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Abstract
Nanocomposites have been widely applied in medical device fabrication and tissue-engineering
applications. In this context, the release of metal ions as well as protein adsorption capacity are
hypothesized to be two key processes directing nanocomposite-cell interactions. The objective
of this study is to understand the polymer-matrix effects on ion release kinetics and their
relations with protein adsorption. Laser ablation in macromolecule solutions was employed for
synthesizing Au and Fe nanoparticle-loaded nanocomposites based on thermoplastic
polyurethane (TPU) and alginate. Confocal microscopy revealed a three-dimensional
homogeneous dispersion of laser-generated nanoparticles in the polymer. The physicochemical
properties revealed a pronounced dependence upon embedding of Fe and Au nanoparticles in
both polymer matrices. Interestingly, the total Fe ion concentration released from alginate gels
under static conditions decreased with increasing mass loadings, a phenomenon only found in
the Fe-alginate system and not in the Cu/Zn-alginate and Fe-TPU control system (where the
effects were proportioonal to the nanoparticle load). A detailed mechanistic examination of iron
the ion release process revealed that it is probably not the redox potential of metals and
diffusion of metal ions alone, but also the solubility of nano-metal oxides and affinity of metal
ions for alginate that lead to the special release behaviors of iron ions from alginate gels. The
amount of adsorbed bovine serum albumin (BSA) and collagen I on the surface of both the
alginate and TPU composites was significantly increased in contrast to the unloaded control
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polymers and could be correlated with the concentration of released Fe ions and the porosity of
composites, but was independent of the global surface charge. Interestingly, these effects were
already highly pronounced at minute loadings with Fe nanoparticles down to 200 ppm.
Moreover, the laser-generated Fe or Au nanoparticle-loaded alginate composites were shown to
be a suitable bioink for 3D printing. These findings are potentially relevant for ion-sensitive
bio-responses in cell differentiation, endothelisation, vascularisation, or wound healing.

Supplementary material for this article is available online

Keywords: laser ablation in liquid, nanocomposites, ion release kinetics, protein adsorption, 3D

printing
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1. Introduction

Nanocomposites are highly interesting for biomedicine as the
embedded nanoparticles can add novel functionality to the
polymer. Alginate is a water-soluble biopolymer that easily
forms a stable gel network in case cations like CaZt, Cu?t,
or Zn** are present as cross-linkers [1]. Due to its good cyto-
compatibility, it has been broadly applied in tissue engineer-
ing [2, 3], however cellular adhesion in the absence of addi-
tional functional ligands is limited. To compensate for the
disadvantage of lacking cell adhesion ligands, nanoparticles
can be embedded into alginate to achieve the expected posit-
ive results [4]. Thermoplastic polyurethane (TPU), a medium-
hardness polymer, has been applied in biomedical devices [5].
Both alginate and TPU are used as matrix materials in addit-
ive manufacturing [3, 6]. Nanoparticle-TPU or alginate com-
posites are usually prepared by chemical methods but impur-
ities from chemical additives as well as impaired particle sta-
bility in the polymer matrix are serious drawbacks. Compos-
ite preparation by in situ laser ablation in liquids could over-
come these two limitations and has been discussed in our pre-
vious work [7, 8], including scalability to a high technology
readiness level [8]. Potential applications of such ion-loaded
nanoparticle-embedded polymers are e.g. skeletal muscle tis-
sue engineering [9], wound healing [10], and implant materi-
als [11]. Furthermore, previous studies demonstrated that the
embedding of metal nanoparticles into alginate and TPU sig-
nificantly affects the biological response, which was attrib-
uted to different mechanisms. Benign effects on cellular viab-
ility and proliferation of endothelial cells were demonstrated
when insoluble nanoparticles like Pt and Au were embed-
ded into TPU, using an in situ laser ablation in liquids
approach. Here, the nanoparticles (NP), particularly when
embedded at low mass loads of 0.1%, significantly elevated
the hydrophilicity of the polymer and also induced particular
changes in polymer stiffness in the vicinity of the nanoparticles
probed by AFM. In this case, very pronounced effects on
pre-endothelialization were discovered, which was up to three
times higher than in the unmodified TPU [12]. Another more
frequently addressed effect in nanocomposites is the release
of metal ions and their impact on the adhesion of cells [9, 13].
For example, iron ions are key to biological functions of eryth-
ropoiesis [14] and wound healing [15], which are all related to
proteins.

In this context, the embedding of nanoparticles into poly-
mers has been frequently studied and these nanocomposites
are believed to serve as a reservoir for the release of metal
ions [10]. Furthermore, the combination of laser-generated Ag
nanoparticles with Mg, Zn, and Cu in TPU has been system-
atically investigated [11]. A broader therapeutic window, in
which the materials were both toxic to bacteria and nontoxic to
mammalian cells, was found. Another important ion-releasing
additive in nanocomposites is iron nanoparticles. This is attrib-
uted to the fact that iron is an important biochemical factor,
relevant to the structure of proteins and the metabolism of
cells [16]. Recent studies revealed the effects of the molar
concentration of Fe on the cell attachment and proliferation
in Fe-phosphate glass fibres [17]. In another study, the influ-
ence of iron nanoparticles embedded into alginate tubes gen-
erated by 3D biofabrication was analyzed. Here, the embed-
ding of low mass loads of Fe NPs (<0.1%) generated by in
situ laser ablation in alginate solution had a pronounced effect
on cellular activity, which is believed to be correlated with
the release of the iron ions [4]. Zhao et al [18] focused on
the adsorption of bovine serum albumin (BSA) on imprin-
ted alginate/polyacrylamide hydrogel films, while Angar et al
[19] examined the adsorption-desorption mechanism of BSA
on hydrogels. These studies showed that protein adsorption on
the surface plays a key role as an initial step for the interaction
of cells with synthetic materials, often directly correlated with
cellular adsorption [20, 21]. On a biomaterial scaffold, pro-
tein adsorption on the supramolecular level was proposed to
affect the vascularization via interacting with typical integrins
expressed by cells [22]. Further, the adsorption of cellular pro-
teins like collagen on catheters was reported to be a promising
strategy for vascular regeneration [23]. Thus, protein adsorp-
tion may be an initial indicator of cytocompatibility and may
be used as biological readout to predict the cellular response
of biomaterials.

Regarding the mechanism of metal ion release, Hahn er
al investigated the Ag and Cu ion release kinetics from sil-
icone composites generated by laser ablation in liquids [24,
25]. Wilke et al studied Zn ion release from microgel-modified
fibers and found elevated Zn release at higher ZnO nano-
particle loadings in microfibers [26]. So far, the mechanism of
diffusion-based release and multi-element release has already
been considered; however, the effects of oxide solubility and
the polymer matrix on Fe ion release have not been frequently
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Figure 1. Procedure of the fabrication method, ion release kinetics from obtained nanoparticles embedded in alginate and TPU polymer
matrix and 3D printability of alginate composites. Laser ablation in polymer solutions leads to in situ generation of nanoparticle-polymer
composites. The special ion release and printability are promising for tissue engineering applications.

considered. Moreover, little is known about the inter-relation
between protein adsorption and ion release in alginate nano-
particle polymer composites.

In the present study, nanoparticle-TPU or -alginate com-
posites (nanocomposites) were prepared by laser ablation in
liquids (LAL) [7, 27]. The detailed ion release kinetics, pro-
tein adsorption capacity, and the printability of alginate hydro-
gel were investigated (figure 1). These readouts are further
correlated with the chemical (hydrophilicity, molecular struc-
ture) and physical properties (stiffness, swelling rate) of the
composites. In detail, the following experiments were con-
ducted: The size distributions of the generated nanoparticles
in different polymer solutions were investigated. Further, the
physicochemical properties, such as the surface charge and the
wettability of the composites were determined. Meanwhile,
the swelling ratios and porosities of alginate hydrogel compos-
ites were examined. We tested the dependence of the release
of bioactive Fe ions from nanocomposites on the mass load-
ing of Fe nanoparticles, choosing Zn and Cu nanoparticles in
alginate as controls. Consecutively, the BSA adsorption capa-
city was tested as an initial indicator for the evaluation of the
biocompatibility. In this context, we elucidate to what extent
the affinity of BSA to the nanocomposite is correlated with the
loading of the nanoparticles and the composition of the com-
posite biomaterials. This study was finalized by verifying 3D
printability of the nanoparticle-loaded alginate gels.

2. Materials and methods

2.1. Generation of nanopatrticle composites via laser ablation

Alginate solutions were prepared by dissolving 1.5% m/v
sodium alginate powder (Sigma, St. Louis, MO, USA) in
deionized water. Thermoplastic polyurethane (TPU, Elast-
ogran 1190 A) was kindly provided by BASF company, Ger-
many. Tetrahydrofuran (THF, purity >99.9%; Sigma Aldrich)
was used to dissolve TPU with a final polymer concentration

of 1 wt%. The polymer viscosity was measured with the instru-
ment of Microviscometer (Lovis 2000 M, Anton Paar). The
generation of metal (Au, Fe, Cu and Zn) nanoparticles was car-
ried out by pulsed laser ablation of metal sheets in the polymer
solutions using an Nd: YAG picosecond laser system (Atlantic,
Ekspla) at its fundamental wavelength of 1064 nm. The Au
(thickness 0.5 mm, Allgemeine Gold- and Silberscheidean-
stalt AG) and Fe (thickness 0.25 mm, Sigma-Aldrich) tar-
gets were of 99.99% purity, while Zn (Good fellow, thick-
ness 0.1 mm) and Cu (Good fellow, thickness 0.5 mm) were
of 99.95% purity. The pulsed laser beam was focused into a
PTFE batch chamber, which contained the bulk metal target
foil and a volume of 30 ml of the polymer solution. The pulse
repetition rate was 100 kHz. During the ablation process, the
liquid was stirred with a Teflon turbine driven by a motor.
The constant flow ensured that already ablated material was
transported away from the laser beam. The control samples
of solutions of alginate and TPU were laser-processed in the
absence of an ablation target. The nanoparticle concentration
of the composites was determined by the weight difference of
the ablation targets before and after laser ablation on an analyt-
ical balance (PESA Waagen, Switzerland). All the error bars
in this work were from triplicated samples.

2.2. Characterization of composites

Transmission electron microscopy (TEM; Zeiss EM 910,
120 kV acceleration voltage) was employed to analyze the dis-
persions of colloidal, polymer-coated nanoparticles. A volume
of 5-10 pl of each solution was dropped on carbon-coated Cu
grids. Subsequently, samples were dried in air at room tem-
perature before placing them into the microscope. The stat-
istical analysis of the particle size was carried out using the
Imagel] software. To determine the number-weighted particle
size distributions, primary particle diameters of at least 400
nanoparticles per sample were counted for statistical analysis.
The data was plotted into number-weighted size histograms
and fitted using a log-normal function to obtain the average
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particle size. The polydispersity index (PDI) was calculated
from the following equations [28]:

PDI — Var2(x) )
'xc
Var(x) = G+ (ew2 — 1) 2)

where X, represents the average particle diameter and w? is
the standard deviation. To verify potential degradation or dam-
age of the alginate monomer by laser ablation, we examined
dry samples of alginate prior to and after laser irradiation via
Fourier-transform infrared spectroscopy (FTIR, FT/IR-430,
Jasco).

A Leica TCS SPS8 epifluorescence confocal microscope
connected to Leica LAS AF 3 software was used to investigate
the 3D distribution of nanoparticles in TPU and gelated algin-
ate composites via dark-field imaging. For Au nanoparticle
composites, the excitation wavelength was 532 nm, and the
emission wavelength was in the range of 534-590 nm. In
the case of Fe, the excitation wavelength was at 470 nm and
532 nm while the emission wavelength in the range of 472—
528 nm and 538-600 nm [4]. The obtained confocal micro-
scopy images were processed with ImagelJ software.

2.3. Swelling ratios and porosity of nanoparticle-alginate
composites

To analyze the swelling ratios of the samples, the alginate
and its composites were cross-linked with calcium chloride
(CaCl,, AppliChem). Briefly, 500 1 of 25 mg ml~! CaCl,
were cast into a 24-well plate (Eppendorf AG, Germany)
and frozen at —20 °C. 500 ul of 1.5% m/v alginate solu-
tion (pure alginate, nanoparticles- alginate) were added on
top of this base layer. For complete gelation, the solutions
were kept at room temperature for 30 min. The swelling ratio
(S) of different samples was calculated using the following
equation (3) [29]:

Wy — Wo

S= 3)

wo

where wy and wy are the dry and wet weight, respectively. Here,
the dry and wet weights were analyzed by analytical balance.

The porosity (P) of the prepared discs of alginate compos-
ites was determined using a reported method [30]. Briefly,
the discs were immersed in ethanol (Fisher Scientific, UK), a
solvent that easily penetrates the pores without causing shrink-
age or swelling [30], as displacement liquid until the discs
were saturated. The samples were weighed before and after
the immersion in alcohol. The porosity was calculated using
equation (4):

Wi —wy

P = 4
7 “

where w; and w; indicate the weight of discs before and after
immersion in ethanol, respectively. V; is the volume before
immersion in ethanol; p is the density of the alcohol.

2.4. Surface zeta potential of nanoparticles-TPU composites
fims

To obtain suitable films for measuring the surface zeta poten-
tial (streaming potential) of TPU composites, a TPU com-
posite solution was cast into a glass petri dish. After drying,
circular samples with 14 mm diameter and 0.2 mm of thick-
ness were obtained by punching the thin films of the nano-
composites. All measurements were performed at pH values
varied between 4.5 and 8.5, which were adjusted by adding
0.1 M KOH to the sample in volume increments of 0.02 ml.
The streaming potential was measured by the device SurPASS
Electrokinetic Analyzer (Anton Paar, USA). The surface zeta
potential of the nanocomposites was calculated automatically
by the software VisoLab, according to the given measured
streaming current.

2.5. Contact angle of composites

Alginate and TPU nanocomposite films were prepared as
described above. For labeling samples, alginate was abbrevi-
ated as Alg. The contact angles of the samples were measured
by a Dataphysics OCA-15 instrument equipped with a video
camera at room temperature by the captive bubble method. The
contact angles of a captive air bubble and water were measured
with a substrate fixed with composites films, facing downward
in a square transparent glass vessel filled with deionized water.
Once the air bubble was released from the J-shaped needle
using a microsyringe beneath the glass substrate, images were
captured within 30 s and contact angles were recorded by the
software SCA20-F.

2.6. lon release measurement

For the ion-release measurements, alginate discs and TPU
nanocomposite films were placed in 50 ml tubes of poly-
styrene, which were previously cleaned by rinsing them in
HNO; (2%) and deionized water. Subsequently, 8 ml of 2 mm
PIPES buffer, adjusted to pH 7.4, was added. The samples
were incubated at room temperature. Samples of the super-
natant (700 pl) were taken at different time points (0.15-100 h)
without refilling fresh buffer medium, and nitric acid (1 vol%)
was added to the samples for the stabilization of ions. The
samples were stored at room temperature before measurement.
The concentrations of metal ions in the sampled aliquots were
analyzed with inductively coupled plasma mass spectrometry
(ICP-MS, Perkin Elmer, Elan 6000) operating at 1000 W
plasma power, 14 1 min—! plasma gas flow, and 0.9 1 min~—!
nebulizer gas flow. Prior to the analysis, the samples were
diluted ten times with 1% HNO; containing 10 pug 17! of
yttrium (Y) and thulium (Tm) as internal standards. The wash-
ing time between measurements was set to 10 s with 1% supra-
pur HNOj to avoid the contamination and memory effects. A
series of 11 dilutions in the range of 0.1-100 g 1~! standard
solution (ICP Multi-element-standard solution, Merck, Darm-
stadt, Germany Instrument) were used for the calibration.
Metal ion concentrations (pg 1~!) were calculated according to
the corresponding calibration lines (correlation factor > 0.99).



Nanotechnology 31 (2020) 405703

Y Lietal

2.7 Protein adsorption of composites

The adsorption of proteins (BSA and collagen I obtained from
Sigma Aldrich) on the alginate and TPU composites was car-
ried out using a previously reported method [18, 31]. The
surface water on alginate discs or TPU films was absorbed
with clean filter paper to get the wet weight. Subsequently,
samples were placed into 24 well plates containing 1 ml
0.5 mg ml~! BSA protein aqueous solution and collagen
dissolved in 5 mM acetic acid, respectively, to evaluate the
dynamic protein adsorption. The final pH was at 7.4. The
whole protein adsorption process lasted for 1 h, and equilib-
rium adsorption capacity Q. (mg g~ ') of each sample was cal-
culated according to the following equation (5) [18, 31]:

Q.= (Cop-Ce) Vm™! S

where m (g) describes the mass of the wet hydrogel or
the composites, V (ml) refers to the volume of the pro-
tein solution, and Cy (mg ml~!) and C. (mg ml~!) are the
protein concentrations of the initial solution and the super-
natant solution at equilibrium, respectively. The protein con-
centrations of the supernatant solutions at equilibrium were
determined by the Bradford method [32]. The calibration
curves were built from the absorbance at 595 nm measured
with a UV-vis spectrometer (Thermo Scientific) after mix-
ing standard BSA protein with protein reagent for 2 min
in 3 ml plastic cuvettes. The concentration of protein was
plotted to determine the protein concentration in unknown
samples, as shown in supplemental figure S1 (available online
at stacks.iop.org/NANO/31/405703/mmedia).

2.8. Demonstration of 3D printability

The printability of the alginate-nanoparticle composite was
tested using a modular, compact 3D-bioprinter (SuperFill—
Robo, Black Drop Biodrucker GmbH, Aachen, Germany).
The system combines multiple 3D-printing modalities, such
as drop-on-demand printing, microextrusion, and fused-
filament-fabrication. The machine comprises three individu-
ally temperature controllable printer heads as well as a mod-
ular printing platform, which can be heated and cooled. The
printing tests were conducted using a microextrusion printer
head with a luer lock needle measuring 1.5 mm in diameter
and 20 mm in length. A modified approach of the previously
published submerged printing strategy was applied [33-35].
Briefly, a 10 ml glass beaker (Schott AG, Mainz, Germany)
was filled with 10 ml of a crosslinker containing gelatin slurry.
A stock of 10% (w/v) gelatin (gelatin type A, G2500, Sigma,
St Louis, MO, USA) dissolved in 5% (w/v) calcium-chloride
solution (CaCl,, AppliChem) was prepared. The gelatin was
left to soak for 10 min at 24 °C until it formed a swollen slurry.
The printing cartridge was carefully rinsed with ethanol and
flushed with distilled water before it was loaded with either
1 ml of 1.5% (w/v) native alginate (i), iron-nanoparticle con-
taining alginate (ii), or gold-nanoparticle containing alginate
(iii). The beaker filled with the crosslinker-containing, swollen
gelatin slurry was placed on the printing platform. The print-
ing cartridge was loaded into the printer and the tip of the

needle was leveled to the bottom of the glass beaker. For
the printing process the model of a cylinder was sliced into
0.2 mm thick layers (SuperFill—Slicer, Black Drop Biod-
rucker GmbH, Aachen, Germany). According to the previ-
ously created data set, the needle was moved layer by layer
submerged in the gelatin-filled beaker. During the printing
process uniform alginate strands were deposited under a pres-
sure of 0.2 bar. In contact with the CaCl, containing gelatin,
the printed alginate formed a solid gel after a short time. Fol-
lowing the printing process, the gelatin slurry was melted
at 38 °C. After approximately 25 min the printed structures
floated towards the surface and could be removed from the
beaker with tweezers. Three specimens of each native, iron-,
as well as gold-laden alginate were printed.

3. Results and discussions

3.1. Laser-based synthesis of nanopatrticle-loaded alginate or
TPU

A potential limitation of the in situ fabrication method of com-
posites by lasers is the frequently discussed aspect of poly-
mer degradation, in particular if femtosecond laser pulses are
applied because of filamentation, and liquid ionisation, but
also in case high intensity nanosecond pulses, which induce
heating [27]. Here, picosecond laser pulse durations may
provide a good compromise to minimize colloid excitation
effects while minimizing target heating and thereby heat trans-
fer from the target to the liquid. In order to verify potential
degradation or damage of the alginate monomer by laser abla-
tion, we examined blank alginate precursor solutions prior to
and after laser irradiation via FTIR spectroscopy (figure S2),
indicating that degradation was minimal.

During the ablation, experimental parameters such as the
viscosity and the optical density of the liquid highly influenced
the particle size and ablation efficiency [7, 8, 36]. With ns-
laser, the Au NP productivity is obtained with a total value
of 1100 + 44 mg h~! [37]. Kohsakowski et al compared
the nanoparticle productivities with ps-laser and ns-laser and
found NP productivity related to the laser power [38]. With
high power laser systems, the productivity of metal nano-
particles can reach 4 g h—! in water [39]. However, signific-
antly reduced values are commonly found in organic solvents
[36] and few works reported the NP productivity in polymer
solutions [40].

In this study, productivity was reported for different mass
concentrations of alginate and TPU in water and THF, respect-
ively. A clear trend of reduced productivity with increasing
polymer concentration was found, (figure 2, lower row). This
was in accordance with the viscosity change of the stud-
ied polymer solutions, which was highly pronounced within
the parameter matrix studied in this work (figure 2, upper
row). For example, the viscosity of a 1.5% w/v alginate
in deionized water is 18.8 mPaes, while a 3.0% w/v stock
solution had a seven times higher viscosity of 136.1 mPass.
At 1.5% w/v alginate concentration, the NP productivity
(53 mg Au h™!) was around two times higher than that in
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Figure 2. Influence of the concentration of alginate dissolved in water (a) and TPU in THF (b) on productivity during laser ablation using

gold and iron targets.

3.0% wlv solution. And the highest specific nanoparticle pro-
ductivity was calculated to be at 5.5 & 0.4 mg (h*W)~! for
Au and 2.1 £ 0.2 mg (h*W)~! for Fe. Nonetheless, the cor-
relation between viscosity and productivity is not universal,
as verified by a direct comparison between the alginate and
TPU system. Although the viscosity of TPU/THF solution is
1.33 mPaes at the concentration of 1 wt%, the productivity of
Au and Fe is around 8 mg h~!, which is approximately 10
times lower than in an aqueous alginate system. In this con-
text, the solvent (water vs. THF) seems to have a significantly
more pronounced impact on productivity than the viscosity
alone. The fact that nanoparticles synthesized in THF are lar-
ger (figure 3) and hence have higher absorption cross-sections
might explain why the productivity in THF is lower com-
pared to that in water, as Kalus ef al [36] described because
laser energy is absorbed or scattered by the colloid and can
no longer be efficiently transferred to the target. In their work,
Kalus er al also observed that the ascent speed of persistent
gas bubbles in water is much faster and the bubbles’ dwell
time is shorter than in organic liquid, which also results in
less shielding and consequently higher productivity in water.
With regard to the different materials, Au mass productiv-
ity is usually higher than Fe in aqueous solution, a fact most
likely attributed to different densities of Au and Fe. Consider-
ing this density effect, the ablated volume of Fe in our study is
around 1.5 times higher than the volume of Au in this situation.
Considering molar values, the number of ablated Fe atoms is
around 0.038 N, 2.2 times more than Au in 1.5% w/v alginate
solution, whereas in 1 wt% TPU solution, this value is 0.01 N
for Fe, which is about 3.3 times more than ablated Au atoms.

The obtained colloids were characterized using TEM
(figure 3). Metal nanoparticles revealed a uniform spherical
morphology without the formation of aggregates, even though
particle agglomeration can be frequently found [4]. The PDI
describes the width of the particle size distribution. A narrow

size distribution has a PDI of 0.1-0.2, while polydisperse size
distribution exceeds PDIs of 0.5 [28]. The PDI value of nano-
particles in alginate were 0.16 (Au) and 0.07 (Fe), while it was
0.7 (Au) and 0.56 (Fe) in TPU. Au nanoparticles synthesized in
alginate solutions showed an average diameter of 3.3 + 0.4 nm
(figure 3(a)), whereas Fe nanoparticles had an average dia-
meter of 8.0 £ 0.1 nm (figure 3(b)). In the case of TPU solu-
tions, the obtained Au nanoparticles had average diameters of
5.3 £ 0.4 nm (figure 3(c)), while the average size of Fe nano-
particles was 12 4= 2.9 nm (figure 3(d)). In previous studies on
the synthesis of Au nanoparticles in alginate using chemical
reduction, the obtained particles were 5 + 2 nm in diameter
[41]. For TPU, values in the range of 5-20 nm were reported
[42]. The smaller particle size of Au compared to Fe may result
from the laser ablation process. As stated in 3.1, more ablated
Fe atoms may have facilitated the particle growth before it was
quenched by the stabilizing polymer chains [43]. Furthermore,
stronger interactions between the polymer chains and the gold
nanoparticles are conceivable in contrast to iron, which could
induce a more efficient size quenching.

Embedding metal nanoparticles into a polymer matrix may
alter the roughness of the surface [23] and change the physico-
chemical properties [12], which may in turn influence protein
interaction and cellular proliferation. Therefore, it is necessary
to investigate the distribution of nanoparticles in polymers,
as shown in figure 4. Laser scanning confocal microscopy
(LSCM) is not only a powerful tool to investigate cells, but it
may also be used as a high-throughput technique for examin-
ing nanoparticle-polymer composites [44], and investigating
metallic nanoparticles [4, 45-47]. Confocal microscopy is
very sensitive to the particle’s geometry and polarizability
while scattering patterns of metal nanoparticles are acquired.
Due to the surface plasmon resonance (SPR) enhanced scat-
tering, confocal microscopy can be used for the quantitative
visualization of Au nanoparticles [4, 46]. Furthermore, single
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spots could also be observed in the polymer. Klein et al [46]
found that LSCM had a size detection limit of 60 nm for gold
nanoparticles. It is well-known that azimuthally and radially
polarized doughnut modes render different patterns: the signal
of particles smaller than the resolution will be observed either
as aring or a spot with a weak surrounding ring of contrast, as
proved by Ziichner et al [45].

To verify the nanoparticle distribution in the whole volume
of this thin polymer film, the composites were rotated in
the z-axis to acquire ‘living mode’ images. During the laser
ablation of a metal target in a polymer solution, the gener-
ated nanoparticles are immobilized by macromolecules and
embedded into the polymers in situ. The 3D images con-
firmed this point (figures 4(c)—(f)). The results showed that
most nanoparticles were homogeneously distributed in algin-
ate and TPU. However, slight particle agglomeration was also
found, which is in agreement with previous findings [4].

3.2. Surface zeta potential, swelling ratio, wettability and
porosity of nanoparticles-polymer composites

As TPU composites are non-soluble in water, it is easy to
study them under the flowing solutions with varied pH. Cor-
responding studies with alginate were not possible under these
experimental conditions as the alginate gels exhibited a pH-
dependent disintegration. Figure 5 depicts the surface zeta
potential of TPU, Fe (0.09 wt%) or Au (0.17 wt%) TPU com-
posite films as a function of pH. The surface charges of films
result from bound dissociable groups or adsorbed charge carri-
ers from the environment [48]. In general, the isoelectric point
(IEP) of materials indicates their pH value of surface charge
compensation and application potentials, e.g. cellular adhesion
[49]. The TPU control showed positive surface zeta potentials
in the pH range of 4.5-8.2 with an IEP at pH 8.2. In particular,
at pH 7.4, TPU was positively charged (23 mV), which con-
firmed the experiments of Yu et al who demonstrated the zeta
potential of TPU was 23 mV at pH 7.4 [5]. In contrast, the sur-
face zeta potential for Fe- and Au-TPU was consistently neg-
ative at pH above 4.6. Furthermore, films with nanoparticles
were negatively charged between —55 mV and —58 mV, as
previously reported for TPU modified with Pt and Au nano-
particles [12]. Laser-generated noble metal nanoparticles are
usually negatively charged [28], which seems to affect the sur-
face of TPU.

To gain insight into the wettability of alginate and TPU
nanocomposites, contact angle measurements by the captive
bubble method were carried out. An air bubble was attached to
the surface of samples as shown in the insert figures 6(a), (b).
The contact angle measured using the captive bubble method is
between the air bubble and surface, i.e. 8, using the Laplace-
Young fit. The water contact angle should be recalculated as
180° — 6, and a low water contact angle indicates a more
hydrophilic material. The results are depicted in figure 6. The
surface of pure alginate and the nanocomposites showed an
extremely high degree of hydrophilicity. The contact angle
of pure alginate (17°) was reduced to 7° - 14° in the pres-
ence of nanoparticles, indicating a slight increase in wettab-
ility. TPU and its composites were hydrophilic as well but

with a higher contact angle of approximately 43°—60°, which
was in good agreement with previously reported results [12].
The contact angles were approximately 60° for pure TPU
and 43° for Fe-TPU composites, indicating that Au and Fe
nanoparticles improved the wettability of TPU. The contact
angles of different nanoparticle loadings showed no signific-
ant differences (figure S3), probably attributed to the low dif-
ferences in mass loads used here. These results were in accord-
ance with other findings, where a more hydrophilic surface
was obtained through embedding Pt or Au nanoparticles into
TPU [12], or surface modification [50]. The observed change
of the wettability proved that the incorporated nanoparticles
altered the surface properties of the polymers. This finding is in
good agreement with the zeta potential measurements, where
particles embedded in TPU were shown to reverse the charge
and increased the overall net charge of the composites by a
factor of >2.

Swelling experiments were carried out in distilled water at
room temperature and the evaluation of the porosity was per-
formed for alginate composites by using ethanol (figure 7).
The TPU-based nanocomposites were without macrospores.
SEM images (figure S4) also confirmed that the native poly-
mer is not porous and the NPs have no impact on porosity.
The porous nature of the alginate can be helpful to absorb
proteins and transport ions [30]. The swelling ratio analysis
revealed that pure alginate featured a swelling of 10%. The
embedding of AuNPs induced a steep increase of the swell-
ing ratio up to an Au mass load of 0.1 wt%, while saturation
was observed for higher mass loads (figure 7(b)). Embedding
of Fe nanoparticles into alginate, on the other hand, leads to
a significantly higher swelling up to 50% at a mass load of
0.7 wt%, though the total slope of the curve was lower than
in the case of gold. Furthermore, a pronounced decrease in
the swelling ratio was discovered for even higher Fe mass
loads, which could not be observed in the case of Au. Note
that the mass of nanoparticles in the 200-5000 ppm range, neg-
ligible in contrast to the weight of the alginate. The fact that
an increasing amount of nanoparticles enhanced the swellab-
ility of hydrogel composites is in accordance with previous
reports [51, 52]. This could be attributed to the fact that embed-
ded nanoparticles may have caused the enlargement of algin-
ate hydrogel networks [52], which enhances swelling capab-
ility. The pronounced difference between the swelling rates
for gold and iron could be that iron, due to its lower dens-
ity, would fill a higher volume of the gel at equal mass dose.
In other words, iron-loaded gels contain a higher number of
particles at the same mass load. Additionally, the Fe nano-
particles were reported to possess a significantly higher dia-
meter in comparison to their Au analoga. Another interesting
phenomenon is the shrinkage of the gel network at higher iron
loads, which could not be observed for gold. This could be
due to the fact that iron nanoparticles are soluble and release
iron ions. At high iron mass loading, these ions could exceed
a critical concentration where they interact with the alginate
chains and induce further polymerization of the chains. This
correlation will be discussed in more detail in conjunction with
ion release studies. With regard to the polymers’ porosities in
figure 7(c), it was found that the porosities of pure alginate and
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Figure 3. Particle size distributions and representative TEM images of nanoparticles generated by the laser ablation of metal plates in
polymer solutions. The images show alginate filled with Au nanoparticles (0.043 wt.%) (a), alginate filled with Fe nanoparticles (0.03 wt.%)
(b), TPU embedding with Au nanoparticles (0.069 wt.%) (c) and TPU embedding with Fe nanoparticles (0.048 wt.%) (d). Parameters of the

log-normal fitting and the calculated PDI are given in the diagrams.

that of composite did not show any significant variations, both
for embedding with Au or Fe nanoparticles up to mass loads
of 0.9 wt%, respectively. All samples showed porosities in the
range of 17% — 23%.

3.83. lon release

Figures 8 and 9 illustrated the time-dependent Fe ion release
from Fe-loaded alginate and TPU nanocomposites, respect-
ively. The general trend of these curves was similar to other
metal ion releasing profiles from laser-generated nanoparticle
polymer composites, which followed the pseudo first-order
equation [4, 11]. The accumulated ion release from Fe nan-
oparticle composites was obviously higher than the unloaded
controls (figures 8(a) and 9(a)). The release of ions from pure
alginate and pure TPU was probably induced by Fe impurities.
After an initial increase within the first 10 h, the release profiles
entered a plateau. Overall, the amount of released Fe ions from
TPU nanocomposites was lower compared to alginate nano-
composites, which may result from a smaller Fe nanoparticle
size in alginate and the porous hydrophilic gel structure, which
eases ion transport via diffusion. Comparable release kinetics
of Fe ions were also found for other nanocomposites in liter-
ature [9].

The obtained absolute Fe ion concentration in the case of
Fe-TPU composites increased with the nanoparticle loading

(figures 9(a), (c)). On the other hand, the ion release in per-
cent was found to decrease with increasing nanoparticle loads
(figures 9(b), (d)). This behavior is in accordance with previ-
ous findings [9] and expectations, as a higher total release of
ions is expected at higher particle loads. On the other hand,
a diffusion-driven mechanism would slow down release in
case of higher total ion concentrations in the medium, redu-
cing the relative release under static experimental conditions.
Irrespective of the expectations, the highest total amount of
Fe ions was released from the alginate samples with lower
nanoparticle loadings, such as 0.05 wt% and 0.1 wt% (fig-
ure 8(a)). Furthermore, the absolute maximum Fe ion con-
centration clearly decreased with increasing load of nano-
particles embedded within the alginate matrix, even though
high deviations between the individual samples were found
(figure 8(c)). The normalized (to the total mass of loaded Fe)
curves of released Fe ions showed a much more pronounced
trend, indicating an exponential decrease of the relative ion
release with nanoparticle mass load, which saturates below
10% for mass loads >0.5% (figures 8(b) and (d)).

These findings for the alginate-iron system are in contrast
to findings on other releases systems previously described in
the literature, where the total release always increased with
nanoparticle loading. In contrast, we here find an optimum
ion release at low NP loading and a lower total ion release at
higher nanoparticle loading. In the following section we aim
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Figure 4. Laser scanning confocal microscopy images of gelated alginate and TPU filled with nanoparticles. Image reveals the particle
distribution within the polymer matrix. Au nanoparticles (0.043 wt.%) in alginate (a), Fe nanoparticles (0.03 wt.%) in alginate (b) are
shown. And left images represent the polymer matrix, middle means the nanoparticles and right is the overlays of nanoparticles and matrix.
3D images of gelated Au alginate composites (c), Fe—alginate composites (d), Au-TPU (0.069 wt.%) (e), and Fe-TPU (0.085 wt.%) (f) are

shown.

to explain this phenomenon by discussing frequently reported
effects like ion diffusion and element solubility, but also solu-
bility of formed metal oxides as well as interactions between
the ions and the polymer matrix, which are mostly neglected
in literature.

Our initial hypothesis to explain this counter-intuitive phe-
nomenon was that it may be related to a peculiarity of
the alginate gel itself. To further investigate this correlation
between the ion release and the loaded nanoparticle mass,

control experiments with Zn and Cu nanoparticles in algin-
ate were conducted by following the identical experimental
procedure (figure S5). The obtained results showed that the
total concentration of released metal ions increased with the
mass of Zn and Cu particles in alginate, while the total con-
centrations of Zn were much higher than for copper, which
is in accordance with the more negative redox potential of Zn.
The relative ion release slightly increased for Zn and decreased
for Cu, however, the trends were far less pronounced than in
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(0.09 wt%), Au-TPU (0.17 wt%) derived from streaming potentials
of TPU composite films at the variation with pH are shown. The
plots were fitted with a polynomial function.

Figure 6. Contact angles of nanoparticles-alginate and
nanoparticles-TPU composites are shown. Insert images showing
how contact angle measurements are made using the captive bubble
method: (a) alginate, Au (0.05 wt%), Fe (0.05 wt%) alginate
composites, (b) TPU, Au-TPU (0.17 wt%), Fe-TPU (0.09 wt%)
composites.

the case of iron. Based on this we can conclude that the iron-
alginate gel system seems to have special release properties,
where higher concentrations of particles in the gel seem to
inhibit the release of iron ions or particularly pronounced burst
release occurs at low mass load.

Figure 10 illustrates the individual mechanistic steps
involved in the release of ions for Fe compared with Zn. The
release of ions from nanoparticle-loaded gels is initially influ-
enced by the diffusion of the solvent into the composite fol-
lowed by the diffusion of the solvated ions out of the gel. The

ions diffuse through channels that consist of the already exist-
ing pores of the network structure of the polymer or are migra-
tion paths of already released ions and corroded nanoparticles
[53]. Diffusion clearly explains the shape of the release curves
in all samples as depicted. The initial burst release is probably
related to the initial high concentration gradient between the
vicinity of the nanoparticle and the outside of the gel as well as
the fact that nanoparticles situated close to the gel surface have
shorter diffusion paths and therefore induce a faster release.
After about 10 h, the release saturates because the concentra-
tion gradient, which is the driving force for diffusion, levels,
as concentrations inside and outside of the gel reach a steady
state under static release conditions. However, as the diffusion
coefficients of solvated Fe2/Fe3t, Zn?T, and Cut/Cu?* ions
are not significantly different (the literature values are listed in
Table S1), diffusion cannot account for the peculiar behavior
of the iron system, where higher absolute iron mass is released
at low particle mass load. The ion release is further influenced
by the dissolution of the embedded metal particles. The oxid-
ation ability of metal can be estimated using the electrochem-
ical standard potentials (E°). E° for the oxidative formation
of Zn>*, Fe’*, and Cu?* from the corresponding metals is
—0.762, —0.447 and 0.342 V, respectively, while the strongest
release is expected for the most negative standard redox poten-
tial. Based on this we would expect a trend for the highest
release rate and final ion concentration Zn > Fe > Cu. This
trend can be clearly confirmed for higher particle mass loads.
For example, at the 1.2 wt% loading of Zn and Cu, and 0.5 wt%
of Fe, this trend can be observed as the resulting total ion con-
centration of Zn, Fe, and Cu was 550, 300, and 110 ug 1!
(figures 8(a) and S5(a)). However, the trend is significantly
different at lower loads. For example, at 0.3 wt%, the total
released mass of iron ions is 4-5 times higher. These findings
cannot be explained by the redox potential of the correspond-
ing metal nanoparticles.

Next to the direct oxidation of the pure metals in an aqueous
medium, it is highly likely that the iron nanoparticles, laser-
fabricated in aqueous medium, are at least partially oxid-
ized. Using picosecond lasers, oxides are frequently obtained
by the ablation of elemental targets in liquids, such as ZnO,
CuO, FeO, Fe;0,4 [54]. The formation of possible Fe;C spe-
cies can also not be excluded in case ablation is conducted in
organic solvents. In addition, it is known that laser ablation of
ignoble metalks in aqueous solution may lead to suboxide nan-
oparticles, or elemental core - oxide shell nanoparticles [64].
Based on the Pourbaix diagram in aqueous solution at 298 K
and pH 7.4, oxides like ZnO, Cu,0, CuO, FeO, Fe,03; and
Fe;O4 are likely to form. This shows that in case of iron, a
number of different oxides could be formed. However, there
are some indications in literature that FeO may be the predom-
inant oxide under these conditions [55]. During the particle
dissolution reaction in water, these oxides will initially form
hydroxides that can dissolve to form metal ions. As a con-
sequence, the solubility of these oxides may be an import-
ant contributing factor to the ion release mechanism [56]. For
metal oxides, the following reactions occurred in water at pH
7.5, as Mudunkotuwa described for ZnO NPs [56]. Thereto we
compared the solubility product constants K, of Zn, Cu and
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Fe hydroxides (table S2). the system Fe;O04/Fe(OH); cannot be directly compared to the

others due to deviating reaction stoichiometry. Based on this
we can conclude that the higher solubility of the iron oxides
may be a contributing factor to a stronger release of iron ions,
+ B however, it does not explain the peculiar particle mass load

M(OH),(s) «» M(OH)" (aq) +OH" (aq) 7 dependency of the release kinetics.
Thereto, one final aspect which needs to be considered
M(OH)* (aq) <> M2* (ag) + OH" (aq) (8) concerns the interactions of the metal ions with the algin-
ate matrix. The order of binding affinity of ions for algin-
The values clearly reveal that the K, value of FeO/Fe(OH), — ate was: Fe?t > Fe*t > Cu?t > Zn?* [57, 58]. Jodra and
is the highest followed by ZnO/Zn(OH),, which is consider- Mijangos proposed an ion-exchange model between metals
ably higher than CuO/Cu(OH),. The solubility constant for and calcium-gelated alginate gels [59]. According to this equi-

MO (s) + H,O(1) <> M(OH), (s) (6)

1
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librium model, the process was described by the next reaction

and equation (10) [59]:

R,Ca+M?* & RM +Ca’* 9)
Cwm)

KM — (am/Cwm (10)
c (CICa/ CCa)

where K is the corresponding equilibrium constant, q
(mol kg~') is the metal mass in alginate, C (mol 17') is the
metal concentration. Based on this we can conclude that the
strong affinity of the iron ions for the alginate chains would
shift the dissolution equilibrium of the FeO to the side of the
soluble FeZ™, while furthermore the solubility of the FeO is
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higher than that of CuO and ZnO. The combination of these
two factors may account for the irregular burst release of iron
ions at low loadings. However, why is the release inhibited
at higher iron mass loads? In this context two factors could
contribute. Firstly, high iron ion concentrations may favor the
formation of low solubility oxides like Fe;O4 according to
reaction (11).

2Fe’* + Fe?* + 80OH™ — Fe;04 + 4H,0 (11)

Furthermore, Fe ions have the highest affinity for alginate
which may further influence the alginate network by inducing
additional gelation processes and reducing pore diameters in
the gel network. This assumption is backed by the measure-
ments of the swelling rates, which tended to slightly decrease
for iron nanoparticle loads exceeding 0.7 wt% (figure 7(a)).
Hence, the higher ion concentration contributes to decreas-
ing the porosity of alginate gels, which will inhibit the release
at the higher Fe mass loads [60]. Considering the described
factors, it is not the redox potential of the metals and diffu-
sion of metal ions, but most likely the solubility of nano metal
oxides and affinity of metal ions for alginate that lead to the
special release behaviors of iron ions from iron-alginate nano-
composite gels.

3.4. Protein adsorption of composites

The comparison of the protein adsorption capacity of Au-
and Fe-alginate composites as well as of pure alginate is
summarized in figures 11(a), (b). There is a clear trend reveal-
ing an elevated protein adsorption capacity compared to pure
alginate (1.93 + 0.3 mg g~'). Apparently, minute loadings
of the composites with iron (0.02 wt%) have a very strong
effect on protein adsorption, increasing the protein mass by
a factor of 2.8 (5.4 + 0.9 mg BSA g~' composite). Inter-
estingly, this steep increase in protein adsorption occurs in
the same concentration regime where highly pronounced ion
release is reported. This is in good accordance with cell cul-
ture experiments on similar systems where Blaser ef al indic-
ated that 0.01 wt% Fe-alginate gels strongly favor cell adhe-
sion [4]. For higher Fe nanoparticle loads, there is a slight
decrease in protein adsorption capacity, however, the val-
ues are still higher than the pure alginate control. For the
case of Au-alginate composites, there is no steep increase of
protein adsorption at low mass load but a constant increase
with a local maximum at 5.0 + 0.5 mg g~! at the concen-
tration of 0.1 wt%. In another experimental approach, pro-
tein adsorption on nanoparticle-loaded TPU composites was
studied at a constant nanoparticle mass load. As shown in
figure 11(c), the adsorption of BSA slightly increased with
embedding nanoparticles in TPU compared to the pure TPU
films. The maximum Q. was 2.33 £ 0.17 mg g~' for the
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Figure 12. Submerged bioprinting of 3D-hydrogel scaffolds made of alginate composite bioinks. The printing process is illustrated
schematically (a) as well as in overview and close-up images (b). To stabilize and crosslink the printed alginate constructs, the bioprinting
process is conducted submerged in a gelatin-CaCl, slurry. After successful printing the slurry is heated up to 38 °C to melt the gelatin and
enable gentle removal of the printed object. The two slurry states (swollen and melted) are illustrated schematically (c) as well as with
recorded images (d). Images of the bioprinted 3D-cylinders (e) are shown in side view (left) as well as in top view (right).

Fe-TPU composites. On the other hand, the type of embed-
ded nanoparticles (Fe or Au) had no observable impact on
protein adsorption. For further clarification and to rule out
cross effects from different protein concentrations studied, the
relative amount of adsorbed protein was plotted versus the
nanoparticle loading in the composites (figures 11(b), (d)).
Nanoparticle-alginate composites adsorbed more BSA than
pure alginate, and the adsorption was approximately 1.7 times
that of pure alginate. This phenomenon was also found in the
collagen I protein adsorption as shown in figure S6. As a con-
trol, collagen I in contrast to BSA, is positively charged at pH
7.4 as indicated in the literature [61]. Our results also showed
that the integration of minute amounts of nanoparticles has a
universally beneficial effect on protein adsorption, both for
albumin and collagen I. This seems to indicate that the net
charge of the protein alone is not the dominant factor driv-
ing the adsorption process. The impact on TPU was less pro-
nounced, as indicated by the adsorption rate of Fe-TPU com-
posites at 17%, while the value was 14% for the TPU control.

The adsorption of proteins on a surface is a complex pro-
cess, which is affected by the morphology, the ion-exchange,
the surface charge, hydrogen bonds, van der Waals interac-
tion and electrostatic interactions [20, 62]. The first step of
protein adsorption is a fast direct-attachment to the surface,
while the second step is slow and the thickness of the pro-
tein layer gradually increases with the increasing amount [20].
Generally, proteins preferred hydrophobic surfaces to hydro-
philic ones. However, there is also evidence about protein
adsorption on hydrophilic surfaces. In an aqueous environ-
ment, the available possibilities for hydrogen bonding involve

the residual amide molecules which form water-amide hydro-
gen bonds [62]. According to the experimental results, there is
protein adherent on the alginate hydrophilic surface. However,
we still cannot name alginate surface as ‘protein-adsorbing’
or ‘non-protein adsorbing’. The possible explanation could be
that hydrophilic surface sites would attract proteins by elec-
trostatic interactions. Moreover, the porous structure of algin-
ate gels provides the channels for protein adsorption. Another
important factor is the presence of Au and Fe nanoparticles,
which can alter the morphology. Nanoparticles have a high
affinity to amine and cysteine groups of proteins, especially
for AuNPs. Additionally, the increasing ionic strength result-
ing from the Fe ion release was proved to favor the adsorption
of larger amounts of protein [62]. Therefore, the hydrophobic
or hydrophilic surface was not a significant parameter that con-
tributed to the fact that much more protein was adsorbed on
alginate hydrogels compared to TPU. But the porous struc-
ture of the alginate composites and the stronger release of ions
play a prominent role in this situation. This demonstrates high
application potential of composites as only minute amounts of
NPs in the ppm range, significantly improve protein adsorp-
tion known to facilitate cell adhesion and growth.

3.5. 3D printing of scaffolds

Since nanoparticle addition triggers ion release as well as
strongly enhances protein adsorption, the NP-laden polymers
may be a widely applied in tissue engineering and 3D scaf-
fold design. Hence, the question arises whether printability
of the alginate-based composite materials is retained after the
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addition of the nanoparticles. The printability of the alginate-
nanoparticle composite and its potential applicability as bioink
were tested following a novel 3D-bioprinting approach. Using
a modular, compact 3D-bioprinter (SuperFill—Robo, Black
Drop Biodrucker GmbH, Aachen, Germany) a modification of
the previously published methods for FRESH or submerged
bioprinting was applied [33-35, 63]. Briefly, a microextru-
sion bioprinting process was conducted submerged in calcium-
chloride doped gelatin slurry (figures 12(a) and (b)). Defined
strands of native, iron-, or gold-nanoparticle-laden alginate
were printed to form hollow cylinders measuring 7 mm in dia-
meter and up to 13 mm in height (figure 12(e)). The gelatin
slurry did not only support the built-up mechanically but also
provided the crosslinker to form a stable gel within seconds
after printing. In order to remove the printed parts, the slurry
was heated to 38 °C for 25 min (figures 12(c) and (d)).

The results of the printing test indicate that the integration
of laser-generated metal nanocomposites does not hamper
the process- and printability of alginate hydrogels. Instead,
the composite was shown to be an ideal bioink for the sub-
merged fabrication of versatile 3D constructs with relatively
high strength that can support its self-weights during printing.
And NPs homogenously distributed in the 3D printing tubes.
In figure 12(e) coloration of the mesoscopic 3D parts by the
nanoparticles is clearly observable.

4. Conclusion

In summary, this work demonstrates that laser ablation is a
promising strategy to produce nanoparticle polymer (algin-
ate hydrogel and thermoplastic polyurethane) composites with
efficient productivity and printability for biological applica-
tions. As these biologically relevant nanocomposites are quite
effective at low loadings far below 0.1 wt% (e.g. as low as
1000 ppm for Fe-alginate), laser ablation in liquid can be
efficiently used for large scale production of these materials.
According to our present productivity, this kind of composites
with 0.1 wt% loading could reach 4 kg h~! and 2kg h—! for Au
and Fe composites, respectively. We identified laser-generated
composites with small particle sizes while the particles were
well-distributed in the polymer matrices. The embedding of
nanoparticles was found to affect the physicochemical proper-
ties, mainly including wettability, surface charge, porosity and
ion release kinetics. A higher release of Fe ions was detected
at relatively lower loading mass of Fe nanoparticles, specific-
ally in the alginate polymer. This peculiar behavior is prob-
ably attributed to the higher solubility of iron oxide in con-
trast to its Zn and Cu analog, as well as with the high affin-
ity of the released Fe ions to the alginate network. In TPU,
similar to the other polymer systems studies before in laser
synthesis, like silicone and agarose, the ion-related effects
were proportional to the nanoparticle loading. This polymer-
specific behavior constitutes a finding highly relevant for the
understanding of ion release processes from nanocomposites
and could greatly improve the design of medically-relevant
ion release systems where less is more and low loadings lead
to a maximum impact. The ion release properties as well as

porosity of gels in turn led to the significantly enhanced BSA
and collagen I protein adsorption on alginate surfaces. Over-
all, the results gain fundamental insights for future biomater-
ial design to control Fe ion release and the protein adsorption
process, which is an important index to cellular response and
biomedical devices, not limited to 3D printing. Based on these
excellent properties, the presently prepared composites pos-
sess great potential for applications in tissue engineering and
bioactive ion delivery, where a controlled release of metal ions
could induce beneficial effects in the cellular response.
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