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1. Introduction

Polyetheretherketone (PEEK) is a semi-
crystalline high-temperature structural
polymer, originally developed by Imperial
Chemical Industries, UK, in 1977.[1] It
has excellent mechanical and fatigue prop-
erties, and chemical resistance,[2] making it
suitable for many demanding structural
applications, such as aerospace structures.
In addition, PEEK is bioinert with excel-
lent biocompatibility and has recently
been investigated for its potential use in
load-bearing orthopedic and dental applica-
tions.[3] Ultrahigh-molecular-weight polyeth-
ylene and metals have been the “gold
standard” in these biomedical application
areas, but high-performance polymers such
as PEEK are increasingly being considered
in the orthopedic community to replace
one or both. PEEK is a promising alternative
to metal alloys to address issues of metallic
corrosion, bone-implant stiffness mismatch,
and radiopacity. PEEK is a particularly attrac-
tive material choice for orthopedic subspe-
cialties, such as total joint replacements
and trauma. PEEK is processed by a variety
of synthesis routes, including compression
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This study is focused on carbon nanostructures (CNS), including both carbon
nanotubes (CNTs) and graphene nanoplatelets (GNPs), reinforcement of med-
ical-grade polyetheretherketone (PEEK), and in vitro bioactivity for biomedical
structural applications. CNS/PEEK scaffolds and bulk specimens, realized via
fused filament fabrication (FFF) additive manufacturing, are assessed primarily in
the low-strain linear-elastic regime. 3D printed PEEK nanocomposites are found
to have enhanced mechanical properties in all cases while maintaining the
desired degree of crystallinity in the range of 30–33%. A synergetic effect of the
CNS and sulfonation toward bioactivity is observed—apatite growth in simulated
body fluid increases by 57% and 77%, for CNT and GNP reinforcement,
respectively, doubling the effect of sulfonation and exhibiting a fully-grown
mushroom-like apatite morphology. Further, CNT- and GNP-reinforced sulfo-
nated PEEK recovers much of the mechanical losses in modulus and strength
due to sulfonation, in one case (GNP reinforcement) increasing the yield and
ultimate strengths beyond the (non-sulfonated) printed PEEK. Additive manu-
facturing of PEEK with CNS reinforcement demonstrated here opens up many
design opportunities for structural and biomedical applications, including per-
sonalized bioactivated surfaces for bone scaffolds, with further potential arising
from the electrically conductive nanoengineered PEEK material toward smart and
multifunctional structures.
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molding, extrusion, and injection molding.[4] These techniques
have the limitation of processing implants optimally customized
to the patient’s anatomy[5] and often introduce geometric mismatch
with native bone once implanted in the patient. With the help of
additive manufacturing (AM) (aka 3D printing), a patient’s specific
implant can be more effectively addressed and implant designs
better matched to native physiology can be realized.[6] Thus,
PEEK in AM (selective laser sintering (SLS)[7,8] and fused filament
fabrication (FFF, aka fused deposition modeling, FDM)[9]) can cre-
ate improved implant structures tailored to individual application
sites, and here we report[10] on carbon nanostructure (CNS)-
reinforced PEEK for FFF[9] AM as a cost-effective alternative to SLS.

In FFF AM, a polymer filament is fed through a preheated noz-
zle to enable a layer-by-layer deposition to build a 3D structure.
This involves motion of the print head in the X- and Y- axes, while
lowering the print bed in the Z-axis.[7] After each layer of deposi-
tion, the print bed is lowered and another layer is deposited on top
of the preceding layer in a pattern dictated by the desired com-
puter-aided design (CAD) model.[8] FFF is the most widely used
AM technique due to its ease of use, fast fabrication, cost effective-
ness, and ability to produce complex geometries without involving
postmachining.[11] A variety of polymers and their composites can
be processed by FFF, such as acrylonitrile butadiene styrene,[12]

polylactic acid,[13] polyamides,[14] polypropylene,[15] and polycar-
bonate.[16,17] AM of high-temperature structural (modulus in
excess of 1 GPa) thermoplastics, such as PEEK, has received enor-
mous attention because of their wide applicability in many areas,
including aerospace, energy, and orthopedics.[18]

As withmany other thermoplasticmaterials, PEEK’smechanical
properties can be further improved with nanoreinforcements, such
as carbon nanomaterials.[18a] The ability to spatially tailor the elastic
modulus of PEEK to closely match properties of native bone is
indispensable for avoiding problems, such as stress shielding.
Furthermore, there is currently a lack of diagnostic methods to
measure device performance in situ (once it is implanted in, or
affixed to, the patient). The hybridization of PEEK via the addition
of electrically conductive micro/nanofillers can introduce piezore-
sistivity, which can be utilized for sensing device performance.[10a,c,19]

In this study, we developed CNS-reinforced PEEK filament
feedstocks for FFF AM, and we demonstrate the ability to print
bioactive scaffolds utilizing medical-grade CNS-reinforced PEEK
nanocomposites. CNS reinforcement includes carbon nanotubes
(CNTs) and graphene nanoplatelets (GNPs). In vitro bioactivity
and mechanical characteristics of 3D printed scaffolds and
mechanical test specimens are analyzed considering biomedical
scaffold applications, for example, scaffolds to assist in tissue sup-
port and repair after severe trauma. The focus is on the behavior in
the nonhysteretic low-strain linear-elastic regime for these biomed-
ical structural applications. The bioactivity tests reveal a synergy
between the CNS and the effectiveness of the chemical treatment
(sulfonation) used to enhance bioactivity on the PEEK surface.[20]

2. Experimental Section

2.1. Materials

Filaments of PEEK (Victrex PEEK 450G, by Apium
Additive Technologies GmbH) and nanocarbon-reinforced

PEEK (PEEK/CNT and PEEK/GNP filaments developed by the
authors utilizing melt extrusion at KAI, LLC, Austin, Texas,
USA) all having diameter of 1.75mm were used for the fabrica-
tion of all test specimens (for microstructural analysis of filament
feedstocks, please refer to Figure S1, Supporting Information). It
is important to note that all commercial PEEK grades and types
are not the same and their properties such as the degree of crys-
tallinity and molecular structure will manifest in various ways,
affecting the thermal, physical, and mechanical characteristics,
depending upon the inherent properties of the PEEK grade cho-
sen and synthesis route adopted.[21] The PEEK/CNT filament
contains 1 wt% of CNT, while the PEEK/GNP contains 3 wt%
of GNP. These CNS loadings were found to be processible into
uniform filaments in preliminary work. The concentration of
CNS is chosen such that they form electrical percolation in
the 3D printed PEEK but still remain biocompatible.[22] Three
samples each of PEEK, PEEK/CNT, and PEEK/GNP without
and with sulfonation (indicated with prefix “S”, e.g., S-PEEK/
CNT) for bioactivation (see Section 2.3) were prepared for test-
ing. Sulfuric acid used for sulfonation of samples was purchased
from Merck chemicals and utilized without dilution (95–97%).
Simulated body fluid (SBF) was prepared in the laboratory using
analytical grade salts, following the method proposed by Kokubo
and colleagues.[23]

2.2. FFF 3D Printing

All specimens were fabricated using FFF (Indmatec HPP 155
FFF 3D printer, Apium Additive Technologies GmbH) AM.
The feeding of the filaments into a nozzle of 0.4mm diameter
was enabled by pressure feed mechanism via a driver motor and
a counter-rotating set of grooved gears. To determine the slicing
sequence and other printing parameters, Simplify3D software
(Simplify3D, Cincinnati, Ohio) was utilized. The printing param-
eters for specimen fabrication are listed in Table 1. For better
adhesion, the nozzle movement speed and temperature of the
first layer were set to be different from the rest of the layers.
A glue (water-soluble, DimaFix, print bed glue) was manually
applied on the surface of the glass bed to adhere the first layer
of the fabricated specimen. A brim was added, which helps
in holding the edges of the fabricated specimen, and selected
process parameters were adopted from our previous study on
3D-printed neat PEEK.[18a] Note that process parameters were
kept the same for all cases. An overview and representative

Table 1. Printing parameters for preparing all specimens.

Parameters Parameters used

Speed of nozzle
movement

1000mmmin�1; first layer: 300 mmmin�1

Nozzle temperature 410 �C; first layer: 390 �C

Bed temperature 100 �C

Layer height 0.1 mm; first layer: 0.18 mm

Extrusion width 0.48 mm

Infill pattern Rectilinear (raster angle 0�)

Infill density 60% (40% porous) for bioactivity scaffold specimens,
and 100% (0% porosity) for tensile specimens

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2020, 22, 2000483 2000483 (2 of 11) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.aem-journal.com


images of 3D printed samples for bioactivity and mechanical
tests are shown in Figure 1. The internal morphology of fractured
surfaces and the layered architecture of 3D printed samples are
shown in Figure S2, Supporting Information.

2.3. Bioactivation of 3D Printed Samples

PEEK is known to have relatively low osteoconductive properties
relative to other implant materials, such as stainless steel and
titanium. Therefore, it is desirable to enhance the osteoconduc-
tive behavior of implant surfaces made of PEEK that interface
with native bone.[24] There are a number of approaches that have

been adopted to improve the bioactivity of PEEK, such as chang-
ing surface roughness, using bioactive fillers, and chemical mod-
ification.[25] Sulfonation is one of the chemical approaches for
changing surface property where sulfuric acid is used to modify
the surface morphology of PEEK through etching action.
Sulfonation of PEEK has mostly been exploited for ion-exchange
membranes[26] used in fuel cell applications,[27] although a few
recent studies have emerged on biomedical applications of sulfo-
nated PEEK.[3a,18e,28] The sulfonation of mechanical dogbone and
cylindrical bioactivity scaffold samples were performed by dipping
them into concentrated (12mol) sulfuric acid (H2SO4) for 5min
(selected from literature) at room temperature followed by thor-
ough (3�) rinsing with deionized (DI) water (see Figure 2).

Figure 1. Nanoengineered PEEK filaments are used to 3D print (via FFF) mechanical dogbone and bioactivity scaffold specimens. CAD model of speci-
men is shown in green.

Figure 2. Schematic diagram of sulfonation process of PEEK and its nanocomposite samples processed by FFF 3D printing. The steps involved in the
sulfonation are shown, where samples are exposed to sulfuric acid followed by rinsing with water. The developed pores are shown in the schematic in the
white box with black dots. The SEM image shows the porous structure of PEEK after sulfonation.
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To produce uniform pores from the etching action, the sulfona-
tion was done in a continuous stirring condition using a
magnetic stirrer. The samples were then dried overnight in an
oven at 50 �C before testing.

2.4. Thermophysical and Surface Properties of 3D-Printed PEEK
Samples

It is well known that hard nanostructures, principally CNS, can
have strong morphological effects on the polymer when nano-
composites are prepared, significantly altering properties of
the polymer local to the CNS.[29] As a broad category, thermoplas-
tics are known to oftentimes have enhanced crystallinity due to
the incorporation of CNS; that is, the CNS act to promote crys-
tallization. Further, PEEK is a semi-crystalline polymer with the
degree of crystallinity as a critical parameter controlled via proc-
essing to achieve desired properties. Nevertheless, as indicated
before, these effects depend on the PEEK grade and type.[21]

Differential scanning calorimetry (DSC) was performed using
a DSC 404, F1 (NETZSCH high-temperature DSC) instrument
under a nitrogen flux of 20mLmin�1. Three samples for each
specimen type of �10mg were subjected to a heating scan of
25–420 �C, at a rate of 10 �Cmin�1, to evaluate the glass transi-
tion (Tg) and melting (Tm) temperatures, where the melting tem-
perature and heat of fusion were taken from the second heating
cycle to eliminate the influence of thermal history.[30] The degree
of crystallinity (χc) of the samples was calculated[31] by
χc¼ΔHc� 100/(ΔH0

cw), where ΔHc is the heat of crystallization
and ΔH0

c is the heat of crystallization of 100% crystalline PEEK
(130 J g�1),[32] and w is the mass fraction of PEEK in the
nanocomposites.

The surface topography of all the samples with and without
sulfonation was observed using scanning electron microscopy
(SEM, the FEI Nova NanoSEM 650) with an accelerating voltage
of 15 kV and a working distance of 5 mm. A thin layer of Ag/Pt
(10 nm) was deposited on the surface, by sputtering, for SEM
imaging. Surface wettability plays a major role in osseointegra-
tion as hydrophilic surfaces are favorable toward basic cell inter-
action mechanisms such as adhesion and proliferation;[33]

however, there are other factors that may affect bioactivity, such
as surface roughness, surface porosity, and the presence of func-
tional groups.[34] The surface hydrophilicity of the samples was
measured using a contact angle goniometer (Krüss GmbH’s
Drop Shape Analyzer, DSA, Germany) by adding a 5 μL drop
of DI water on the surfaces of the samples through a needle, fol-
lowing the Sessile drop method in static mode.[35] On each sam-
ple, at least three droplets were formed at different locations and
the average of the contact angle values was reported.

2.5. Mechanical Properties of 3D-Printed PEEK Samples

Uniaxial quasi-static tensile tests were conducted on dogbone
samples using a Zwick-Roell Z005 universal testing machine
fitted with a 2.5 kN load cell, at a constant crosshead speed of
1mmmin�1 at ambient temperature (�24 �C) as per ASTM
D638 standard. For proper calculation of the elastic modulus, dig-
ital image correlation (DIC) analysis was used to assess the strain
field in the gauge section. Three specimens of each sample were

tested and the average values reported with standard error. Yield
stress was calculated at 1% strain offset. The standard allowsmod-
ulus and yield strength to be quantified, and is often used to
assess ultimate strength as done here.[36] The fractured surfaces
of the samples after static fracture was observed using an SEM.

2.6. In Vitro Bioactivity Testing

In vitro bioactivity tests on all samples were conducted by
immersing them in the SBF, a solution with ion concentrations
and a pH value similar to those of human body fluid, with super-
saturated calcium and phosphate. SBF was prepared by following
the method proposed by Kokubo and colleagues.[37] This method
of bioactivity assessment has been widely reported in the litera-
ture as an efficient initial test for bioactivity.[38] It is predicated on
the assumption that a material that can have apatite mineral
formed on its surface in SBF will induce apatite formation
in vivo, and hence better bonding to living bone.[39] Samples were
immersed in SBF for 72 h in an incubator at 37 �C and then dried
in an oven at 50 �C overnight and examined under an SEM to
assess the growth of apatite on the surface of the samples.
These grown apatite layers were further characterized by X-ray
diffraction (XRD) to confirm and quantify the presence of the
apatite layer.[40] Cu Kα radiation (λ¼ 1.541 Å) operated at 25 kV
and 15mA was used as X-ray source (using an XRD PANalytical
Empyrean diffractometer) with a scan speed of 2.4� min�1 and
step size of 0.02� with 2θ ranging from 10� to 60�.

3. Results and Discussion

The nanoengineered PEEK filaments developed here were uti-
lized in the FFF AM process described in Section 2 to print
mechanical test specimens and scaffolds for testing bioactivity
(Figure 1). First, we discuss the physical characteristics of the
nanoengineered PEEK structures achieved via FFF and then
present the results of the bioactivity experiments, which reveal
a synergy between the CNS reinforcement of the fibers and
the sulfonation process used to increase bioactivity.

3.1. Properties of 3D Printed Nanoengineered PEEK Structures

As discussed in Section 2.2, understanding the degree of crys-
tallinity of the printed PEEK structures is important to ascertain
whether the CNS has altered this important microstructural
characteristic that dictates the performance of PEEK compo-
sites. The thermographs obtained from the DSC analysis of
PEEK (and sulfonated PEEK) samples are shown in Figure 3
and the corresponding thermal properties obtained are shown
in Table 2. It is evident from the DSC scans that CNS serve as
nucleating agents permitting molecular chains of PEEK to pack
into a closer arrangement.[41] Thus, the degree of crystallinity
of PEEK increases by 3% and 2% with the addition of 1 wt%
CNT and 3 wt% GNP, respectively. Note that the increase in
degree of crystallinity is more for lower concentration of CNS,
as reported elsewhere.[22] The values of degree of crystallinity
after 3D printing are slightly lower than those reported for
the parent PEEK. However, it should be noted that the extrusion
effect is dictated by the chemistry, composition, and molecular
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size–dependent structure associated with the parent PEEK and
its synthesis route.

On the other hand, sulfonation reduces the degree of crystal-
linity by 1%. DSC is typically accurate to within a few percent[42]

for these semi-crystalline polymers and so an �1% decrease in
crystallinity is within the error of the technique. Thus, we con-
clude that CNS reinforcement increases the degree of crystallin-
ity, while sulfonation has no significant effect on crystallinity of
the printed PEEK and PEEK nanocomposites. This result sug-
gests that the CNS incorporation achieved here both allows
for FFF printing and does measurably alter the crystallinity of
the printed parts from the baseline PEEK. The melting tempera-
ture increased by 1–2 �C with CNS reinforcement but decreased
by �2 �C due to sulfonation. This slight decrease in the melting
point due to sulfonation is attributed to the disruption on the
chain backbone orientation preventing orientation and ordering
of the crystallites formed, the crystalline unit cells, etc. As
observed in SEM, the extent of pore formation on neat PEEK
was less as compared to CNS-reinforced PEEK; therefore, the
melting point remained unchanged. In addition to the thermo-
physical results from DSC, it is instructive to assess the surface
topography of the printed structures, as obtained from SEM
imaging of the surface of the scaffold samples, including with
and without sulfonation (Figure 4). Minor differences are
observed due to inclusion of the CNS, a similar finding to the
DSC results. However, a clear difference between the sulfonated
and nonsulfonated surfaces is noted. No pores are seen on the
nonsulfonated samples (Figure 4a–c), whereas a porous network

was observed on the surfaces of sulfonated samples. As shown in
Figure 4d–f, the extent of pore formation was more for nanocom-
posite (S-PEEK/CNT and S-PEEK/GNP) samples as compared to
S-PEEK. The depth of the pores observed in all the sulfonated
samples was of tens of micrometers (i.e.,<1 print layer thickness
of 100 μm). The sulfonation does not show any effect on the
internal morphology of the 3D printed samples, which was
confirmed from the SEM micrographs shown in Figure S2,
Supporting Information. This observation confirms that the
sulfonation process is a surface interaction controlled by the dif-
fusion of H2SO4 and its reaction with the PEEK substrate; this
indeed depends on PEEK’s inherent properties, mostly deter-
mined through its synthesis route. Thus, the sulfonation recipe
helped in creating pores as desired for enhanced bioactivity. The
effect of the surface activation on the wetting angle is also shown
in Figure 4, where representative contact angles from water drop-
let tests are plotted for each of the printed surfaces.

The hydrophilicity of the sample surfaces was analyzed using
the sessile drop method by measuring the water contact angle
(WCA),[35] as discussed in Section 2.4. Representative optical
images of droplets for measurement of the WCA on all samples
are shown in Figure 4. The results show a decrease in surface
hydrophobicity due to CNS incorporation in PEEK. This is
despite the usually assumed hydrophobicity of the CNS, which
is explained by an increase in surface roughness caused by the
CNS in the FFF AM, noted here and has been observed by
others.[43,44] Sulfonation of 3D printed PEEK samples creates
a porous 3D surface morphology due to the etching action of
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Figure 3. Representative DSC thermographs of a) PEEK and b) S-PEEK with CNS reinforcement, showing melting temperature, crystallization tempera-
ture, and heat flow for melting and crystallization. Summary data are listed in Table 2.

Table 2. Thermal properties and degree of crystallization obtained from DSC analysis.

Samples Tm [�C] Tc [�C] ΔHm [J g�1] ΔHc [J g
�1] Crystallinity [%]

PEEK 341.6� 0.49 297.00� 1.41 30.06� 1.21 40.06� 0.02 31.40� 0.84

S-PEEK 341.5� 0.21 296.50� 2.12 29.56� 1.11 39.03� 1.42 30.70� 0.98

PEEK/CNT 344.2� 0.28 298.95� 5.72 30.00� 1.90 42.52� 0.17 34.23� 1.74

S-PEEK/CNT 342.3� 1.90 296.30� 3.81 29.50� 2.02 42.08� 1.83 32.34� 0.48

PEEK/GNP 338.8� 5.93 300.15� 2.61 30.12� 2.86 41.74� 0.34 33.14� 0.20

S-PEEK/GNP 341.5� 0.70 300.90� 0.14 30.00� 1.90 41.18� 2.66 31.11� 1.57
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concentrated sulfuric acid for the recipe used, leading to an
inferred increase in the hydrophobicity of the samples via the
contact angle method (compare Figure 4a,d). The sulfuric acid
during sulfonation etches and creates a mesoporous surface
architecture where water droplets, instead of penetrating into
the pores,[33] sit on themorphology and yield a more hydrophobic
surface than their nonsulfonated counterparts, even though CNS
incorporation causes the PEEK surface to become more hydro-
philic. We thus infer that for the sulfonated surfaces, the water
droplet is not wetting the pores; that is, the water contact is non-
Wenzel[45] (Cassie–Baxter).[46] To confirm the role of surface
morphology, the possibility of any structural changes to the sur-
face was assessed via XRD analysis, before and after sulfonation.
No shift in peaks was observed through XRD analysis, indicating
that only surface morphology affects the wettability. The results
are shown in XRD spectra in Figure S3, Supporting Information.
As can be seen from the photographs of the droplets, the increase
in WCA for PEEK, Figure 4a (�73.4�) after sulfonation, and
S-PEEK, Figure 4d (�88.7�), was less as compared to that
observed for PEEK/CNT and PEEK/CNP nanocomposites. With
sulfonation, the contact angle for PEEK/CNT and PEEK/
GNP increased from �64.57� (PEEK/CNT, Figure 4b) to �85.6�

(S-PEEK/CNT, Figure 4e) and �58.6� (PEEK/GNP, Figure 4c)
to �86.1� (S-PEEK/GNP, Figure 4f ). Other work has also shown
that the sulfonation of PEEK at a small exposure time (<30 s)
with sulfuric acid generally creates a hydrophilic surface, but a
larger exposure time (30 s–5min, as done here) creates a nanopo-
rous surface where droplets suspend above the grooves and
make it hydrophobic,[47] confirming the diffusion-controlled effect

of sulfonation. The apparent hydrophobicity increase with
sulfonation does not lead to less, but rather more, bioactivity as
shown later.

The representative thermographs obtained from DSC analysis
are shown in Figure 3, in which the second heating (top) and
cooling cycles (bottom) are shown as a function of temperature
for both nonsulfonated and sulfonated samples. Thermal prop-
erties and degree of crystallization obtained from DSC analysis
are shown in Table 2.

The thermograms clearly show that the breadth of the melting
transition has changed for PEEK, including CNS/PEEK (see
Figure 3 and S4, Supporting Information). This suggests that
the nucleation process is altered, and that the size and perfection
of crystals produced in all cases are not the same. Though the
number of crystals is the same, the distribution of crystal sizes
is not. Thus, the change in degree of crystallinity due to CNS
incorporation and the manifested differences in size and perfec-
tion of crystals are expected to influence themacroscopicmechan-
ical behavior. Indeed, any change in mechanical properties
with the incorporation of CNS is due to the CNSmechanical rein-
forcement, degree of crystallinity changes induced by the CNS,
change in crystal size distribution, and possibly surface changes
due to sulfonation. The tensile properties of the 3D printed
specimens were evaluated as discussed in Section 2 utilizing dog-
bone specimens (see Figure 1), and the effect of sulfonation was
also assessed. Representative stress–strain curves of all sample
types are shown in Figure 5 and their corresponding tensile
properties are reported in Table 3. The void fraction in the
printed dogbones was not quantitatively assessed, but fracture

Figure 4. Representative SEM micrographs and wetting angles of the scaffold samples showing the effect of sulfonation on the surfaces for all sample
types: a) PEEK, b) PEEK/CNT, c) PEEK/GNP, d) S-PEEK, e) S-PEEK/CNT, and f ) S-PEEK/GNP.
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surface microscopy (optical and scanning electron) did not
reveal significant levels of porosity, such as those that have been
reported in other FFF structural polymers and composite print-
ing.[48] With reference to PEEK as the baseline, sulfonation
has the significant effect of reducing all measured mechanical
properties significantly, on the order of 10–15%. All other trends
are either not significant, or mixed, with reference to neat
PEEK. CNT and GNP reinforcement increases properties relative
to PEEK across all properties, but at a similar level to the sulfo-
nation reductions, although GNP reinforcement has a significant
positive effect on all three properties (5–10% increases only).
Combined, the CNS reinforcement acts to enhance mechanical
properties, while sulfonation reduces them, such that S-PEEK/
CNT has the same properties as PEEK, while S-PEEK/GNP
has a small (5%) decrease in modulus with �5% increases in
strengths. Thus, the CNS reinforcement effect is to offset the
sulfonation effects, effectively retaining the neat PEEK perfor-
mance (or a little better). Typically, clear differences in mechani-
cal behavior have been observed at higher levels of strain, above
the ultimate tensile strength where PEEK resins with different
synthesis routes show more or less ductile response.[21,49] At
low strains, differences are minimal, as observed in this study.
Moreover, bioactivity is not expected to influence the mechanical
properties of implants in vivo. Themechanical response in a high-
strain-regime (to analyze the effect of sulfonation and CNS) and
long-term durability assessment of FFF AM–enabled PEEK nano-
composites is left to a subsequent study.

The fractured surfaces of the tensile test specimens were
observed in SEM and the micrographs are shown in Figure 6.
A low-magnification (�100�) image of the surface shows the full
fractured surface as print layers. Figure 6a–c are taken from the
surface of nonsulfonated samples, whereas Figure 6d–f represent
the surface of sulfonated samples. The dotted-line box in Figure 6
indicates the micrographs at the edge of the fractured surface. For
sulfonated samples, the surface becomes more rough/porous rel-
ative to nonsulfonated samples. From Figure S2, Supporting
Information, and Figure 6 it was confirmed that the effect of sul-
fonation was limited to the surface only.

3.2. Bioactivity

The printed cylindrical bioactivity scaffolds were utilized to
assess apatite growth via immersion in SBF as evidenced by
phase characterization (Figure 7a,b) and electron microscopy
images (Figure 8). The peaks and intensities obtained from
XRD were compared with the baseline PEEK without any apatite
layer and the extra peaks at 2θ� � 31.7� and 45.4� correspond to
the presence of an apatite layer on the sample surface.[50] The
intensities of these two apatite peaks were found to increase
on the sulfonated samples (Figure 7b) as compared to non-
sulfonated samples, consistent with the observation of greater
apatite growth in the SEM. Note the mushroom-like[51] blooms
of growth on the sulfonated samples versus the purely surface
growth in the non-sulfonated series. Although the morphology
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Figure 5. Representative stress–strain curves of PEEK and PEEK nanocomposite samples, a) nonsulfonated and b) sulfonated PEEK.

Table 3. Tensile properties of the 3D-printed dogbone samples. Percentage changes in brackets refer to the PEEK baseline.

Samples Modulus [GPa] Yield strength [MPa] Ultimate strengtha) [MPa]

PEEK 3.78� 0.05 77.69� 2.01 79.50� 1.93

S-PEEK 3.19� 0.02 (�15.60%) 71.18� 0.98 (�8.37%) 72.78� 1.75 (�8.45%)

PEEK/CNT 3.85� 0.12 82.69� 2.67 (þ6.43%) 82.59� 2.67

S-PEEK/CNT 3.52� 0.23 76.88� 2.86 76.88� 2.86

PEEK/GNP 3.96� 0.09 (þ4.75%) 85.47� 1.31 (þ10.01%) 86.54� 1.60 (þ8.85%)

S-PEEK/GNP 3.61� 0.08 (�4.76%) 83.41� 1.21 (þ7.36%) 85.30� 0.36 (þ7.29%)

a)Provided for completeness; not valid according to the standard. Specimens failed both at the gage section and at the grip.
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is similar (porous structure), the degree of sulfonation obtained
is not the same, leading to enhanced bioactivity of PEEK and its
composites, as expected, despite the apparent hydrophobicity
increase measured using the WCA test (as discussed previously).
The differing degrees of sulfonation are interpreted as caused by
the CNS and the inherent properties of each substrate.

The other representative peaks corresponding to PEEK, CNT,
and GNP are labeled at their corresponding 2θ� values. As the con-
tent of CNT was low (1 wt%), its representative peak (�26.6�) is
not clearly observable in the XRD image of PEEK/CNT samples
due to very low intensity as compared to PEEK. Energy-dispersive
X-ray spectroscopy (EDS) with area mapping was applied to fur-
ther substantiate the presence of apatite and very clear peaks of
Ca (calcium) and P (phosphate) were observed for all the samples
(Figure 8g–i). The other elements (Na,Mg, Cl, K, etc.) observed are
from the SBF, which utilizes different salts of Na, Mg, and K.

For quantitative analysis of apatite growth, the fraction (%) of
apatite grown was calculated from the area under the XRD peaks.
The results are summarized in Table 4. Statistically significant dif-
ferences are observed for sulfonated versus non-sulfonated sam-
ples, and for CNS versus sulfonated PEEK, indicating a synergistic
effect of sulfonation and CNS toward bioactivity. The fraction of
apatite growth due to sulfonation increased by �3% in PEEK,
�6% in PEEK/CNT, and �5% in case of PEEK/GNP. The
flower-like apatite morphology is observed after immersion tests
in SBF (see in SEM micrograph in Figure 8a–c) and the surfaces
were covered with a thin layer of apatite, whereas fully developed
mushroom-like[51] apatite precipitation is observed after sulfona-
tion (Figure 8d–f ) and the surfaces of the samples were fully cov-
ered with a thicker layer of apatite. The increase in bioactivity of
sulfonated samples can be explained by the electrostatic interac-
tion of ions present in SBF with the functional group (SO3H)

Figure 6. SEM images of failed dogbone specimens: a) PEEK, b) PEEK/CNT, c) PEEK/GNP, d) S-PEEK, e) S-PEEK/CNT, and f ) S-PEEK/GNP.
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Figure 7. XRD spectra of apatite precipitation on the surface of PEEK and PEEK nanocomposite samples, a) nonsulfonated samples and b) sulfonated
samples. “Control PEEK” refers to PEEK samples that have not undergone apatite growth.
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produced by sulfonation.[20] The SO3H present on the surface of
sulfonated samples dissociates into ions (SO�

3 and Hþ) in SBF,
forming a negatively charged surface. However, the positively
charged calcium ions (Ca2þ) present in SBF cover the substrate,
creating a positively charged surface. The negatively charged phos-
phate ions (HPO2�

4 ) in SBF are attracted by the positively charged
surface, leading to the formation of a calcium hydrogen phosphate
(apatite) layer by consuming HPO2�

4 , Ca2þ, and OH� from
SBF.[52] Detailed characterization with a particular emphasis on
biocompatibility and cytotoxicity responses with mammalian cells
of our AM-enabled PEEK nanocomposites will be explored in a
subsequent study.

4. Conclusion

In this study, we developed CNS-reinforced PEEK filament
feedstocks (CNT/PEEK and GNP/PEEK) via melt extrusion for
FFF AM toward biomedical structural applications where the
mechanical response of interest is in the low-strain linear-elastic
regime. Subsequently, in vitro bioactivity and mechanical charac-
teristics of 3D printed PEEK and PEEK polymer nanocomposite
scaffolds and dogbone test specimens were analyzed with and
without sulfonation. CNS reinforcement increased the degree
of crystallinity, while sulfonation has no significant effect on
crystallinity of the printed PEEK and PEEK nanocomposites,
although further analysis of changes to crystallite size and
distribution would be needed to address effects that typically
manifest in the higher-strain hysteretic regime of the mechanical
response. Sulfonation with an exposure time of 5min creates a
mesoporous 3D surface architecture due to the etching action
of concentrated sulfuric acid. While sulfonation should aid bio-
activity by increasing the hydrophilicity of the surface, WCA tests
reveal the opposite trend. Water droplets used to infer surface
energy, instead of penetrating into the pores, sit on the morphol-
ogy and yield a droplet test that implies a more hydrophobic
surface than the non-sulfonated counterparts (increase in WCA

Figure 8. Bioactivity trends by observing apatite growth: SEMmicrographs of the apatite precipitate on the surface of samples after 72 h of incubation for
a) PEEK, b) PEEK/CNT, c) PEEK/GNP, d) S-PEEK, e) S-PEEK/CNT, and f ) S-PEEK/GNP. g–i) The dotted yellow square in (d), (e), and (f ), respectively,
which highlights the region where area mapping was done to obtain EDS spectra from apatite layers grown on S-PEEK. S-PEEK/CNT, and S-PEEK/GNP.

Table 4. Quantification of apatite fraction grown on PEEK and PEEK
nanocomposites from integrated intensity of XRD peaks. Percentage
changes relative to PEEK are shown.

Samples Fraction of apatite [%]
(nonsulfonated samples)

Fraction of apatite [%]
(sulfonated samples)

PEEK 7.96� 0.23 10.89� 0.17 (þ36.80%)

PEEK/CNT 6.48� 1.01 (�18.59%) 12.50� 0.71 (þ57.03%)

PEEK/GNP 8.52� 1.30 14.05� 0.80 (þ76.50%)
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of S-PEEK by �15�, S- PEEK/CNT composites by �20�, and
S-PEEK/GNP composites by 27�). We conclude that the surface
is more hydrophilic, but the WCA test gives a net hydrophobic
WCA. Subsequent SBF bioactivity tests reveal a synergy between
the CNS and the sulfonation, exhibiting apatite growth on the
sample surfaces. The electrostatic interaction of ions present
in SBF with the functional group (SO3H) produced by sulfona-
tion enhances the bioactivity by �36% for S-PEEK, �57%
for S-PEEK/CNT, and �77% for S-PEEK/GNP. A fully grown
mushroom-like apatite precipitation is observed after sulfona-
tion for the CNS-reinforced PEEK. The differing degree of
sulfonation caused by the combined effect of CNS and the
inherent properties of the substrate, as well as the creation of
biofunctional groups during SBF tests would help to improve
the osseointegration of the bone implants. Furthermore, the
CNS reinforcement acts to enhance mechanical properties in
the low-strain regime, while sulfonation reduces, such that
S-PEEK/CNT has effectively the same properties as PEEK; for
example, S-PEEK/GNP has a small (5%) decrease in modulus
with �5% increases in strengths. The study of effect of
sulfonation and CNS on the mechanical response in a high-
strain-regime and additional work to understand the manifesta-
tion of differences in size and perfection of crystals, which
might more significantly affect hysteretic processes, are left to
a subsequent study. Detailed characterization with a particular
emphasis on biocompatibility and cytotoxicity responses with
mammalian cells as well as long-term durability assessment
of our AM-enabled PEEK nanocomposites would be needed to
validate the true potential for in vivo use of these novel compo-
sites. AM of PEEK with CNS reinforcement opens up many
opportunities for structural and functional applications, includ-
ing self-sensing scaffolds in orthopedics. Further work to opti-
mize processing parameters, including printing parameters,
and sulfonation times, should lead to additively manufactured
PEEK with CNS reinforcement that has enhanced bioactivity
and additional functionality beyond structural properties.
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