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Bioactive nanocomposites may become an important material if both the carrier matrix and the
nanoparticle are biocompatible, like is known for zinc oxide and lactones. The fabrication of such
nanocomposite made of polycaprolactone nanofibres with embedded nanoparticles is studied during
laser ablation in liquid monomer and polymer solution. The in situ conjugation of zinc oxide nano-
particles with e-caprolactone followed by zinc-initiated polymerization was studied. Indication for
covalent bonding between the zinc oxide nanoparticles and the carboxylic units of the oligomers is
observed. In addition to the study of the intended nanohybrid formation, possible formation of unin-
tended byproducts was investigated. Laser-induced pyrolysis of solvent was studied for nanosecond,
picosecond, and femtosecond laser pulse durations at the same energy input, where all pulse dura-
tions caused unintended solvent modification and picosecond pulses were most efficient for nano-
particle production. Heading towards fabrication of macroscopic bioactive fibre pads, the laser-
generated zinc oxide polymer nanocomposite have been successfully spun into nanofibres using
electrospinning. Polymer-embedding is demonstrated at the example of macroscopic nanocomposite
fibre pads with various bio-relevant nanoparticles fabricated by laser ablation of magnesium, iron,

and tantalum in polycaprolactone solution.
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1. Introduction

Biocompatible and biodegradable polymeric materials
are of great interest for creating biomaterials with applica-
tions in the medical field [1], where supported wound heal-
ing is under intense study [2]. The biological function and
regeneration of dermal tissue depends on an adequate sup-
ply of not only nutrients, but also trace elements [3].
Amongst other trace elements, the presence of zinc ions is
an important factor in the process of wound healing, and it
is of medical interest to think of ways to gently feed the
skin with these ions [4]. For supplying (damaged) skin tis-
sue with trace elements, it is desirable to embed nanoparti-
cles (NPs) made of zinc oxide (ZnO) in a wound dressing
so that ions can be released which in turns aids faster heal-
ing of the wound [5]. This is where the use of biocompati-
ble polymeric materials comes into play. Not only the cho-
sen polymer needs to be e.g., non-toxic and highly porous,
but it is also crucial that the NPs are fixed within it avoid-
ing particle migration so that the NPs are prohibited from
contacting with the skin and possibly entering the body via
the wound. An appealing polymeric matrix of medical rele-
vance that may carry and safely embed metallic NPs from
which ions can be released is e-polycaprolactone (PCL) [6].
PCL is suitable for controlled drug delivery since it is high-
ly permeable to many drugs and has excellent biocompati-
bility [6]. For making optimum use of properties of such a
NP polymer composite, having a large surface area is of
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profound importance for the composites’ activity. Electro-
spinning is an exquisite way of achieving this [7]. In this
technique, the polymer (which may contain NPs) is spun
into very small fibres, thus creating a large surface area. A
nice feature is that the electrospun material can be easily
applied to a wide variety of surfaces, including dermal tis-
sue and wound dressings [8, 9]. The main topic of this pa-
per is the entire process chain for creating an electrospun
ZnO PCL nanocomposite for a biomedical application.
Fundamental steps for creating such a composite are the NP
synthesis, incorporating these into the monomer, and final-
ly the polymerization of e-caprolactone (CL) into PCL,
which then embodies the ZnO NPs. The ZnO initiates the
polymerization of CL, a highly desirable feature in our case,
since the ultimate aim is to embed the ZnO NPs in PCL
compatible to electrospinning. Polymerization of CL into
PCL in presence of zinc can be realized via raising the
temperature or use a catalyst at ambient temperature. The
ZnO NPs used in our investigation are created via laser
ablation on Zn in liquid [10, 11], a method that is of grow-
ing importance in the field of synthesis and shaping of col-
loidal nanoparticles [12, 13, 14]. It recently has been shown
that incorporation of laser-ablated NPs in situ is possible by
solvent casting [15]. For successful incorporation and ho-
mogeneous particle dispersion into a polymeric matrix it is
crucial that the NPs can be functionalized with polymer
molecules or other ligand molecules. Pulsed laser ablation
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in liquid (PLAL) is an extremely effective synthesis meth-
od allowing in situ grafting of ligand molecules on laser-
generated colloidal NPs [15, 16, 17, 18]. Under the per-
spective of biomaterial application, it is of particular inter-
est to determine and understand potential damage to the
molecules caused by laser irradiation since pyrolysis of the
solvent can affect the stability and surface accessibility of
the nanoparticle surface [19]. Recently it was demonstrated
that the laser ablation of metallic NPs in organic solvents is
accompanied by pyrolysis of the solvent of which the
product subsequently interacts with the metal NPs to form
e.g. a graphitic layer onto the surface [20, 21]. Besner et al.
observed that laser irradiation of a (plasmon resonant) met-
al nanoparticle colloid may result in the pyrolysis of poly-
meric media to some extent via oxidative processes [22].
On the other hand, the use of ultrashort pulses was reported
to minimize thermal impact on the material [23]. Neverthe-
less, an investigation of laser-induced pyrolysis applying
different pulse durations (from ultrafast to nanosecond
pulse regime) under comparable conditions (using the en-
ergy input to the liquid) is still missing.

This paper is organized following the zinc nanoparticle
nanocomposites and nanofibre fabrication procedure. In the
next section, we describe the experimental procedures in-
cluding sample preparation. The following section deals
with the polymerization study of CL in presence of zinc,
the electrospinning results and finally the pyrolysis study of
tetrahydrofuran (THF).

Since systematic variation of the whole laser, liquid and
polymerisation parameter sets is almost impossible, we
present an engineering approach more likely than funda-
mental physical-chemical studies, driven by the idea to
fabricate and engineer an electrospun nanofibre biomaterial
based on educts derived from laser ablation in liquids. The
result on the monomer grafting on the laser-fabricated na-
noparticles, effect of elevated polymerisation temperature,
as well as laser pulse duration effects on liquid pyrolysis
presented in the following aim to shine light on boundary
conditions that have to be considered during engineering of
the PLAL methods towards nano-integration into bioactive
fibre pads.

2. Experimental

PLAL was performed by ablating zinc in tetrahydrofu-
ran (THF) at two different settings. First, at ambient tem-
perature in a mixture of CL/THF with added 2-
ethylhexanoic acid (0.012 vol%, serves as catalyst) using a
femtosecond laser to study the monomer grafting in general.
Second, at elevated temperature (140°C) in CL using a
high-power picosecond laser to fabricate sufficient amount
of nanocomposite for electrospinning. The higher tempera-
ture is necessary to initiate polymerization in a degree that
is sufficient for electrospinning. Laser ablation at ambient
temperature ends up at oligomers which are not suitable for
electrospinning. For this reason the temperature was in-
creased to 70°, 80°, 120° and 140°C. Only at 140°C during
the ablation of Zn the polymerization took place in a suffi-
cient way for later electro-spinning. At ambient tempera-
ture the laser parameters were: 120 fs, wavelength 800 nm,
pulse energy 250 pJ, 300 sec irradiation time (Spitfire Pro
femtosecond laser), and at 140°C:7 ps, wavelength 1030
nm, pulse energy 250 pJ, total ablation time 300 s. The
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target was irradiated with a spiral scan pattern. The reaction
vessel was continuously stirred using a magnetic stirrer to
ensure the liquid in front of the target was free from newly
formed NPs or bubbles before subsequent irradiation pulses
(see [24, 25]). After the ablation procedure, the degree of
polymerization was assessed using gel permeation chroma-
tography (GPC).

The formed ZnO PCL nanocomposites were spun into
fibres using an electrospinning apparatus (Generator: Eltex
KNH34/N2A operated at 17.5 kV DC, spinneret-target dis-
tance 20 cm, syringe with needle, flow rate 0.4 ml h™', sol-
vents: mixture of THF and DMF (volume ratio 1:1)). The
PCL concentration in THE/DMF is 440 g I, To allow fab-
ricating very small fibres, it was necessary to mix the
formed nanocomposite with higher molecular weight PCL
(mass ratio ~1:150) while dissolved in THF. After mixing
and evaporation of THF we end up with a homogeneously
mixed nanocomposite suitable for electrospinning. The
electrospun nanocomposites were characterized using TEM
(ZEISS Libra 120, 120 kV, coating on Formvar grid direct-
ly by electrospinning) and scanning electron microscopy
(SEM, Hitachi S-3000N, 15 kV, the fibres are deposited
directly by electrospinning on an aluminium foil substrate
after which the sample is sputtered with gold.). Further
electrospinning experiments with composites containing
different laser-generated NPs (made from PLAL of iron,
magnesium, and tantalum) were performed in the same
manner, except here the PCL concentration in THF used is
89gl".

The pyrolysis of THF was investigated comparing
varying laser irradiation conditions: (i) 120 fs, repetition
rate 5 kHz, wavelength 800 nm, pulse energy 250 wJ ,
1800 s irradiation time (Spitfire Pro femtosecond laser) (ii)
7 ps, repetition rate 5 kHz, wavelength 515 nm, pulse ener-
gy 125 pl, 3600 s irradiation time (TruMicro 5250 picose-
cond laser) (iii) 50 ns, repetition rate 5 kHz, wavelength
1064 nm, pulse energy 6.5 mJ, 70 s irradiation time (Rofin
RSM 100D nanosecond laser). Since the energy transferred
to the sample per unit time is different for each laser pa-
rameter set, we fixed the total energy input to be 2250 J in
all pyrolysis experiments to be able to draw an energy input
specific comparison of the results. Pyrolysis products were
analyzed using FTIR spectroscopy (KBr pellet, Thermo
Nicolet Nexus 470).
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Fig. 1: GPC chromatogram (My, (weight average molecular
weight) against retention time) of the reaction product. Oligo-
mers consisting of a higher number of monomers (n) are eluted
most quickly. Oligomers ranging from n=2 up to n=6 are ob-

served.
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Fig. 2: FTIR spectra of the reaction product (top) and pure &-

polycaprolactone (bottom). The bonding between the zinc

and polymer is evidenced by the appearance of the peak at

wavenumber 1550 cm™.

3. Results and discussion

In this section first the ablation of zinc foil immersed in
CL is studied, with the aim to conjugate the ZnO NPs in
situ and polymerize CL into PCL. As we showed in a prior
publication, laser ablation zinc yields completely oxidized
and crystalline ZnO-NP [26]. The NP characterization is
presented in section 3.1. The in situ polymerisation is per-
formed in the presence of a catalyst (section 3.2) and at
elevated temperature without a catalyst (section 3.3), re-
spectively. Subsequently, PCL with embedded ZnO NPs is
used for fabricating nanofibres via electrospinning (section
3.4). Moreover, it is demonstrated that this procedure can
be applied to composites containing different types of NPs
derived from laser ablation of metals. The extent of damage
occurring in organic matter under different laser ablation
conditions is investigated in section 3.4.

3.1 Polymerization using laser-ablated zinc

Zinc foil is ablated at ambient temperature in presence
of CL, THF and the catalyst (2-ethylhexanoic acid, 0.012
vol%) (120 fs, 800 nm, 250 pJ, 300 s irradiation). The fab-
ricated nanocomposite is analyzed using GPC and FTIR
spectroscopy. The catalyst was added to the solution to
facilitate polymerization without the need to raise the tem-
perature. It is known that ZnO NPs act as an initiator of the
polymerization reaction.
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Fig.3: Top: GPC chromatogram of the reaction product show-
ing full polymerization and a narrow distribution in the molar
mass. Bottom: FTIR spectrum in which the bonding between
the zinc and the e-polycaprolactone is confirmed again.

In Fig. 1 the resulting GPC chromatogram is shown.
From the chromatogram it is obvious that complete
polymerization was not achieved, however it is evident that
the monomer does polymerize to a certain extent. Oligo-
mers with lengths of up to six monomers (n=6) are detected
using GPC (Fig. 1). In Fig. 2, FTIR spectra from the reac-
tion product and pure PCL are shown. When comparing the
spectra, an additional small absorption peak at around
wavenumber 1550-1600 cm™ differentiates the spectrum
measured for the reaction product from the unmodified
polymer. This is an indication that there is interaction, and
may be covalent bonding between the surface of the zinc
oxide NPs and the carboxylic units of the oligomers [27,
28]. The oligomer is formed by monomer engrafting on the
NPs, after which it polymerizes into oligomers of sizes
ranging from two till six monomer units.

3.2 Polymerization at elevated temperature (140°C)

In the previous section it was found that CL partly poly-
merizes in the presence of ZnO and catalyst. The procedure
carried out here is analogous to the one presented in the
previous section. In order to accomplish polymerization,
elevated temperature rather than the presence of a catalyst
(2-ethylhexanoic acid, 0.012 vol%) in the solution was
employed. Zinc foil is immersed in CL which is held at
elevated temperature (140°C) and stirred for 60 minutes to
ensure that the polymerization reaction takes place. Abla-
tion of zinc foil was performed for 300 seconds (7 ps, 1030
nm, 250 pJ), after which the properties of the product were
assessed using GPC and FTIR spectroscopy. In Fig. 3 (top)
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the chromatogram displays a single (broad) peak, indicat-
ing the formation of polymer, rather than a series of oligo-
mers, as was observed in the results discussed in the previ-
ous section. To quantify the degree of polymerization, the
polymerization index (PMI) is considered. The PMI value
of 1.07 indicates a narrow length distribution of the poly-
mer chains, which means that the polymerization takes
places in a controlled manner. For further verification the
FTIR spectrum in Fig. 3 is compared to the model spec-
trum of PCL (Fig. 2 bottom), from which it is clear that
PCL has been formed in the ablation procedure. Besides,
again a small peak around wavenumber 1550-1630 cm™ is
visible. This is the peak that is associated with the interac-
tion between hydroxyl groups from the zinc surface and
carboxylate groups from the polymer [29, 30, 26, 17]. The
position of the zinc carboxylate bands in the two FTIR
spectra in the previous and this section are marginally dif-
ferent. Most likely this is caused by the somewhat chemi-
cally different environments, such as e.g. the presence of
different amounts of trace water. There are some differ-
ences between the two spectra of the composite, mostly
around 2700-3700 cm’. The broad peak around 3600 cm™
is consistent with —OH groups, indicating the presence of
water. This peak broadening is less prominent in the spec-
trum taken from the composite created at elevated tempera-
ture (Fig. 3), indicating there is less water present com-

pared to the composite created at room temperature (Fig. 2).

Importantly, when comparing the literature spectrum with
both experimental spectra (Figs. 2 and 3), there is barely
evidence of damage to PCL after laser ablation which could
potentially result in pyrolysis of PCL. This effect is more
prominent in presence of THF during laser ablation. Con-
sequently, laser-induced pyrolysis of the solvent is an im-
portant issue during the laser-based fabrication of nano-
composites and will be discussed in section 3.4.

In both polymerization investigations, the one involving
a catalyst and the one performed at elevated temperature, it
is found that interaction between the ZnO NPs and the
monomer takes place. Already at relatively short irradiation
times (300 sec) successful conjugation of the monomer
units on the NPs is realized. Especially at elevated tempera-
ture, relatively high degree of polymerization and narrow
molecule size distribution has been obtained. This suggests
that the use of laser ablation is an effective method for the
chemical in situ grafting of monomer molecules on zinc
NPs.

3.3 Electrospinning

The nanocomposite synthesized by laser ablation using
in situ generation and conjugation of NPs in PCL are used
for electrospinning experiments for making nanofibres. To
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Fig. 4: SEM micrographs taken from the nanocomposite after
electrospinning. The quality of the fibres is evidenced by the
small number of beads appearing in the fibres.
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Fig. 5: TEM micrographs taken from the nanocomposite after
the electrospinning procedure.

succeed in making decent fibres using electrospinning it is
crucial that the molar weight of the polymer is sufficiently
high. In case the molar weight of the nanocomposite is not
sufficiently high, it can easily be mixed with PCL that has a
higher molar weight, as described in the experimental sec-
tion. After mixing with higher molecular weight PCL the
nanocomposite is electrospun successfully into nanofibres
with diameters ranging from ~200-500nm, see Fig.4. The
micrograph on the right shows the fibres in more detail
(scale bar 10 pm). In the SEM micrographs the fibres de-
posited on the substrate are clearly visible. The fibres show
little imperfections, evidenced by the small number of
beads appearing in the fibre structure. The successful elec-
trospinning result implies the potential for preparing non-
woven nanofibres with a high specific surface. To investi-
gate the electrospun nanocomposite in more detail, TEM
micrographs were taken (Fig. 5). In these micrographs the
ultrastructure of the fibres is made visible. The ZnO NPs
are homogeneously distributed within the fibres, ensuring
functionality throughout the entire composite.

The applicability of this method to different materials is
of high interest as well. Therefore, we performed electro-

spinning experiments on nanocomposites loaded with dif-
L ¥ B B

50! “ﬂ

Fig. 6: TEM micrographs taken from nanocomposites spun
into nanofibres using electrospinning. The nanocomposites
contain zinc (top left), magnesium (top right), iron (bottom
left), and tantalum (bottom right).



JLMN-Journal of Laser Micro/Nanoengineering Vol. 7, No. 1, 2012

ferent NPs derived from laser ablation of the respective
metals in PCL solution.The chosen materials apart from
zinc are magnesium, iron, and tantalum, since these materi-
als are attractive components of nanocomposites intended
for biomedical applications [3, 4]. Magnesium is known to
be an important factor in cell growth [31], iron NPs are
widely used for numerous in vivo applications such as
magnetothermia [32], and tantalum is attractive for the use
as a bio-inert contrast agent in x-ray imaging [33]. Before
the electrospinning procedure the respective metal targets
were laser-ablated when immersed in commercial PCL at
elevated temperature (140°C). In Fig. 6 micrographs are
shown of the nanofibres fabricated out of these nanocom-
posites using electrospinning. The NPs are essentially ho-
mogeneously dispersed within the different nanocompo-
sites, which allows one to utilize the properties of the NPs
fully.
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Fig. 7: FTIR spectra of THF treated under varying laser condi-

tions: (a) nanosecond (b) picosecond, (c¢) femtosecond, and (d)

untreated THF.

3.4 Pyrolysis of THF

It is investigated to what extent potential pyrolysis of
the solvent THF occurs depending on the laser ablation
conditions. To be able to distinguish the effect of PLAL
clearly, pure THF is used in absence of any other organic
molecules.). The scope of this paper is to investigate the
whole process chain starting from the fundamental aspects
to fabrication of an applicable bioactive fibre. This includes
the right choice of the laser source not only in terms of
productivity but also considering pyrolysis and subsequent
production efficiency. Consequently, we investigated the
pyrolysis effects of different pulse durations ranging from
femto- to nanosecond pulses under comparable conditions.
For this purpose, the total laser energy applied to ablate the
sample is held constant at 2250 J, using a femtosecond,
picosecond, and nanosecond laser, respectively. The prod-
uct is analyzed using FTIR spectroscopy. In Fig. 7 the
FTIR spectra of the ablated ZnO (lines a-c) in presence of
THF are shown along with the spectrum measured for un-
treated THF (line d). A clear observation for all three abla-
tion experiments is that THF is modified during the abla-
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tion procedure. For better comparison, all spectra are nor-
malized with respect to the peak at 2850 cm™ which is re-
lated to CH, groups. However, a possible contamination
with water or residual polymer that resisted the cleaning
procedure may introduce some inaccuracies. In matter of
the pyrolysis of THF during this process areas of 1600-
1800 cm™ and 1000-1200 cm™ are enlarged. At 1070 cm’
one can see the dominant C-O-C peak of THF, which de-
creases significantly after laser ablation. This indicates that
these bonds are extensively broken. Absorption bands orig-
inating from C-H and C-C bonds (around wavenumber
3000 cm™ and below 1500 cm respectively) are present
before and after ablation treatment. An important change in
absorption is found at wavenumbers 1650 cm” and
1725 cm™, which represents olefinic species and species
containing carbonyl groups, respectively. This indicates
formation of pyrolysis products, possibly partly resulting
from ring cleavage induced by the laser ablation [34].
When looking more closely at the absorbance around
1650 cm™, it is clear that the structure of the product is
dependent on the laser pulse duration. For the shorter pulse
durations (ps lines b and fs lines c¢), slightly more olefinic
compounds are formed, while ns pulse durations (line a)
create less olefin pyrolysis products. This indicates that for
ns pulse duration the solvent is not modified in a way that
causes many C=C bonds to form during ablation of a solid
target in THF. When considering the peak around wave-
number 1725 cm™ however, a different trend is observed.
This carbonyl peak intensity changes when the laser pulse
duration is increased; for shorter pulse duration the intensi-
ty of the carbonyl peak decreases. The decreasing abun-
dance of carbonyl group with decreasing laser pulse length
indicates that the pyrolysis mechanism depends on the laser
intensity. Carbonylic species are most likely formed via,
e.g., ring cleavage during laser ablation, while at shorter
pulse durations (lines b and c¢) the appearance of olefinic
species becomes more prominent [34].

Summarizing pyrolysis results, it has become clear that
species responsible for the absorption peaks around wave-
numbers 1650 cm™ and 1725 ecm™ are influenced to various
extents during laser ablation in THF. When performing
PLAL experiments, this effect needs to be taken into con-
sideration, especially when one wishes to create products
that require biocompatibility since this property may be
affected, as well as colloidal NP stability. It was demon-
strated by Amendola et al. that using different solvent leads
to the formation of NPs and varying pyrolysis byproducts
[21]. Nevertheless, as the total process chain is in our inter-
est, the choice of the solvent was done by consideration of
many aspects like its ability to dissolve polymer and mon-
omer, useability for electrospinning, resistance against py-
rolysis, its hazard potential and finally the price. In total,
THF was the most suitable solvent to meet all this criteria.
However, the pyrolysis products do not necessarily affect
the biocompatible properties to a marked extent, since the
solubility of the olefinic compounds often is low and py-
rolysis products have high molecular weight. In general
carbonylic compounds (dominantly generated during ns
laser ablation) are more water soluble compared to olefinic
species (dominantly generated during fs and ps laser abla-
tion). Up to now, we have not observed any toxic effects of
the laser-generated nanocomposites. But if biomedical ap-
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Fig. 8: Nanoparticle productivity (left vertical axis) and produc-
tion efficiency (right vertical axis) at different pulse durations
(PLAL of Zn in THF).

plication is envisaged, biocompatibility studies (in our case
with fibroblast and keratinocytes) have to be carried out to
find out if the observed pyrolysis products bear the risk to
cause adverse effects during application. Although the sol-
vent pyrolysis products could adhere to the colloidal nano-
particles, it has been found that NiTi nanoparticle coatings
generated by fs laser ablation in acetone are fully biocom-
patible (without purification before testing), and no adverse
effects have been found during stem cell growth [35].
Contra-intuitively, shorter pulse duration may not guaran-
tee minimal impact on the liquid matrix at the same laser
energy input. Since pyrolysis does not allow favouring a
certain pulse duration regime, productivity and efficiency
aspects of nanoparticle fabrication may be considered now
for all three pulse duration regimes if up-scaling is desired.
Productivity of the laser systems is defined as mass ablated
from the target and dispersed in the liquid at constant time
interval of fs, ps and ns laser ablation of Zn in THF. Using
typical pulse energy regimes (and average power) of indus-
trial lasers available today, it turns out that nanosecond
laser ablation is most productive (Fig. 8 left). This result is
expected, because of the high average laser power of ns
laser system. Production efficiency has additionally been
addressed in terms of cumulative laser pulse energy re-
quired per mass nanoparticles generated during laser abla-
tion (Fig. 8 right). For energy-specific nanoparticle produc-
tivity, it is obvious that ps laser ablation is superior to
shorter or longer pulse duration. When employing a femto-
second pulse duration rather than picosecond, the laser flu-
ence may be affected by nonlinear focusing effects, which
is stronger at shorter pulse durations [36]. This can explain
the higher efficiency observed when picosecond pulse du-
ration is used compared to femtosecond pulse duration.

Hence, for a desired mass of Zn nanoparticles to be har-
vested by pulsed laser ablation in THF, ps laser ablation
may be an advantageous pulse duration regime. Under this
aspect, it is interesting to keep in mind that at the same
energy, ps laser ablation does not create pyrolysis products
to a higher extent compared to fs or ns laser ablation (at
least under our experimental conditions).

4. Conclusion

Monomer conjugation to laser-generated nanoparticles
has been shown, including the subsequent integration into
electrospun macroscopic polymer fibre pads. The grafting
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is characterized by bonding between the carboxylic units of
the monomer or polymer and the surface of the ZnO nano-
particles. This demonstrates that during laser ablation the
monomer is linked to the NP surface in situ, a finding
which opens up a vast range of possibility concerning the
in situ functionalization of nanoparticles and their embed-
ding into functional macroscopic devices.

The laser ablation of zinc foil immersed in the mono-
mer caprolactone gives best results in terms of polymeriza-
tion if laser ablation is performed at elevated temperature,
where the polymerization proves to be profoundly con-
trolled and the final polymer has a narrow chain length
distribution. At ambient temperature, oligomers lengths of
two to six monomer units were obtained.

It is demonstrated that the possibility of damage to or-
ganic liquid in which laser ablation is carried out must be
taken into account, as is evident from our results. Pyrolysis
effects are identified during fs, ps, and ns laser ablation in
THEF. For shorter pulse durations (fs/ps) slightly more ole-
finic compounds are formed, while at longer pulse duration
(ns) more carbonylic species were found. These results
initiate an insight in pyrolysis occurring depending on laser
intensity. But at the same cumulative laser energy applied
for nanoparticle synthesis, all pulse durations caused unin-
tended modification of the liquid. It may be of relevance
for future scale-up that, at least under our experimental
conditions, ps laser ablation was most energy efficient for
nanoparticle fabrication.

After up-scaling, the laser-fabricated ZnO nanoparticle
polycaprolactone nanocomposites enable electrospinning of
fibres with nanoparticles made from Zn, Mg, Fe, and Ta
homogeneously distributed within the fibre ultrastructure
and throughout the macroscopic composite. Hence, this
method may be a fruitful procedure for creating macro-
scopic polymer nanoparticle composite pads with a high
specific surface, a property desirable for biomedical appli-
cation.

Although biocompatibility of laser-generated nanopar-
ticles fabricated in organic solvent already has been shown
[35], future investigation aiming at biomedical application
will have to include control samples to test if the observed
pyrolysis products.
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