swelling and biodegradability are intrinsic properties of hydrogels 
relevant in the wound repair process [111,113,114] and directly related 
to the crosslinking of the network [113,115,116]. In this case, both 
stability and swelling of the printed scaffolds will be influenced by the 
Schiff base crosslinking of the polysaccharide matrix and the treatment 
with FeCl3 after printing, as previously demonstrated [44,117]. A 
moderate swelling range is observed for all scaffolds, which can be 
considered adequate for wound management since it can ensure a 
moisture environment in the wound that accelerate the re- 
epithelialization process [34,108,113,114]. During degradation, the 
release of NP29 from its scaffold may lead to slightly faster degradation 
in comparison to the control scaffolds without NPs. Nevertheless, the 
small difference between both degradation patterns indicates that 
presence of the NPs and their possible interactions with the hydrogel 
network did not significantly influence the network stability behavior. 
The gradual degradation of the scaffolds could match tissue regenera
tion rate, allowing the progressive degradation of the scaffold while the 
new tissues are formed, and a complete resorption is expected in vivo due 
to the presence of proteases, lipases, and other enzymes [113]. 

The cumulative release of the catechol NPs from the CMChNP29/ 
HAox-HA printed scaffold was studied in simulated physiological con
ditions (Fig. 6D). Hydrogel films prepared using the same formulation 

Fig. 5. Rheological curves of CMChNP29/HAox-HA bioink formulation compared to the formulation without NPs (CMCh/HAox-HA). (A) G′ (full symbols) and G′′

(open symbols) moduli recorded as a function of time at a constant frequency of 1 Hz and 1% oscillatory strain. Gelation times were determined as G′and G′′ crossover 
points. (B) G′ (full symbols) and G′′ (open symbols) moduli recorded as a function of angular frequency at 1% strain. (C) Viscosity analysis of the inks as a function of 
shear rate. 
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were also tested to compare the NPs release profile from supports with 
very different morphologies. A continuous release is observed of the NPs 
from the printed scaffolds where around 65% of the initial NPs amount 
was releasedafter 21 days. This behavior correlates with a zero order 
kinetic model presenting a sustained and slow release of the bioactive 
NPs. However, the release from hydrogel films was faster and not sus
tained; a burst release of 65% was noticed at day 1 and a plateau value of 
around 70% was reached after 4 days. This different release perfor
mance can be associated with the difference in the physical properties of 
the supports with different shapes [118]. Printed grid scaffolds allow a 
better entrapment of NPs and present a higher contact surface with the 
medium so they facilitate progressive NPs release. However, hydrogel 
films release the NPs located at the surface very fast, while they do not 
favor the release of NPs trapped inside. Obtained results suggest that 
NPs release rate from a printed hydrogel could be controlled by 
changing the 3D printed structure design, which is a very interesting 
feature for drug delivery strategies. Patient specific 3D printed scaffolds 
can offer a sustained release of the NPs to the implantation site. The 
controlled and localized release of the catechol functionalized NPs in the 
wound site is expected to provide a prolonged bioactive effect (antiox
idant and anti-inflammatory) as demonstrated in section 3.2. Moreover, 
since NPs can serve as nanocarriers, their action could be extended to 
other encapsulated drugs. 

3.6. Cell viability in the bioprinted scaffolds 

The viability of L929 fibroblasts within the bioprinted hydrogel 
scaffolds was evaluated over 14 days. Fluorescence images (Fig. 7A) 
showed that cells were homogeneously distributed within the scaffold, 
indicating an effective mixing of the components in the static mixer 

during the extrusion process. Fig. 7B showed that cells inside the 
hydrogel maintained a rounded morphology, which could be due to the 
absence of cell adhesive sequences and the low stiffness of the hydrogel 
material. The nuclei staining (Fig. 7C) visualizes that the scaffolds 
maintained dimensional stability after 14 days of culture. Most probably 
it can be ascribed to the stabilization step with Fe3+ that provides long- 
term mechanical and structural integrity to the scaffolds. 

Quantification of the cell viability in the bioprinted constructs after 
1 day of culture (Fig. 7D) was determined from live dead assay. Results 
showed non-significant differences compared to the material before 
printing. These results suggest that shear stress produced during the 
bioprinting process did not have any negative effect on the short time 
cell viability. The viability of fibroblasts within the bioprinted scaffolds 
significantly increased after 7 days and remained stable until 14 days of 
culture, showing values between 85 and 97% respectively. High cell 
viability values at long times indicate that the NPs release and the 
polysaccharides degradation products did not negatively influence cell 
survival. Obtained results suggest that the bioactive properties of the 
catechol functionalized NPs provided a suitable environment for the 
encapsulated cells after bioprinting supporting long-term cell survival. 

Metabolic activity of fibroblasts encapsulated into the bioprinted 
constructs was quantified over time using Alamar Blue assay. Results of 
NP-loaded bioprinted scaffolds were compared with those of bioprinted 
scaffolds without NPs (Fig. 7E). NP-loaded constructs supported a more 
stable cell growth rate than controls, showing significantly higher 
viability values at 4, 7 and 14 days of culture. This improved biological 
response was attributed to the incorporation of the catechol groups of 
NPs in the polysaccharide matrix. Catechol has been proposed as an 
activator of cell proliferation in several studies [74,89,119]. Fluores
cence values for NP-loaded hydrogels after 14 days of culture were over 

Fig. 6. (A) In vitro water uptake and (B) degradation profiles of CMChNP29/HAox-HA and CMCh/HAox-HA scaffolds in simulated physiological conditions. (C) 
Microscopic images at 2× magnification of dried scaffolds using CMChNP29/HAox-HA formulation after 1 and 28 days of incubation in PBS at 37 ◦C. (D) Cumulative 
NP29 release from hydrogel printed scaffolds (continuous lines) and films (dot lines) of similar composition as a function of time. 
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2.5-fold higher compared to the immediate values after printing of 
printed scaffolds with and without NPs. 

Results obtained for cell studies of the developed bioprinted scaffolds 
are consistent with other reported systems based on chitosan or hyal
uronic acid bioprinted scaffolds [120–122]. We can conclude that in 
vitro biological studies demonstrate the ability of NP-loaded hydrogel 
bioink to support and promote cell proliferation of encapsulated cells 
due to the bioactive properties of the catechol functionalized NPs, 
indicating that this bioink is a promising material for application in skin 
tissue regeneration processes. 

4. Conclusions 

In the present work, novel bioactive catechol functionalized nano
particles with two different catechol contents, i.e. 2 and 29 M %, named 
NP2 and NP29 respectively, have been successfully prepared. Catechol 
NPs have demonstrated to serve as nanocarriers for the hydrophobic 
model drug coumarin-6 and possess excellent wound healing promoting 
activities such as: regulation of the radical oxygen species production, 
anti-inflammatory response, and upregulation of vascular endothelial 
growth factor expression. NP29 have been further integrated in a 
hydrogel composed of carboxymethyl chitosan and hyaluronic acid for 
the formulation of an advanced bioink. A reactive mixing bioprinting 
approach was applied to print two-layer grid square scaffolds with good 
mechanical stability and shape fidelity, and NPs uniformly distributed in 
the hydrogel framework. In vitro studies demonstrated the ability of the 

NP-loaded bioink to support cell proliferation of encapsulated fibro
blasts over 14 days. The developed bioink presents properties that can 
be of relevance for advanced materials for wound healing therapies, 
including advantages such as: 1) the controlled release of the NPs in the 
wound site provides localized bioactive function; 2) functionalized NPs 
can act as nanocarriers for hydrophobic drugs; 3) printing approach 
used allows tailoring the geometry of the materials and formulation 
doses based on patient requirements for wound specific treatments. 
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Fig. 7. (A) Fluorescence images using live dead staining and (B) confocal images of immunostaining of L929 fibroblasts embedded into CMChNP29/HAox-HA 
bioprinted scaffolds over 14 days of culture. (C) Fluorescence image of nuclei staining with DAPI of L929 fibroblasts in a CMChNP29/HAox-HA bioprinted scaf
folds after 14 days of culture. (D) Quantification of L929 fibroblasts viability in the non-printed hydrogels at 1 day, and in the printed constructs over 14 days for 
CMChNP29/HAox-HA formulation. ANOVA of the results for printed scaffolds at different time points was performed in comparison with the non-printed sample at 
significant levels of *p < 0.05, **p < 0.01 and ***p < 0.001. (E) Metabolic activity of L929 fibroblasts encapsulated into CMChNP29/HAox-HA and CMCh/HAox-HA 
bioprinted constructs quantified over time using Alamar Blue staining assay. ANOVA of the results for CMChNP29/HAox-HA sample was performed in comparison 
with the CMCh/HAox-HA control sample at significant levels of *p < 0.05, **p < 0.01 and ***p < 0.001. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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the work reported in this paper. 
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