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Abstract

In the search of materials valid for direct ink writing (DIW) 3D printing and with special interest for the biomedical and
pharmaceutical applications, the development of bioactive inks for DIW is of great interest. For that purpose, in this work
bioactive waterborne polyurethane—urea inks were prepared by addition of natural extracts (logwood, chestnut, and alder
buckthorn) and cellulose nanofibers (CNF). The rheological behavior of the inks proved to be strongly dependent on the
extract type and content, and the addition route used. Inks prepared by ex-situ incorporation of the extracts showed a strong
gel-like behavior, as did inks prepared with chestnut and alder buckthorn extracts, which, in turn, hindered a continuous
flow during the printing process, resulting in 3D printed parts with poor shape fidelity. On the other hand, inks prepared in-
situ and with logwood extract showed more facility to flow and higher homogeneity, which translated in better printability
and better shape fidelity, further enhanced for CNF containing inks. 3D printed composites showed reinforced mechanical
behavior, as well as in materials with enhanced antibacterial behavior. Overall, the possibility to successfully prepare bioac-

tive inks valid for 3D printing was proven.

Keywords Waterborne polyurethane—urea - 3D printing - Natural extracts - Bioactive inks - Antimicrobial scaffolds

1. Introduction

In recent years, additive manufacturing technologies, such
as 3D printing, are experiencing a massive growth in interest
and their use for biomedical and pharmaceutical applications
is constantly increasing [1]. Among the various bioprinting
technologies used in these fields, liquid extrusion-based or
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DIW 3D printing is one of the most popular techniques,
thanks to its simple working process while allowing the
obtainment of high precision functional parts [2, 3]. 3D
bioprinting is of special interest in the biomedical and phar-
maceutical fields, due to the offered high degree of person-
alization. This technology has shown great potential in many
applications in these fields, such as for drug delivery, wound
dressing, tissue engineering, and customized implants,
among others [4-8].

However, for inks to be valid for liquid extrusion 3D
printing, they must meet certain criteria [2, 9], and devel-
oping new materials valid for DIW and of interest for the
aforementioned fields is necessary. Among different stud-
ied polymers, waterborne polyurethane—ureas (WBPUUs)
have shown potential for this type of 3D printing [10, 11].
Polyurethane—ureas (WBPUUs) are very interesting poly-
mers whose properties can be easily customized; thus, they
are used in many diverse applications [12]. Waterborne pol-
yurethane—ureas (WBPUUs) have shown biocompatibility
and potential to be used in the biomedical field [13-15].
Moreover, and willing to contribute to the environmental
state of the planet, biobased WBPUUs can be prepared by
substituting conventional precursors with reactants obtained
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from natural sources [16]. Moreover, the properties of the
WBPUUs and its inks can be modified and enhanced by the
addition of additives, as is the case of cellulose nanoenti-
ties [17, 18], such as CNF or cellulose nanocrystals (CNC)
[19, 20].

However, when inserting printed parts into the human
body, there is a big risk of infection. A possible way to
reduce this risk could lay in designing new functional-
ized materials that could confer antibacterial behavior to
the printed parts, which could be achieved using natural
extracts. Natural extracts are substances that have been used
for thousands of years in traditional folk medicine as treat-
ment for infectious diseases [21, 22]. They can be obtained
from diverse plants (including different parts of said plants),
granting plant extract with a wide range of structures and
properties. Plants are rich sources of bioactive compounds,
mainly alkaloids, flavonoids, tannins and other phenolic
compounds [23, 24]. The bioactive properties shown by
these extracts can usually be attributed to phytoalexins, sec-
ondary metabolites synthesized by plants to avoid insect,
fungal, and microbial infections [25-27]. Natural extracts
often show multidirectional biological properties such as
antioxidant, anti-inflammatory, anti-allergenic, antitumor,
anticancer and antimicrobial activities [27, 28], while still
presenting biocompatible behavior [27, 29, 30].

In the fight against bacterial infections, traditional treat-
ments with antibiotics have started to lose effectiveness due
to the growing resistance of many strains to these treatments
[27]. As aresponse to this problem, the use of plant extracts
in common medicine as an approach to fight bacterial infec-
tions is being studied. Plant extracts have shown a low risk
of rising resistance from microorganisms. Moreover, plant
extracts have also shown a synergetic effect with traditional
pharmacological agents, further enhancing their effective-
ness [27]. In recent years, there has been increasing use of
extracts in biomaterials. Among natural extracts, Haema-
toxylum campechianum L., Castanea sativa L. and Rham-
nus frangula L., also known as logwood, chestnut and alder
buckthorn, present antioxidant, antimicrobial, antiviral,
antifungal, antitumor and anticancer properties [31-35].
Using these additives in polymeric materials could result in
composites with great potential, benefiting from the good
thermal and mechanical properties supplied by the poly-
mer matrix and the bioactive behavior given by the added
extracts. The use of natural extracts in biomedical appli-
cations, such as in tissue engineering, has been described,
and their effect on the proliferation and cellular adhesion
has been studied [36—39]. Furthermore, the water solubil-
ity of aqueous-extracted natural extracts makes them a per-
fect pairing with water-based polymers, as is the case of
WBPUUs.

In this work, bioactive inks for DIW 3D printing
are prepared by adding natural extracts to a waterborne

polyurethane—urea matrix. For this, three types of natural
extracts are used, namely, logwood, chestnut and alder buck-
thorn extracts, which were added in different contents and
following different incorporation routes. The prepared inks
were characterized regarding their stability and their rheo-
logical behavior. Furthermore, inks were used to produce 3D
printed parts, and the properties and antibacterial behavior
of the printed parts were characterized.

2. Experimental
2.1. Materials

Renewable sourced difunctional polyol used in the polyu-
rethane—urea synthesis (Priplast 3192®, Mw =2000 g
mol~!) was purchased from Croda. Isophorone diisocyante
(IPDI, DESMODOUR 1) was kindly supplied from Coves-
tro and ethylene diamine (EDA) was provided by Fluka.
2,2-Bis(hydroxymethyl)propionic acid (DMPA, Aldrich) and
triethylamine (TEA, Fluka) were used as internal emulsi-
fier and neutralizing agent, respectively. Dibutyltin dilaurate
(Aldrich) was used as catalyst.

Natural plant-based extracts, also used as colorants,
namely C11 - logwood extract, C15 - chestnut extract, and
C25 - alder buckthorn were purchased from Couleurs de
Plantes. Freeze-dried CNF (Lot. 9004-34-6) were provided
by the University of Maine.

2.2. Synthesis of the Waterborne Polyurethane-
Urea (WBPUU)

A waterborne polyurethane—urea, with a molar ratio of
polyol/DMPA/IPDI/EDA of 1/1.1/3.5/0.6, was synthesized
using a two-step polymerization procedure. The synthesis
was carried out in a 500 mL four-necked jacketed reactor
equipped with a mechanical stirrer, thermometer and nitro-
gen inlet. In the first step the prepolymer, formed by the
polyol, the diisocyanate and the catalyst, was synthesized.
The mixture was left to react for 1 h at 80 °C under constant
mechanical stirring. The reaction was then cooled down to
50 °C and the DMPA and the neutralizing TEA were added
dissolved in acetone and left to react for 15 min. For the sec-
ond step, the reaction was cooled down to room temperature,
and the phase inversion step was carried out by dropwise
addition (5 mL s™!) of deionized water under vigorous stir-
ring. Finally, the chain extender was added (0.3 mL s D to
the reaction at 35 °C and left to react for 2 h. An aqueous
dispersion of WBPUU was obtained. The progress of the
reaction was monitored by the dibutylamine back titration
method according to the ASTM D 2572-97.

@ Springer



984

Journal of Polymers and the Environment (2024) 32:982-999

2.3. Preparation of WBPUU/Natural Extracts Inks

For inks preparation, first the viscosity of the systems was
modulated by varying the solid content of the WBPUU dis-
persion. At a solid content of 50 wt% the WBPUU disper-
sion (WBPUUj) started showing gel-like behavior and this
solid content was selected to prepare inks for DIW. Inks
were prepared by two methods, ex-situ or in-situ addition of
the natural extracts.

In ex-situ preparations, 1, 3 and 5 wt% of extract was
added to the already synthesized WBPUU by mechanical
stirring, until homogeneous dispersions were obtained. Ex-
situ prepared inks were named “XLWpgy”, “xCNgy” and
“xABgy” for composite inks containing logwood, chestnut
or alder buckthorn extracts, respectively, where the “x”
refers to the extract content relative to the dried WPUU
weight, as specified on Table 1.

For in-situ preparations, the natural extracts were first
dispersed in water, and added during the phase inversion
step of the synthesis. Since the addition of the natural extract
during the synthesis process had a strong effect on the dis-
persion’s homogeneity and viscosity, in some cases the total
solid content needed to be readjusted.

For logwood and alder buckthorn extracts, first disper-
sions with 3 wt% of natural extract were prepared with a
total solid content of 50 wt%, and were named 3LWy and
3AB,y, respectively. However, when higher contents of
extract were added (5 wt%) at 50 wt% WBPUU, the viscos-
ity strongly increased, impeding a correct stirring and, thus,
dispersions with poor homogeneity were obtained. Hence,
in order to solve this constraint, it was necessary to slightly
decrease the polyurethane—urea solid content to lower val-
ues. After a refinement, this content was set to 47.5 wt%.
Inks prepared with 5 wt% of logwood and alder buckthorn
extracts at a total solid content of 47.5 wt% were named
SLWyy and 5SAByy, respectively. The compositions of the
in-situ prepared inks are shown on Table 2.

Table2 WBPUU and natural extract contents for in-situ inks prepa-
ration

Sample WBPUU con- LW content AB content CNF
tent (wt%) (wWt%) (wWt%) content
(Wt%)
3LWiy 50.0 3 - -
SLW iy 47.5 5 - -
SLW\2CNF 475 5 - 2
3ABy 50.0 - 3 -
S5ABy 47.5 - 5 -
5SAB\2CNF 47.5 - 5 2

In order to further modulate the rheology of the inks
and improve their behavior for DIW 3D printing, CNF
were added to the inks containing the lowest total solid
contents (47.5 wt%). For this, 2% of CNF, regarding the
total ink weight, was added by mixing under vigorous
mechanical stirring using an ultraturrax homogenizer
(Polytron PT 2500E, KINEMATICA), at 12,000 rpm for
10 min. SLWy and 5AB;y inks with CNF were name
SLW2CNF and SAB\2CNF, respectively.

It is worth noting that the addition of chestnut extract
during the synthesis process strongly destabilized the
formation of a homogeneous dispersion, resulting in
an extremely high viscosity phase with observed phase
separation. Complex polyphenolic molecules of chest-
nut extract, mainly tannins with a very high amount of
hydroxyl and carboxylic groups, can destabilized the sys-
tem, as suggested by literature, where excessive contents
of carboxylic groups resulted in poorer dispersion stabil-
ity [40]. The preparation of in-situ added chestnut extract
containing inks was discarded due to the poor dispersion
capacity observed for these systems.

Table1 WBPUU and natural

T Sample WBPUU disper- WBPUU (g) Logwood Chestnut Alder Buck-
extract c.ontents for ex-situ inks sion (g) extract (g) extract (g) thorn extract
preparation (50.4 Wt%) (@

WBPUUjy, 20.0 10.08 - - -
1LWey 20.0 10.08 0.10 - -
3LWgx 20.0 10.08 0.31 - -
SLWex 20.0 10.08 0.53 - -
1CNgx 20.0 10.08 - 0.10 -
3CNgx 20.0 10.08 - 0.31 -
5CNgx 20.0 10.08 - 0.53 -
1ABgx 20.0 10.08 - - 0.10
3ABgx 20.0 10.08 - - 0.31
S5ABgx 20.0 10.08 - - 0.53
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2.4, Preparation of 3D Printed Parts

e 3D printed parts were obtained from the selected inks,
using an adapted DIW Voladora Tumaker printer (a
model of which is shown in Fig. 1), in which the inks
were placed in a syringe with a 0.8 mm nozzle and were
extruded by a mechanically operated piston. 3D printing
was carried out at room temperature, at a printing speed
of 6 mm s~

e As adesign, a cylinder with a dimeter of 10 mm and a
height of 5 mm was chosen. Obtained parts were freeze-
dried right after printed and were labeled as “3D-X”,
where “X” refers to their corresponding ink.

3. Characterization Techniques

Particle size and stability of the WBPUU dispersions were
measured by dynamic light scattering and zeta potential
tests, respectively, using a Zetasizer Ultra from Malvern pan-
alytical. The intensity of dispersed light was measured using
a luminous source of HeNe laser (wavelength 632.8 nm, 10
mW) and measuring at an angle of 174.7°. Samples were
prepared mixing a small amount of aqueous dispersion with
ultrapure water and measurements were carried out at 25 °C.

Rheological characterization of WBPUU dispersion
and natural extracts containing inks was performed using a
Haake Viscotester iQ (Thermo Scientific). Tests were per-
formed at 25 °C and the employed geometry was chosen
depending on the viscosity of the ink. Either a coaxial cyl-
inder geometry (CC25 DIN/Ti adapter), with a piston radius
of 12.54 mm and a ring gap of 1.06 mm, or a plate-plate
geometry (P35/Al adapter), with a diameter of 35 mm and a
gap of 1 mm were used.

For flow tests, shear rate sweeps from 0.2 to 1000 s7!
were performed. Flow index, n, of each ink was calculated
from Power Law (Eq. 1).

@ | |

@ Syringe @ Bed @ Feeding Piston @ Nozzle/Needle

Fig. 1 Schematic model of employed DIW 3D printer

n=Kp"! (D

where 1 is the viscosity (Pa-s), yis the shear rate (s7h,
K is the consistency index (Pa-s") and n is the flow index
(dimensionless).

For yield point determination tests, dynamic oscilla-
tory tests were performed in a shear stress range of 10 up
to 10,000 Pa. Yield point was determined as the point of
deviation of G’ from linearity, as proposed by Cyriac et al.
[41]. Flow point, on the other hand, was measured as the
crossover point for G" and G”. In order to consider statistical
relevance of the measured rheological parameters, one way
ANOVA was carried out with Excel, at a significant level
of p<0.05.

The morphology of the 3D printed and freeze-dried scaf-
folds was observed by scanning electron microscopy (SEM),
using Field Emission Gun Scanning Electron Microscopy
(FEG-SEM) Hitachi S-4800 N, at a voltage of 5 kV. Prior
to the test, and in order to analyze the cross section of the
prepared scaffolds, the samples were cryofractured in lig-
uid nitrogen and sputter coated with a thin layer of gold (~
10 nm) in an Emitech K550X ion sputter.

The characteristic functional groups of the used natural
extracts and the 3D printed WBPUU and composites parts
were analyzed by Fourier transform infrared spectroscopy
(FTIR) using a Nicolet Nexus spectrometer (Thermofisher
Scientific) provided with a MKII Golden Gate accessory
(Specac) with a diamond crystal at a nominal incidence
angle of 45° and ZnSe lens. Spectra were recorded in
attenuated total reflection (ATR) mode between 4000 and
650 cm™! averaging 32 scans with a resolution of 4 cm™!.

The mechanical properties of the 3D printed samples
were studied by compression tests, using an Instron 5967
universal testing machine provided with a 500 N load cell.
Compression force was applied in the normal direction to
the printed layers. Cylindrical samples (d=10 mm and
h=35 mm) were compressed at a crosshead speed of 10 mm
min~! to a fixed deformation of 60%.

Compression modulus was calculated as the slope of the
stress-strain curve at low deformations, the stress was meas-
ured at the maximum applied strain (60%) and densifica-
tion strain as the strain at the intersection point between the
stress plateau and a line extrapolated from the densification
domain. Moreover, specific Young modulus values were
measured as the ratio between each sample’s Young modulus
and its density, calculated as the ratio between their meas-
ured weight and volume. Compression values were averaged
for five specimens.

The antibacterial behavior of the WBPUU and the natu-
ral extracts containing composites was studied using the
Kirby—Bauer modified test. For this, antibacterial assays
were performed using Gram-positive bacteria, Staphylo-
coccus aureus ATCC 19,213, and Gram-negative bacteria,
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Escherichia coli ATCC 10,536. Briefly, the bacteria inocu-
lums were prepared by aseptically transferring 4 isolated
colonies of each microorganism to separate test tubes con-
taining nutrient broth, then incubated for 24 h at 37 °C. The
inoculums were diluted to 0.5 McFarland turbidity standard
(corresponding to a concentration of 1.5-3.0x 10® CFU/
mL) using a sterilized Ringer solution. The concentrations
of the bacteria dilutions were also controlled by UV—-visible
spectrophotometry by measuring the absorbance at 625 nm.
Then, the bacteria solutions were inoculated in Mueller
Hinton Agar plates using a sterilized swab. Afterward, each
sample was placed in the center of the plate, and the plates
were incubated at 37 °C for 24 and 96 h. After the incubation
time, systems were studied and their antibacterial behavior
was assessed as follows: in the case of a present inhibition
halo (i.e. the bacteria being killed), systems were considered
bactericidal; in the case of no halo, but no growth over the
surface of the samples, systems were considered as bacterio-
static; last, where there was bacterial growth on the systems,
no antibacterial capacity was determined. For sample prepa-
ration, WBPUU/natural extracts composite samples with a
diameter of 6 mm were used after freeze-dried. To study
the behavior of just the active ingredient, natural extracts
were used directly. For this, solutions containing the same
extract mass as their composite counterparts were prepared
and placed on a paper filter disc with a diameter of 6 mm,
which were left to dry. As the positive control, antibiotic
discs with a 6 mm diameter were used.

4, Results and Discussion

4.1. Characterization of WBPUU/Natural Extracts
Inks

In order to assess the potential of the prepared inks, first the
stability of the synthesized dispersions was studied, since
the high solid content of the WBPUU dispersions could
have a negative impact on the stability of the systems [42,
43]. In order to analyze this effect, the particle size and zeta
potential of the prepared 50 wt% WBPUU and in-situ pre-
pared inks were analyzed. The obtained values are shown
in Table 3.

All systems showed a similar particle size, with a diam-
eter of around 130 nm. These values are similar to those
determined for the same formulation at lower solid contents
[18] and those reported in literature [44—46]. The high solid
content and addition of natural extract did not significantly
affect this property of the WBPUU dispersions. When ana-
lyzing the effect of the solid content and extract incorpora-
tion on the stability of the systems, it can be observed that
all systems still present good stability, with zeta potential

@ Springer

Table 3 Particle size and Z-potential values for high solid content
WBPUU dispersions

Sample Particle size (nm) Z-potential (mV)
WBPUU, 130.1+4.4 -51.0
3LW iy 118.5+6.5 -51.9
SLW iy 126.7+4.0 -53.0
3ABy 140.2+9.7 -479
5ABy 133.1+5.7 —-49.0

values far from the required limits for stable dispersions,
above +30 mV or below —30 mV [47].

The obtained results proved that neither the high solid
contents nor the addition of natural extract resulted in unsta-
ble dispersions. Systems showed small enough particle size
that allowed the formation of a thick electrochemical double
layer and, thus, were able to remain suspended, and show
stable zeta potential values.

The potential of the prepared inks for DIW 3D printing
was studied through rheological characterization tests. There
are two relevant parameters when studying the potential of
an ink for DIW, their printability and their shape fidelity. The
printability of an ink refers to its capacity to be continuously
extruded, whereas the shape fidelity refers to its capacity to
retain the given shape while supporting the weight of the
top layers. Ideal inks for 3D printing must show shear-thin-
ning behavior, in order to flow under applied stress (during
printing), but maintain their shape at rest (after deposited).
Moreover, and for the same reason, they must show defined
but not too high yield points. The values of viscosity and
storage modulus will also play a big role on the printing
capacity of the materials.

For rheological tests, 5SLWyy ink measurements were car-
ried out with a concentric cylinder geometry, due to its low
viscosity, whereas other inks were studied using a plate-plate
geometry. Viscosity vs. shear rate curves for ex-situ and in-
situ prepared inks are shown in Fig. 2. Moreover, Table 4
summarizes the viscosity values of the inks at different shear
rates and the n value calculated from Power Law (Eq. 1).

For the viscosity measurement of the inks at the printing
rate, first, the shear rate of the inks in the nozzle, y,, was
calculated. For this, the non-Newtonian behavior of the inks
and, thus, their non-parabolic velocity profile was taken into
account. Therefore, the shear rate on the nozzle was calcu-
lated using the equation proposed by Li et al. [13] (Eq. 2).

n

n Ve R?

yn = 3n+1
n
(55) (=)
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Fig.2 Viscosity as a function of shear rate of a ex-situ and b in-situ prepared WBPUU and natural extracts containing inks

Table 4 Rheological parameters measured for ex-situ and in-situ prepared WBPUU and natural extracts containing inks

Sample n at 0.02 s7! (Pa-s) n aty, (Pa-s) n at 100 s7! (Pa-s) n Yield point Flow point (Pa)
(Pa)
WBPUU s, 7598.1+£926.0 481.1+£49.2 56.0+11.3 0.189 609.0+63.3 2567.6+86.5
ex-situ ILW gy 6578.5+134.3 1753.9+197.4* 16.1£0.8* 0.056 253.4+40.2% 1663.3 +44.1*
3LW gy 1094.3 +£472.7* 57.9+4.8% 6.4+1.7* 0.166 40.7 +20.0%* 254.6 +122.6*
S5LW gy 1021.4+299.1%* 48.2+3.6% 6.4+1.1% 0.168 23.4+4.4% 120.7 +15.7%*
ICN gy 14984.8 +201.6* 1647.3+479.3 85.9+21.1 0.197 985.6 +41.3%* 55242 +47.2%
3CN gx 5577.3+1577.5 219.2+58.5% 8.8+0.7* 0.068 97.0+16.5*% 892.0+359.6%
5CN gx 24549 +184.1* 220.0+22.4%* 9.0+0.2% 0.08 16.3 +3.0% 111.8+112.2%
1AB gy 14524.1 £732.1* 1394.7 +£221.3* 24.8+2.5 0.066 476.9+19.6 3988.3+232.1*
3AB gx 5704.2+457.2 533.9+514 9.6+1.4* 0.053 373.8+124.5 2310.9+498.4
5AB gx 4867.3+719.6 996.2 +30.0* 36.1+4.2 0.228 188.9+27.2% 1986.0 +£28.7*
in-situ 3LW 536.8 £25.0* 29.9+3.0% 54+0.9% 0.289 89.8 +£48.0% 283.4+147.3%
S5LW 2.3+0.8% 0.6+0.1* 0.4+0.0% 0.658 - -
5LW |\ 2CNF 1061.9 +£492.7* 17.9+4.9% 33+1.1% 0.308 38.6+6.4% 109.5+50.0%*
3AB 2814.1+£163.5* 145.7+16.3* 12.3+0.9* 0.123 266.6 +45.5% 837.5+108.6*
5AB 626.9 +244.9% 50.0+10.6* 8.5+0.1* 0.220 61.0+10.1* 220.1+18.9%
5AB |\ 2CNF 2891.0+53.8* 183.0+5.5% 14.2+1.3* 0.132 88.9+7.8% 641.4+82.0%

* symbolizes statistical differences (p <0.05) in respect to the neat polyurethane, i.e. WBPUUj,

where n is the flow index calculated from Power Law, V
is the printing speed, r is any distance between the center
of the nozzle and its radius (in this case r=R, to calculate
the shear rate on the wall of the nozzle), and R the radius
of the nozzle.

All systems showed shear-thinning behavior, with viscos-
ity values dropping at higher shear rates and with n values
lower than 1. However, the type and content of added natu-
ral extract, as well as the incorporation route, significantly
affected the viscosity values of the inks. Overall, it was
observed that the higher the extract content was, the lower
the ink viscosity was. It must be highlighted that, except for
inks with 1% content of either chestnut and alder buckthorn

extracts, all the other systems showed lower viscosity values
compared to the neat WBPUU ink.

The change of the viscosity could be due to the surfactant
effect of the natural extract, as previously reported on lit-
erature [48, 49]. The interaction of the surfactant molecules
with the polymer macromolecules can increase or decrease
the solution’s viscosity due to extension, shrinking and
bridging of polymer macromolecules. Several factors can
affect the surfactant - polymer interactions, being the struc-
ture of the surfactant molecules one of them [50].

Regarding the type of extract, logwood containing sys-
tems presented lower viscosity values than those exhibited
by chestnut or alder buckthorn containing inks. The smaller
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molecular size and the lack of carboxylic groups of logwood
extract components were beneficial to reach an easier flow.
On the other hand, for chestnut and alder buckthorn extracts,
due to their bigger and more complex molecules, a differ-
ent effect was observed. At low extract content, 1 wt%, the
incorporated extract amount was not enough to reduce the
viscosity of the WBPUU ink, being observed, on the con-
trary, a slightly viscosity increase. The high concentration
of functional groups of the natural extracts components were
likely to interact with urethane-urea groups, as well as with
the water present in the systems. At this additive content, the
surfactant effect of the extracts was not enough to counteract
the effect of the formed extract-water interactions and, thus,
higher viscosity values were obtained. The high viscosity
exhibited by some of the inks may difficult the extrusion
process of 3D printed parts.

Regarding the incorporation route, in-situ preparation
promoted interactions between the WBPUU and the addi-
tives, whereas for ex-situ route, interactions with the water
were more likely and, thus, systems with higher viscosi-
ties were obtained in this case. For in-situ prepared inks,
the hydrophilic groups of the phenolic compounds of the
extracts could facilitate the dispersion formation during the
synthesis process, and thus dispersions with lower viscosity
were obtained.

It is worth mentioning, that, overall, for ex-situ prepa-
rations, more statistically sound differences were observed
for systems prepared with logwood extracts, whereas alder
buckthorn containing systems showed the least significant
results. This fact could be due to two factors: (a) alder buck-
thorn extract producing a lower effect on the properties of
the matrix and (b) the poor homogeneity shown by these
systems, resulting in bigger deviations of the measured val-
ues. On the other hand, all in-situ prepared inks presented

LW,
3 3LW,, —— 3CN, — 3ABq,
[ ——5LW,,——5CN,, ——5AB,,

00—

1CN,, 1AB,,

10 100

Shear stress (Pa)

statically relevant changes compared to the matrix, as well
as lower standard deviation values, proving that a higher
homogeneity was achieved by this preparation route.

SLWy and 5AByy, due to their lower solid content,
showed significantly lower viscosities, which increased with
CNF addition. Cellulose, as reported in literature [51, 52],
can be used to modulate inks’ viscosities and, thus, improve
3D printing process.

Spectromechanical analyses were performed in order to
analyze the gel behavior of each ink under applied stress.
Figure 3 shows storage and loss moduli vs. shear stress
curves for ex-situ and in-situ prepared inks. Moreover, yield
and flow points were measured and are shown on Table 4.

As can be observed, the addition of natural extracts
reduced, in general, the gel-like strength of the systems,
resulting in an overall decrease of the yield and flow point,
as well as in a decrease of the storage and loss moduli val-
ues in the linear zone. The results determined by flow tests,
pointed out that logwood containing inks have a weaker
gel-like behavior, being these inks the ones more willing
to flow. In the case of in-situ prepared inks, they presented
even lower yield and flow points, possibly derived from the
strong surfactant effect of the natural extracts favored by
this incorporation method facilitating the dispersion forma-
tion, thus resulting in systems with weaker gel-like behavior.
SLWyy (Figure S1) did not show a gel-like structure, due to
its low solid content and the strong surfactant effect caused
by the used 5 wt.% logwood extract. However, the addition
of cellulose changed this trend, and effectively increased the
yield and flow points of the inks, as well as their G’ and G”
values, proving a strong reinforcing effect.

Nonetheless, the defined yield points and high G’ values
observed for all systems, except for SLWy, pointed to a
good shape fidelity when used in DIW 3D printing [53].

(b)

10° 3

10"

—~
©

a 10°
O
10° ¢ ——WBPUU,,
LW,
——5LW, 2CNF
10' 3AB,,
——5AB,,
5AB, 2CNF

00 i M S
10 100 1000

Shear stress (Pa)

Fig.3 Storage (solid line) and loss (dotted line) moduli as a function of shear stress and yield (A ) and flow (%) points of a ex-situ and b in-situ

prepared natural extracts containing inks
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However, the high yield points shown by some systems,
especially in the case of ex-situ prepared inks, might diffi-
cult the printability of the inks during the extrusion process.
Overall, most of the prepared systems showed good
potential for DIW, showing shear thinning behavior, which
would allow their extrusion, and defined yield points, which
could result in good shape fidelity of the printed parts.

4.2. 3D Printing and Characterization of Printed
Parts

WBPUUj5, and natural extracts containing inks were used
to obtain 3D printed parts by DIW. Initial printability tests
were conducted to analyze the effect of the inks’ rheology
in the 3D printing process. The inks containing 1 wt% of
natural extracts, prepared by ex-situ route, showed problems
when printing due to their extremely high viscosities and
high yield points even at high shear rates. During the extru-
sion process a discontinuous flow was observed, therefore,
it was not possible to successfully obtain 3D printed parts.
For higher contents of natural extracts, the inks showed bet-
ter printability. However, at 5 wt%, some obstruction prob-
lems were occasionally encountered. The high amount of
natural extracts may have resulted in poorer dispersibility,
creating some extract agglomerations, which lead to noz-
zle obstruction. Overall, inks containing 3 wt% of natural
extracts showed the most promising printability. WBPUUj,
showed significantly better printability than the 1 wt% natu-
ral extracts containing inks, the lower viscosity measured
under printing shear rate allowed for a more continuous
printing process. However, it showed poor shape fidelity,

3D-WBPUUs5,

3D-3LWex

@=9.74+0.98 mm
h=5.26 + 0.48 mm

@=9.84+0.27 mm
h=5.46 + 0.27 mm

3D-LWp 3D-5LWy2CNF

3D- 3CNEX

=10.09 £ 0.40 mm
h 461+ 0.14 mm

3D-3ABy

due to the sharp edges and points caused by the high sticki-
ness exhibited by the material.

Considering the initial printability screening tests, inks
with a content of 3 wt% of natural extracts were selected to
prepare 3D printed objects. 3D printed parts from SABgyx
were also obtained, to study the effect of content of natural
extracts on the final material. The obtained 3D printed parts
are shown in Fig. 4. In general, parts with relatively inac-
curate shape fidelity were obtained, as a result of the non-
continuous flow and the obstructions formed in the nozzle by
agglomerated extracts, as well as due to the high stickiness
shown by the inks.

For in-situ preparations, the inks showed better printabil-
ity, as well as shape fidelity. The better dispersion achieved
by this incorporation route impeded the formation of
agglomerates, and as consequence, nozzle obstruction was
avoided. It is to note that the addition of cellulose signifi-
cantly improved the printing process, giving rise to the best
shape fidelity for both inks containing CNFs.

In order to infer the possible interactions formed between
the waterborne polyurethane—urea and the added natural
extracts, FTIR analysis was carried out.

Figure 5 shows structures of some of the components
found in the extracts used. Among the many components
of logwood extract, hematoxylol A, epihematoxylol B and
mainly, hematoxylin (Fig. 5a) are the most bioactive com-
pounds [54, 55]. For chestnut extracts, a great variety of
components are found, being tannins and some other phe-
nolic compounds the principal components, namely vesca-
lin, castalin, gallic acid, vescalagin, castalagin, kurigalin,
acutissimin A and ellagic acid (Fig. 5b) [31, 56]. In alder
buckthorn extract, structures such as anthraquinones, among

3D-3ABex 3D-5ABgx

@=10.23 + 0.74 mm
h = 4.50 + 0.36 mm

@ =11.30 £ 0.58 mm
h=4.73+0.61 mm

3D-5ABy 3D-5ABN2CNF

@ =9.84 +0.44 mm
h=5.54+0.73 mm

@=9.98+0.35 mm
h=5.54 +0.32 mm

@ =10.40 £ 0.54 mm
h=6.06 +0.27 mm

@=10.13+0.32 mm
h=5.99 +0.45 mm

@=9.98 +£0.53 mm
h=15.30+0.28 mm

Fig.4 Photographs of 3D printed cylinders obtained from WBPUUj, and natural extracts containing inks
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Fig.5 Structures of some on the components found in a logwood, b chestnut and ¢ alder buckthorn extracts
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them, chrysophanol, physcione and emodine [33, 57], and
some other important constituents, such as frangulin A and
B and glucofrangulin A and B (Fig. 5c), are found [58].

The spectra of the natural extracts and the 3D printed
parts are shown in Figs. 6 and 7, respectively.

The spectra of logwood, chestnut, and alder buckthorn
extracts showed a wide band between 3700 and 3000 cm™!,
related to the O—H groups of the many phenolic groups
present on their structure [59]. The bands present in the
1600—1500 cm™! range were attributed to the C=0, and the
C=C of the aromatic rings [60, 61]. Moreover, for chestnut
and alder buckthorn extracts, a band related to the carbonyl
groups was also assigned around 1720 cm™!, which was less
evident for logwood extract, indicating a lower carbonyl
group content.

LW S
=3
L
2
)
c
2 AB
£

A 1 A 1 A 1 A 1 A 1 A 1
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig.6 FTIR spectra of logwood, chestnut and alder buckthorn
extracts

(a) 3D-WBPUU,,

Intensity (a.u.)

- Ilm Gm. - 3Im nm. 1 L 1 L 1 L 1
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

3D-WBPUUj, showed all the characteristic bands of
polyurethane—ureas, being the most representative bands
those of the stretching vibration of N-H and C=0 of ure-
thane and urea groups, located in the 3500—3100 cm™~! and
1800—1600 cm ™! ranges, respectively. Other bands were also
observed related to the symmetric and asymmetric stretch-
ing vibration of the C—H bonds at 2927 and 2858 cm™"
respectively, the C-N stretching vibration and N-H bend-
ing of urethane and urea groups at 1545 cm™' in amide II
region, and the C—O—C stretching vibration between 1250
and 1000 cm™" [16, 18].

When analyzing the spectra of the ex-situ prepared com-
posites (Fig. 7a), it can be observed that, in general, the
addition of the natural extracts did not shift the spectra
bands in comparison to the neat 3D-WBPUUs,. However,
an increase in the N—H band intensity was observed with
the addition and content of extracts (Fig. 7 inset), attrib-
uted to the overlapping of the N-H band of the polyure-
thane—urea with the O—H band pertaining to the natural
extracts. In the FTIR spectra of the composites obtained
from in-situ prepared inks (Fig. 7b), besides the N-H band
intensity increase, a shift towards lower wavenumbers was
also observed, more intense at higher extract contents and
when CNFs were added. The band, centered at 3362 ¢cm™!
in 3D-WBPUUjg, spectrum, went down to 3346 and 3350
cm™!, for SLWy2CNF and 5AB2CNF, respectively. This
shift suggested the formation of interactions, both chemical
and physical, between the polyurethane—urea matrix and the
natural extracts, which are favored in in-situ preparation, as
well as when cellulose nanofibers are used [62] .

The morphology of the 3D printed parts was studied by
SEM and the micrographs obtained for the ex-situ and in-
situ prepared inks are shown in Figs. 8 and 9, respectively.
The addition of natural extracts, as well as their origin,

(b) 3D-WBPUU,

3D-3LW,,

3D-5LW,2CNF

3D-3AB,,

3D-5AB,,

Intensity (a.u.)

3D-5AB, 2CN

\

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig.7 FTIR spectra of 3D printed parts from WBPUUj, and a ex-situ and b in-situ prepared natural extracts containing inks
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Fig.8 SEM images of 3D
printed parts from WBPUUS50
and ex-situ prepared natural
extracts containing inks

3D-WBPUUs5,

3D-3LWey

3D-3CNgy

3D-3ABgx

content, and incorporation route affected the morphology
of the final materials.

The part printed from the neat polymer ink,
3D-WBPUU;,, showed a relatively homogeneous porous
structure, formed by spherical pores with an average diam-
eter of 60.2 +12.9 pm. In ex-situ prepared composites, the
addition of the extracts severely altered this morphology.
3D-3LWgy showed a similar morphology to that of the neat
polymer, however, the spherical pores were significantly
smaller, with an average diameter of 24.5+ 3.5 pm. On the
other hand, composites containing chestnut and alder buck-
thorn extracts presented very different morphologies. For
3D-3CNgx a more open wall structure was observed, with
fully connected pores. Apparently, 3D-ABgy showed similar
pores to those observed in 3D-WBPUUs, and 3D-3LWgy,
however, at lower magnifications, the presence of holes in
the structure was clearly evidenced (circled in red in Fig. 8),
fact related with the non-continuous printing process shown

@ Springer

~ 2200 pm

200 pmj

by the 3ABy ink, caused by its poor flow and a continuous
nozzle obstruction.

In the case of in-situ preparations, the addition of
extracts resulted in pore size reduction, which could be
attributed to interactions between the polyurethane—urea
and the extracts, observed in these systems, resulting
in pores diameter of 15.3+2.8 pm for 3D-3LWy and
344+ 6.5 pm for 3D-3ABy. 3D-3LWy showed a
homogeneous structure with spherical pores, prov-
ing the good rheological behavior of this ink, which
was able to support the printed structure. However, for
3D-3AByy the occasional hole in the structured produced
by a non-continuous printed process can be found, simi-
lar though less frequent than for its ex-situ counterpart
(circled in red). For 3D-5ABy, however, a different
behavior was observed, resulting in a more heterogene-
ous morphology. In fact, bottom layers showed elon-
gated pores (244.2 +30.3 X53.0+ 6.0 pm) while upper
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Fig.9 SEM images of 3D
printed parts from in-situ pre-
pared natural extracts contain-
ing inks

3D-3LW)y

3D'5LW|N2CN F

3D-3AB\y

3D-5ABy

3D-5ABN2CNF

layers maintained the spherical porous structure (@ =
16.9 +3.9 pm). The lower viscosity and modulus values
shown by this system, attributed to its lower solid con-
tent, was not enough to support the weight of the layers,
causing, the structure of the bottom layers to collapse
when additional layers were deposited. The addition of
CNF easily solved this problem; for 3D-5AB2CNF
the recovery of the homogeneous spherical porous mor-
phology was observed, with pores showing diameters of

200 p;n
~

7@
e

33.6 +4.6 pm. For 3D-5LW\2CNF a similar morphology
with 38.5 +7.9 pm diameter was observed.

The mechanical behavior of the 3D printed parts was ana-
lyzed by compression tests. The measured values of Young
modulus, density, specific Young modulus, stress at 60%
strain and densification strain values are summarized on
Table 5, whereas stress/strain curves are shown in Fig. 10.

The addition of the natural extracts strongly affected the
mechanical behavior of the polyurethane—urea, increasing
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Table5 Young modulus, specific Young modulus, stress at 60% strain and densification strain values for 3D printed parts obtained from

WBPUUj, and natural extracts containing inks

Sample Young modulus  Density Specific Young Stress at 60% strain Densification strain
(MPa) (g cm™) modulus (MPa) (%)
(MPa cm’® g’l)
3D-WBPUUg, 43+0.8 0.35+0.04 122+1.8 1.2+0.2 493+14
ex-situ 3D-3LWgx 29.9+3.3 0.44+0.04 66.6+8.8 5.1+04 51.1+0.1
3D-3CNgx 13.5+2.2 0.33+£0.01 41.1+6.2 24 +0.5 49.4+0.9
3D-3ABgx 7.1+3.1 0.31+£0.03 23.0+8.5 1.4+0.3 495+12
3D-5ABgx 10.2+2.6 0.37+0.05 27.5+6.0 1.9+0.5 51.4+0.3
in-situ 3D-3LWpy 36.9+4.0 0.49+0.03 75.3+5.6 6.3+0.1 49.7+1.2
3D-5LW2CNF 64.6+4.7 0.53+0.04 122.0+8.0 93+1.0 50.6+0.7
3D-3ABy 11.6+2.3 0.44+0.05 269+8.1 2.6+0.3 50.7+0.8
3D-5ABy 29.6+4.2 0.46+0.02 65.1+8.9 5.1+06 51.9+0.6
3D-5AB\2CNF 46.8+9.0 0.50+0.03 93.4+12.6 6.8+1.1 51.8+1.3
10 reactions between the polyurethane and the extracts, in
ol _gg:z"L‘fNPUUsu addition to the good dispersions achieved, led to improved
gl —3D-SCN: mechanical properties, which is in agreement with rheo-
3D-3AB,, logical and FTIR data previously reported. The addition
5 T _ﬁgjff;z of cellulose imparted a further reinforcement, reflected in
P 3D-5LW,,2CNF higher Young modulus and specific Young modulus values,
g s 23:222‘" as previously reported on literature for cellulose containing
o 4 3D-5AB, 20NF formulations [17].
- It is worth noting the significant differences in the density
T values of the printed parts, especially for ex-situ prepared
2r formulations. This fact is related to the poor printability of
1| the materials, hindering a suitable printing process able to
ol 2 : , , , obtain completely filled printed parts, as it was corroborated
0 10 20 30 40 50 60

Strain (%)

Fig. 10 Stress/Strain curves for 3D printed parts obtained from
WBPUUS50 and natural extracts containing inks

their Young modulus, specific Young modulus and stress at
60% strain. This data agreed with the reinforcement effect
supplied by another plant extract (Salvia) reported in a pre-
vious work [63]. Results showed that the type, content, and
incorporation route influenced the mechanical behavior
of the final material. Regarding the extract type, logwood
extract gave rise to the stronger reinforcement effect, with
composites containing this extract presenting the highest
Young modulus and specific Young modulus values, fact
related to the better affinity of this extract with the matrix.
Chestnut and alder buckthorn extracts also provided rigid-
ity and strength to the systems, but with a less pronounced
effect for these formulations.

Analyzing the effect of the incorporation route, in-situ
addition route gave rise to materials with higher Young mod-
ulus, specific Young modulus and stress values. The higher
amount of physical interactions and possible chemical

@ Springer

by the SEM studies.

The antibacterial effect of the natural extracts and its
transfer to the polyurethane—urea matrix was evaluated by
testing both the natural extracts and the 3D printed parts.

After 1 day of incubation (Fig. 11), pure extracts showed
good bactericide behavior against both strains, agreeing with
their good reported antibacterial behavior [26-28, 64—67].
Inhibition zones were dependent on the extract type. Log-
wood extract showed the stronger antimicrobial behav-
ior, with inhibition zones of 22 mm in diameter against S.
aureus, comparable to the antibiotic (positive control), and
10 mm against E. coli. The extract content also affected the
bactericide behavior, showing higher antibacterial capacity
as it increased. (Supplementary).

3D-WBPUUj, showed bacteriostatic behavior against
both strains. Even though no inhibition zone was observed,
no bacteria growth over the material was observed either.
The same effect was also observed for systems containing
alder buckthorn extract, 3D-3ABgy, 3D-5ABgy, 3D-3AB g
and 3D-5AB,y. The parts obtained from ex-situ prepared
inks containing logwood and chestnut extracts showed
bactericide behavior, exhibiting clear inhibition zones.
However, for in-situ prepared logwood extract containing
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S. aureus
1 day of incubation

3D-5LW,2CNF  3D-3AB, 3D-5AB,

3D-5AB,2CNF

E. coli
1 day of incubation

LW extract

3D-3CNgy

Z7.0 mm

3D-5AB,,2CNF

3D-5LW,2CNF  3D-3AB,, 3D-5AB,

Fig. 11 Antibacterial tests for natural extracts and 3D printed parts against S. aureus and E. coli after 1 day of incubation at 37 °C

composites, lower inhibition areas were verified, which
could be attributed to the entrapment of the extracts inside
the polyurethane matrix. Overall, tests against E. coli
strain showed lower activity, a common fact since gram
negative bacteria present a thicker outer lipopolysaccha-
ride membrane [68], which often results in higher anti-
bacterial resistance. All systems exhibited bacteriostatic
behavior, with no bacteria growth over the samples. In-situ
preparations with CNF showed also bactericide behavior,
and the inhibition halos were larger for these systems,
agreeing with reports about the antibacterial behavior of
cellulose. The effect of the natural extract content was
observed, mainly against S. aureus, systems with improved
bactericide capacity were obtained at higher extract con-
tents (Supplementary).

The capacity to maintain the antimicrobial effect over
longer periods was also analyzed. Figure 12 shows the
analyzed disks after 4 days of incubation. All the systems
showed similar behavior to the corresponding values after
1 day of incubation, proving the antibacterial behavior of the
materials over time. For some systems, the inhibition halo
even increased after four days, this could be due to a higher
release of the natural extracts with time. The good antibacte-
rial behavior exhibited by WBPUU/natural extract compos-
ites makes them a promising material for many applications,
namely in the biomedical and pharmaceutical fields.

Moreover, Fig. 13 shows a summary of the obtained
results. In this figure, the strong effect of the neat extract
against S. aureus can be clearly observed. This effect is also
present against E. coli, though less pronounced. The same
trend is followed by the printed composites, where the inhi-
bition capacity is stronger against gram-positive bacteria.
The weaker behavior of Alder Buckthorn extract is also
clearly seen.

5. Conclusions

The capacity to prepare bioactive inks valid for 3D printing
using a waterborne polyurethane—urea as matrix and natural
extracts as additives was demonstrated, as well as the effect
of the type, content and incorporation route of the extracts.

Though all WBPUU-based inks presented shear-thinning
behavior, their rheological behavior could be further tuned
by the incorporation of additives, which will be crucial in
the degree of success of the 3D printing process. In this
regard, inks prepared in-situ presented higher homogeneity
and allowed a better printability, and CNF containing inks
resulted in a better shape fidelity. This fact was also trans-
lated in better mechanical behavior, due to a more homoge-
neous structure and a better stress-transfer. Moreover, amid
the bacteriostatic behavior shown by the composites, the
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S. aureus
4 day of incubation

N4

CN extract AB extract

3D-5AB,,  3D-5AB,2CNF

E. coli
4 day of incubation

Antibiotic 3D-WBPUU,

A

ABe

3D-5LW,2CNF  3D-3AB,, 3D-5AB,, 3D-5AB,2CNF

Fig. 12 Antibacterial tests for natural extracts and 3D printed parts against S. aureus and E. coli after 4 days of incubation at 37 °C
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3D-3LW,,
3D-3CN,,
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3D-3LW,,
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3D-5AB,,
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Fig. 13 Representation of the diameter of the inhibition halo against
S. aureus and E. coli

strong bactericide capacity shown by logwood and chestnut
extract containing composites is to be noted.

Overall, SLWIN2CF ink presented the best behavior,
showing the most successful printing process and the best
final properties, both mechanical and antimicrobial. The
good properties of the logwood extract, together with the

@ Springer

highest homogeneity of the in-situ incorporation route
and the addition of CNF, resulted on an ink with very
promising capacities.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10924-023-03044-0.
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