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In this study, a bio-inspired hybrid material is investigated by in situ X-ray scattering
experiments in combination with mechanical tensile testing. The material is composed
of nanometer-sized spherical magnesium fluoride particles which are linked via
material-specific peptide poly(ethylene glycol)-PEG conjugates to a semi-crystalline
poly(ethylene oxide) PEO matrix. Mechanically relevant changes in crystal size and
orientation in the PEO matrix are followed by wide angle X-ray scattering during the
application of tensile stress. The amorphous phase of PEO is stabilized by the surface-
engineered MgF»> nanoparticles, leading to increased Young’s modulus and tensile
strength. Furthermore, small angle X-ray scattering experiments allowed the identification
of a layer on the MgF» particle surfaces, which increases in thickness with the conjugate
amount and leads to suppression of the agglomeration of MgF> nanoparticles. In
conclusion, the use of selected peptide-PEG conjugates tailored to link MgF» particles
to a PEO matrix successfully mimics the biological principle of interface polymers and
suggests new directions for material fabrication for bio-applications.

Keywords: wide and small angle X-ray scattering, peptide-polymer conjugate, structure-function relationships,
interface stabilization, functional material

INTRODUCTION

Inorganic fillers are widely used in synthetic polymers as well as in natural hybrid materials to
enhance their mechanical performance. Especially biological hybrid materials, made of inorganic
nanoparticles embedded in an organic matrix, are of great interest for material scientists in terms
of their mechanical performance (Studart, 2012; Wegst et al., 2015). Bio-inspired hybrid materials
with defined structuring of the material constituents across various length scales as well as precisely
defined internal material interfaces exhibit advanced material properties (Bonderer et al., 2008;
Munch et al., 2008; Studart, 2012; Wegst et al., 2015). Nature shows many examples of materials
where the control over size, shape, and distribution of the composites’ building blocks leads to
hierarchically structured materials with outstanding mechanical properties. Bone is probably one
of the most prominent examples of hierarchically structured hybrid materials with well-dispersed
inorganic hydroxyapatite particles in a collagen matrix and tailored internal interfaces between
these constituents (Fratzl et al., 2004b). The dominating influence of the nanostructure of hybrid
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materials on their mechanical properties does not only depend
on the properties of the individual components, but also on
the interfaces between the components (Dujardin and Mann,
2002; Fratzl et al., 2004a; Meyers et al., 2008; Laaksonen et al.,
2012). In Nature, the hydroxyapatite platelets in bone are bound
to the collagen matrix by proteoglycans (Fratzl, 2003a; Fratzl
et al, 2004a; Gupta et al., 2005) and the aragonite mineral
crystals in nacre are linked by a series of proteins (Currey,
1977; Espinosa et al., 2009; Laaksonen et al., 2012). This concept
of linking immiscible components by adding further polymer
components to reduce the interfacial tension between phases
is also used in hybrid materials science and usually termed
as compatibilization (Kickelbick, 2003). The components are
connected by thin layers of proteins that bind to the inorganic
surfaces and compatibilize into the organic matrix to act as glue
stabilizing the internal interfaces. The mineral phase in these
materials provides strength, while the soft matrix allows ductility
and toughness.

Research has been undertaken in recent years to develop
new synthetic processing routes by applying design principles of
Nature (Studart, 2012). One of the technical challenges during
the embedding process of nanoparticles into the organic matrix
is to avoid particle agglomeration to produce hybrid materials
with homogeneously dispersed fillers. A large and diverse set
of techniques is available in literature for the fabrication of
bio-inspired hybrid materials, lasting from virus-based self-
assembly to electrochemical deposition and sol-gel synthesis
(Gregorczyk and Knez, 2016). Kemnitz et al. (2003) established
a fluorolytic sol-gel synthesis for the preparation of nanoscopic
metal fluorides with extraordinarily high specific surface
areas. By using phosphonic acids to prevent agglomeration,
Noack et al. (2011) utilized fluoride MgF, nanoparticles to
prepare transparent organic-inorganic nanocomposites made
of magnesium fluoride homogenously dispersed in organic
polymers. MgF, has been shown to potentially being used in
various biomedical applications, e.g., to coat the surface of
biodegradable scaffolds for improved corrosion resistance and
biological performance (Kang et al., 2016). Polymer composites
consisting MgF, nanoparticles exhibit good biocompatibility and
improved mechanical properties (Hansske et al., 2017).

In the last decades, few bio-inspired concepts were developed
to tailor the interfaces between organic matrix and inorganic
particles in synthetic hybrid materials (Palmer et al, 2008;
Sommerdijk and de With, 2008; Hardy and Scheibel, 2010;
Wang et al., 2011), e.g., by the use of material-affine peptide-
PEG conjugates binding to the inorganic particles as well as
anchoring the particles in the organic matrix (Hansske et al,
2015; Samsoninkova et al., 2017). By using a bio-combinatorial
approach Hanflke et al. introduced specific stabilizers for sol-
gel processes, which enable access to de novo modifying agents
(Hansske et al., 2015). Twelve-mer peptides (comprised of 12
amino acids) have been selected from large peptide libraries
covering a sequential space of ~10° different peptides. According

Abbreviations: PEG, poly(ethylene glycol); PEO, poly(ethylene oxide); TEM,
transmission electron microscopy; SAXS, small angle X-ray scattering; WAXS,
wide angle X-ray scattering.

to the adsorption behavior onto MgF, surfaces the most
promising sequence was synthesized as a peptide-PEG conjugate
(Hansske et al., 2015). The conjugates proved sequence-specific
interactions with MgF, materials in a sol state, effectively
stabilizing the sols in solution via surface modification and
provided completely redispersible nanoparticles.

By wusing the peptide-PEG conjugates to stabilize
and compatibilize MgF, nanoparticles in a PEO matrix
Samsoninkova et al. prepared bio-inspired hybrid materials,
which presented remarkable material properties in terms of
stiffness and toughness (Samsoninkova et al., 2017). Increased
Young’s modulus (E) values and increased tensile toughness (R,;,)
values could be achieved. TEM showed an effective reduction
of agglomeration and also influences on the form of the formed
agglomerates by the presence of the peptide-PEG conjugates
have been evident. SAXS measurements revealed sizes of primary
particles to be in the range of 2-3 nm, while larger agglomerates
of those were also present.

Within this study, structure-function relationship in model
hybrid materials made of a PEO matrix and MgF, nanoparticles
compatibilized by peptide-PEG conjugates were explored in
view of material fabrication for bio-applications. The PEO
matrix consists of (lamellar) crystalline and amorphous domains.
The amounts of particles and conjugate were elucidated to
optimize the mechanical performance of the hybrid materials.
Multi-scale analysis tools were applied to perform simultaneous
mechanical tensile testing and X-ray scattering experiments. By
this approach, the role of unmodified nanoparticles, the use of the
peptide-PEG conjugates alone and the combination of inorganic
nanoparticles compatibilized by peptide-PEG conjugates in the
PEO matrix in terms of the mechanical properties of the material
were investigated. Changes in crystal orientation during applied
tensile stress were followed to describe mechanically relevant
reorientation effects of the crystalline domains. By examining the
crystallite size and the deformation of the crystallites by recording
the micro strain in situ on the crystallites, the crystalline as well
as the amorphous phase were investigated.

EXPERIMENTAL SECTION

Sample Preparation

The hybrid materials were synthesized following a protocol
described previously (Samsoninkova et al, 2017). In short,
the surfaces of the spherical MgF, particles with a size of
around 2-3nm were non-covalently coated with a tailor-
made peptide-PEG conjugate containing a monodisperse MgF,-
binding peptide sequence and a PEG block (M,, = 3200 g/mol;
GTQYYAYSTTQKS-block-PEG73) to enhance the interactions
with the PEO matrix material (M, = 900.000 g/mol) (Hansske
et al,, 2015). After solution blending in methanol, the hybrid
materials were hot-pressed into thin hybrid films with a
thickness of around 200 pm. Hot pressing of the hybrid materials
was performed on a SPECAC device from Specac Limited
(Orpington, UK) at a constant temperature of 70°C. First, the
hybrid materials were heated without load for 3 min and then
1 ton of pressure was applied for 1 min, followed by 2 tons of
pressure for 3 min. After cooling, samples were punched out with
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a bone-shaped stamp to match the tensile testing set-up. The
sample compositions for the hybrid films were chosen with 15
wt.% MgF, and 0.5, 1.0, 2.0, 3.0, and 6.0 mol% conjugate, with
non-filled PEO, PEO in combination with 3 mol% conjugate
compatibilizer as well as PEO in combination with 15 wt.% MgF,
fillers without the presence of compatibilizers as references.

X-Ray Scattering Experiments and

Mechanical Tensile Testing
X-ray scattering experiments were performed at the synchrotron
source BESSY II [Helmholtz-Zentrum Berlin fiir Materialien und
Energie (HZB), Adlershof, Germany] at the uSpot beamline.
Using a synchrotron source has the advantage that SAXS and
WAXS measurements are possible simultaneously and a suitable
time resolution is facilitated which is required for combined X-
ray scattering and in situ tensile testing. X-ray patterns were
recorded using an X-ray beam (100 pm in diameter; wavelength
X = 0.82656 A) with a 2D CCD detector (MarMosaic 225,
Rayonix Inc., Evanston, U.S.A.) with a pixel size of 73.242 pm
and an array of 3,072 x 3,072 pixels. The calibrations of the
sample-to-detector distance and beam center were performed
using a quartz standard and analyzed with the software Fit2d
(by Andy Hammersley, ESRE, v. 12.077). All patterns were
corrected for empty beam background. Using the software
packages DPDAK (Benecke et al., 2014) and OriginPro data
evaluation was performed.

The crystallite sizes L of the polymer matrix were calculated
by using the Scherrer equation:

s
L=—"76#9+—.
C*cos (0)

in which A represents the wavelength, C the full width at half
maximum of the (120) peak, 6 the Bragg angle of the (120)
peak and the Scherrer constant k (Holzwarth and Gibson, 2011).
To correct the peak widths for instrumental broadening the
measurements were performed using a Sil1l monochromator
with known instrumental contributions to C.

The tensile testing device was developed to perform
simultaneous X-ray scattering experiments and mechanical
tensile testing at a synchrotron source. A 20N load cell (11E-
020N-1a, Althen, Kelkheim, Germany) was used with a DC-
encoder motor (M-126 DG, Physik Instrumente, Karlsruhe,
Germany) to fit the requirements of the samples. To track
the strain of the samples during tensile stress over the whole
sample area and to perform video extensometry a camera
(piA2400-17gm, pilot serie, Basler AG, Ahrensburg, Germany)
with corresponding objective (TC 23 024, 2/3-Mpx detector,
OPTO Engineering, Munich Germany) was used. Figure 1 shows
the schematic design of the in-situ tensile testing set-up and two
halves of typical x-ray scattering patterns for 0 and 50% strain.

To measure Young’s modulus E and nominal tensile strength
R,, stress-strain curves were recorded (E = %), where o
represents the recorded stress and ¢ the recorded strain, to the
linear-elastic region between 1 and 3% strain of the recorded
stress-strain curve Young’s modulus values were achieved. The
macro strain € was obtained by video extensometry using a

strain:
0%

50%

tensile
load

J  x-ray detector

FIGURE 1 | Experimental in-situ X-ray scattering setup combined with
mechanical tensile testing. Tensile load is applied to the sample, which is
simultaneously scanned by an X-ray beam. Two-dimensional X-ray diffraction
patterns are recorded by a two-dimensional detector (shown: two halves of
diffraction patterns representing 0 and 50% strain).

camera observing the elongation Al of the distance 1y between
black markers on the sample (¢ = Al/ly). As reported earlier
(Samsoninkova et al., 2017), samples exhibit different values for
elongation at break, depending on the amount of conjugate,
ranging from around 700 up to 900%. A limitation of our study
is, that the used synchrotron in-situ tensile tester did not allow
elongating up to such high deformations.

Molecular deformations induced by applied tensile stress
within polymers leads to a micro strain in crystallites and causes a
peak shift of the crystalline X-ray diffraction peaks (Mallick et al.,
2006). By applying the following equation to the X-ray scattering
data the micro strain &,,c, could be calculated:

qo — (¢
e

Emicro =

with go as the g value of the (120) signal position before applied
tensile stress and g, as the g value after applied tensile stress.

RESULTS

In this study, a combination of mechanical tensile testing in
combination with SAXS and WAXS was used to provide insights
into structure-function relationships. By performing SAXS
experiments, the size and shape as well as the agglomeration
behavior of the MgF, nanoparticles were investigated. In situ
WAXS experiments combining X-ray scattering and mechanical
tensile testing allowed a detailed analysis of the relationship
between structure and mechanical properties of the hybrid
material by examining the crystallite size and deformation
of the crystallites during applied tensile stress of the matrix
material PEO.

Size and Arrangement of the Incorporated

Nanoparticles
The radius of the MgF, particles R (Samsoninkova et al., 2017),
as well as the fractal dimension D was determined by applying

Frontiers in Materials | www.frontiersin.org

January 2020 | Volume 6 | Article 348


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Seidt et al.

Analysis of Compatibilized PEO-MgF, Composites

the following equation described in Samsoninkova et al. (2017)
on the SAXS data.

I(q) =1IoB+1o[VoS(q) P(q)]

For calculating the true layer thickness (§) of the conjugate layer
coating the MgF, particles the following equation was used to
relate the differences of the electron densities of MgF, with
p(r) =091e"1/A3, p (r) = 0.38 e~ /A3 for PEO (Glatter et al.,
1994) and p (r) = 0.45 e~!/A3 for the conjugate by using the
biomolecular scattering length density calculator (http://psldc.
isis.rl.ac.uk/Psldc/).

g2 Re+8)°Cx+ Ry (Cp— Co)
(Rp + 8)* Ck + R (Cp — Ck)

The electron density difference between PEO and MgF,; is defined
as Cp, while Ck is the electron density difference between PEO
and conjugate. The radius of the primary particles is defined as R,
while Rp gives the particle radius in combination with peptide-
PEG conjugates revealed by SAXS experiments (Samsoninkova
et al, 2017). Therefore, the equation can be converted into
the corrected layer thickness to calculate the increasing particle
radius due to adhesion of the conjugate to the MgF, nanoparticle
surface. Table 1 shows the calculated values for the true layer
thickness § of different sample compositions. The dependency of
8 on the conjugate amount is displayed in Figure 2A. Looking at
the dependency of conjugate amount, up to 1.0 mol% conjugate a
slight increase, followed by a strong increase starting at 2.0 mol%
conjugate can be observed with a slow further increase.

Furthermore, by calculating the fractal dimension D the
morphology and the state of agglomeration can be investigated.
It can be seen as a value for the degree of branching within
the structure of a material (Logan and Kilps, 1995; Husing
et al., 1998; Bushell et al., 2002; Fratzl, 2003b). Lower values
for D in aggregates refer to less branching, while higher values
represent higher branching and therefore, more densely packed
agglomerates (Emmerling et al., 1995; Logan and Kilps, 1995;
Husing et al., 1998; Bushell et al., 2002). By plotting the fractal
dimension D vs. used mol% conjugate a dependency of the
agglomeration behavior and amount of used conjugate could be
observed. Up to 1.0 mol% conjugate, the values for the fractal
dimension D did not differ significantly and were maintained
in a range between D = 1.74-1.77. At 2.0 mol% conjugate
a significant decrease to around D = 1.47 can be observed
with a slow further decrease. The dependency of the fractal
dimension D and the used conjugate ratio is shown in Figure 2B,
which indicates an inverse behavior for the fractal dimension D
compared to the true layer thickness 8. Both graphs exhibit strong
changes between 1.0 and 2.0 mol% conjugate.

In situ Tensile Testing

The samples were measured at the pSpot beamline at BESSY
II to perform simultaneous tensile testing and X-ray scattering
experiments. With the recorded stress-strain curves every sample
could be investigated for Young’s modulus E and nominal tensile
strength R, (based on the original cross section area). Figure 3

TABLE 1 | Results for conjugate layer thickness § and fractal dimension D.

Sample 8 (nm) D
PEO + 15 wt.% MgF» + 0.5 mol% conjugate 2.9 1.77 £0.02
PEO + 15 wt.% MgF»> + 1.0 mol% conjugate 3.7 1.74 £ 0.03
PEO + 15 wt.% MgF» + 2.0 mol% conjugate 6.4 1.47 £ 0.04
PEO + 15 wt.% MgF» + 3.0 mol% conjugate 6.6 1.47 £ 0.09
PEO + 15 wt.% MgF, + 6.0 mol% conjugate 7.4 1.44 +£0.02
A 8-
_.--®
71 e
° .--@®
6
€
= J
w0 4 /
I
31 @
0o 1 2 3 4 5 6 7
mol% conjugate
B
1.8+
$4e
1.7
a 1.6
1.5 + _____
1.4
1.3+— ; . ; ; . . .
o 1 2 3 4 5 6 7
mol% conjugate
FIGURE 2 | Dependency of (A) true layer thickness § and (B) fractal
dimension D on amount of added conjugate in the composition. Both curves
show strong changes between 1.0 and 2.0 mol% conjugate.

shows an exemplary stress-strain curve of non-filled PEO as
reference to demonstrate the origin of the determined values for
Young’s modulus E and tensile strength Ry,.

The measurements were interrupted to record WAXS patterns
at 0, 1, 3, 5, 8, 10, 20, 30, 50% strain. These stops occurred
as an area with decreasing stress in the stress-strain curves
during constant strain. At every stop, 10 diffraction patterns
were recorded to ensure measurements in the deformation area
of the hybrid material. As the areas where necking occurred in
the samples were hard to predict, 10 points with a distance of
300 pm were measured in longitudinal direction of the sample.
Table 2 shows the Youngs moduli and the tensile strengths of
the samples.

With the insertion of MgF, nanoparticles and conjugate
the values for both determined material parameters increased.
The values for Young’s modulus increased by nearly factor
2 after MgF, incorporation and even more after addition of
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FIGURE 3 | Representative stress-strain curve of non-filled PEO with
characteristic parameters marked on the graph showing the mechanical
material properties by tensile strength Ry, and Young’s modulus E. The drops
in stress during constant tensile strain result from required stops during the
measurements necessary to record X-ray diffraction patterns with larger
accuracy.

TABLE 2 | Young’s moduli and tensile strengths of in situ mechanical tensile
testing experiments.

Sample E (MPa) R, (MPa)
Non-filled PEO 330 +£ 75 11.8+0.9
PEO +0 wt.% MgF, + 3.0 mol% conjugate 374 £ 125 105+ 1.1
PEO + 15 wt.% MgF», + 0 mol% conjugate 583 + 30 129+1.0
PEO + 15 wt.% MgF, + 2.0 mol% conjugate 592 + 183 12.2+ 0.7
PEO + 15 wt.% MgF, + 3.0 mol% conjugate 766 £ 202 120+ 0.6
PEO + 15 wt.% MgF, + 6.0 mol% conjugate 890 £ 53 147 +£1.2

conjugate. Also tensile strengths increased with MgF, and
conjugate insertion. The sample composition with 6.0 mol%
conjugate showed the highest values for Young’s modulus and
tensile strength.

In situ Wide Angle X-Ray Diffraction

Studies

The commonly observed WAXS patterns of semi-crystalline PEO
samples describe a monoclinic lattice (Zhu et al., 2000). Based
on this, several reflections in the reciprocal space could be seen,
which were coexistent with the experimental WAXS data. Two
prominent signals could be obtained in the WAXS signal with
g =13.6 nm~! and g = 16.4 nm~". The first signal corresponds
to the reflection of the (120) plane lying perpendicular to the c-
axis of the crystallites (crystalline domains). The second signal
corresponds to the reflections of overlapping rings from the
(032), (132), (212), (112), (124), (204), and (004) planes, which
are hard to distinguish and therefore, not used for further analysis
(Zhu et al., 2000; Lai et al., 2012).

At 50% strain, a clear texture of both signals was observed.
Figure 4 shows two-dimensional diffraction patterns of non-
filled PEO (Figure 4A) before tensile testing and (Figure 4B)
at 50% tensile strain during applied tensile stress. The (120)
plane, which was used for further data evaluation showed
a strong meridional texture after applied tensile stress. The

(120) reflection has an angle of 90° to the c-axis in PEO
crystals. Different integration angles were chosen for the two-
dimensional data processing of the (120) signal to consider
the differences of the crystallites according to the orientation
of the c-axis during the applied tensile stress. This enables
an interpretation of the progression of crystallite orientations
during deformation. The angles were selected perpendicular to
the tensile direction and directly in tensile direction with an angle
of 30°. The defined integration areas are shown in Figures 4A,B
with corresponding one-dimensional radial profiles where
the c-axis crystallite orientation is aligned (Figure4C)
in tensile direction and (Figure4D) perpendicular to the
tensile direction.

Two effects on the radial profiles could be observed depending
on the c-axis crystallite orientation. They show obvious
differences in the peak broadening and the positions of the (120)
signal. Perpendicular to the tensile direction, a peak broadening
after applied tensile stress is visible, whereas in tensile direction
broadening appeared with much less intensity. Additionally, the
peak positions before tensile testing and at 50% strain with
different integration areas differ greatly. Perpendicular to the
tensile direction no peak shifting could be observed, whereas in
tensile direction a peak shift to lower g values appeared. These
two effects on the (120) signal were evaluated to gain information
about the crystalline and the amorphous phases. By quantifying
the peak broadening of the signal it was possible to measure the
average crystallite size (Holzwarth and Gibson, 2011) within the
crystalline lamellae and hence, to make statements about the
crystallite perfection of the crystalline phase. The crystallite size
as well as the determined micro strain during applied tensile
stress can be plotted against the applied macro strain to reveal
information about structure-function relationships on both the
micro and nanometer scale. In Figure 5, the crystallite size vs.
the macro strain is drawn (Figure 5A) with the c-axis crystallite
orientation in and (Figure 5B) perpendicular to the tensile
direction, as well as the micro strain vs. the macro strain with
(Figure 5C) the c-axis crystallite orientation in and (Figure 5D)
perpendicular to the tensile direction. Evaluating the crystallite
sizes with c-axis crystallite orientation in tensile direction, after
the insertion of conjugate and MgF, nanoparticles a decrease of
the crystallite sizes could be observed. With increasing macro
strain the crystallite sizes strongly decreased for all investigated
samples down to sizes of L = 10 — 20 nm. The same applied
for the crystallite sizes with the c-axis crystallite orientation
perpendicular to the tensile direction but only down to sizes of
L = 30 — 40 nm, as the crystallites are getting aligned during
applied tensile stress in tensile direction. For this reason, we
focused on the crystallite sizes with c-axis crystallite orientation
in tensile direction for further data evaluation.

By comparing the induced micro strain on the crystalline
domains in PEO vs. macro strain a different behavior could
be seen for the c-axis crystallite orientations. With a c-axis
crystallite orientation (Figure 5C) in tensile direction negative
values for micro strain appeared, whereas the crystallites oriented
(Figure 5D) perpendicular to the tensile direction showed a
strong increase of the micro strain, with increasing macro strain
up to a plateau where the values reached a constant level.
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FIGURE 4 | Two-dimensional diffraction patterns of non-filled PEO (A) before and (B) at 50% tensile strain. Before applied tensile stress, only weak textures as a result
of sample preparation were visible in the Debye Scherrer rings, whereas the rings at 50% strain show a distinct texture. (C) Radial profiles before and at 50% tensile
strain of the (120) signal with a c-axis crystallite orientation in tensile direction. A broadening of the signal appeared at 50% tensile strain. (D) Radial profiles before and
at 50% tensile strain of the (120) signal with a c-axis crystallite orientation perpendicular to the tensile direction. A peak shift to lower g values appeared after applied
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For further data interpretation and to compare the samples
between themselves the percentage crystallite size change (CSC)
was drawn vs. macro strain and the slope within the elastic
range between 1 and 3% strain was determined (Figure 6A).
The mean values and corresponding standard deviations were
drawn as bar charts in Figure 6B for n = 3 samples. The
insertion of the conjugate led to a strong decrease of the
slope of the percentage CSC within the elastic range, whereas
the insertion of MgF, in combination with conjugate led to
an increase of the slope up to a factor 2. This means that
only the insertion of MgF, nanoparticles compatibilized by the
peptide-PEG conjugate caused faster decreasing crystallite sizes
under load.

The slope of the micro strain vs. macro strain of the crystallites
with the c-axis oriented perpendicular to the tensile direction
was determined within the elastic regime (Figure 6C). Allowing
statements on the force transmission from the amorphous to
the crystalline phase of the organic semi crystalline matrix. This
is a key point to explain materials mechanical properties. All
values were drawn as bar charts for n = 3 samples in Figure 6D
with corresponding standard deviations. By using compatibilized
MgF, nanoparticles higher values of the slope up to a factor
of 4 could be realized, whereas the plateau values (Figure 6E)

stayed almost in the same range for all sample compositions
of the stabilized composites. This means that the transmitted
force from the amorphous to crystalline phase was the same for
all sample compositions, but the force transmission from the
amorphous to the crystalline phase occurred earlier after MgF,
nanoparticle compatibilization.

DISCUSSION

In this study, relations between nano-structure and deformation
mechanisms at several length scales in a new hybrid material
consisting of PEO as a semi-crystalline polymer matrix and MgF,
nanoparticles was investigated. By using an MgF,-affine peptide-
PEG conjugate, the nanoparticles were compatibilized in the PEO
matrix and the function of interface polymers as found in natural
hybrid materials could be mimicked.

The samples were investigated for layer thickness of the
conjugate § and fractal dimension D by performing small angle
X-ray scattering experiments. Recently, a study with congeneric
PEO/MgF, hybrid materials revealed decreasing agglomerate
sizes on increased conjugate amounts (Samsoninkova et al.,
2017). In the present system, this effect was explained by
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FIGURE 5 | Plots of crystallite sizes vs. macro strain with c-axis crystallite orientation (A) in and (B) perpendicular to the tensile direction of exemplary sample
compositions. The crystallite size changes to lower sizes after MgF» and conjugate insertion and with increasing macro strain. Major changes of the crystallite sizes
can be seen with increasing macro strain with the c-axis crystallite orientation in tensile direction. The applied micro vs. macro strain is drawn with the c-axis crystallite
orientation (C) in tensile direction and (D) perpendicular to the tensile direction. With increasing macro strain the micro strain showed negative values for the c-axis
crystallite orientation in tensile direction and increasing positive values up to a plateau perpendicular to the tensile direction. Dotted lines in the graph are shown to aid
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the thickness of the conjugate layer on the MgF, surface,
which was found to increase with the amount of conjugate.
Based on the differences in electron density of the different
components, the layer thickness was calculated. From these
results, a saturation of the MgF, surface at 2 mol% conjugate
with a layer thickness of § = 6.4 nm was concluded, because
at this composition the system showed an abrupt change in
3. This conclusion was confirmed by calculating the fractal
dimension D as a value for the degree of branching within the
system (Schmidt, 1991; Peterlik and Fratzl, 2006). The abrupt
change between 1.0 and 2.0 mol% for the fractal dimension
D can be interpreted as the transition to more open fractal
structures leading to a suppression of agglomeration. The
effect of the addition of stabilizing agents to nanoparticles
by binding to the particle surfaces was described in different
studies as a prevention of uncontrolled growth and aggregation
(Niemeyer, 2001), which can be also confirmed in this study.
The interpretation of the SAXS results is schematically illustrated
in Figure 7A. With increasing conjugate amount an increasing
layer of conjugate around MgF, particles is found as well as
reduced agglomeration of the particles. The investigated hybrid
materials with higher conjugate amount showed less branched
particle networks.

Improved mechanical properties were found with higher
conjugate amounts, leading to increased Youngs moduli
and tensile strengths. The sample set with 15 wt.% MgF,
stabilized by 6.0 mol% conjugate exhibited obviously the highest
reinforcement effect. The Young’s moduli of these compatibilized
hybrid materials were increased almost by a factor of 2 compared
to non-stabilized composites. This confirms prior observations
that the amount of compatibilizers has to reach about 3.0-
6.0 mol% to provide materials interface stabilization effectively
(Samsoninkova et al., 2017). There, samples showed values for
elongation at break from around 730% (15 wt.% MgF, and 0
mol% conjugate), a relative maximum of around 930% (15 wt.%
MgF, and 1 mol% conjugate) to around 690% (15 wt.% MgF,
and 3 mol% conjugate), while samples with 15 wt.% MgF, and
6 mol% conjugate showed a strong reduction in ductility and
therefore only around 70% elongation at break. Therefore, an
amount of around 1-3 mol% conjugate seems to give an optimal
compromise to achieve relatively high stiffness and toughness in
these hybrid materials with 15 wt.% MgF, nanoparticles.

By performing WAXS experiments two prominent peaks were
identified as characteristic PEO signals corresponding to the
(120) plane at ¢ = 13.6 nm~! and an overlay of different
rings from the (132), (212), (032), (004), (204), and (124)
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planes. During applied tensile stress a clear texture of both
rings appeared in the two-dimensional WAXS pattern. The (120)
signal showed two strong meridional arcs with increasing tensile
strain. By comparing the WAXS patterns at 50% strain with
simulated 2D WAXS patterns from literature, we could assume
that during applied tensile stress the (120) plane, which lies
perpendicular to the c-axis, is meridional aligned to the tensile
direction. Therefore, the c-axis is becoming aligned in tensile
direction (Adams et al., 1986; Petermann and Ebener, 1999; Zhu
et al., 2000; Lai et al, 2012). Due to the crystalline structure
of PEO with an angle of 90° between the (120) plane and the
c-axis, this correlation can be used to make predictions about

the crystalline structure by examining the peak broadening and
position during applied tensile stress.

The crystallite size changes were evaluated by calculating
the crystallite sizes of the (120) plane. By performing the two
mentioned integration areas the crystallite size change during
applied tensile stress of the crystalline phase aligned in tensile
direction was described. The (120) plane lies perpendicular
to the c-axis and is meridional aligned during applied tensile
stress. This fact gives the possibility to make direct conclusions
about the crystalline phase and correlate them with material
properties. The determined slope of the percentage crystallite
size change vs. macro strain, allows the making of statements
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FIGURE 7 | Schematic representation of the hybrid material at the nanometer
scale. (A) Increasing amount of conjugate leads to higher layer thickness and
reduces agglomeration (less branched aggregates) as derived from the fractal
dimension D. (B) Deformation mechanisms of PEO + 15 wt.% conjugated
MgF, during applied tensile stress. The use of conjugate led to a stabilization
of the amorphous phase. The stabilization of MgF, nanoparticles by the
peptide-PEG conjugate blocked the movement of dislocations within the
amorphous phase. The amorphous PEO chains cannot elongate as in
non-filled PEO and the force transmission from the amorphous to the
crystalline phase appears earlier resulting in a faster block-slip mechanisms
and therefore, decreasing crystallite sizes.

concerning the deformation mechanism of the hybrid material.
As reference, non-filled PEO was measured with a value of
m = 3.15, whereas the reference sample of non-filled PEO
in combination with compatibilized MgF, showed a clear
decrease in the slope. This flatter slope can be explained by
a softening of the amorphous phase. With a factor of 2, an
increase of m = 6.1 could be seen after MgF, insertion
with increasing values for increasing conjugate amounts. This
increase can be rationalized probably by a positive effect
of the compatibilized MgF, nanoparticles on the amorphous
phase of the matrix. Comparable to the interface polymers
in natural materials, the PEG-blocks adsorption on surfaces
of compatibilized MgF, particles enhanced apparently the
interactions with the PEO matrix, leading to a better mechanical
performance of the interface-engineered hybrid materials. This

effect is even improved by the use of higher equivalents of the
peptide-PEG conjugate.

Additional information could be gained by calculating the
micro strain within the crystalline domains. Firstly, the negative
values of the strain aligned in tensile direction could be explained
by reasonable Poisson ratio values of around u = 0.3. The
Poisson ratio describes the relation between longitudinal to
lateral deformation during tensile stress and the most common
materials such as polymers or composites hold a Poisson ratio of
0.25 < p < 0.35 (Askeland et al., 2010; Rawlings et al., 2013;
Silberschmidt and Matveenko, 2015). These values fit well to the
determined values and appoints to an increase of the volume
during applied tensile stress, since materials with a Poisson
ratio © > 0.5 show a decrease of the volume during applied
tensile stress.

The process of deformation for bulk semi-crystalline polymers
has been described by different studies (Adams et al., 1986;
Petermann and Ebener, 1999; Zhu et al., 2000; Liu et al., 2006).
The deformation in such materials during applied tensile load
can be characterized by an initial elongation of the amorphous
phase, followed by a shearing and tilting of the lamellar folded
chains. Afterwards, block crystals are pulled out of the lamellae,
which is referred to as “block slip” mechanism and those blocks
become further aligned along the tensile axis (Adams et al., 1986;
Petermann and Ebener, 1999; Lai et al., 2012).

Statements about the force transmission from the amorphous
to the crystalline phase could be made by determining the slope
of the micro vs. the macro strain of the crystallites aligned
perpendicular to the tensile direction. Higher values indicate a
faster force transmission from the amorphous to the crystalline
phase, as it is known that deformation of semi-crystalline block
polymers starts with an elongation of the amorphous phase. After
insertion of MgF, compatibilized by the conjugate the energy
transmission appeared faster with a factor of 4. This increase
can be explained by the increased interactions between the filler
particles and the polymer matrix, which resulted in a stabilization
of the amorphous phase. As reported earlier (Samsoninkova
et al,, 2018), the MgF, particles are non-covalently coated with
peptide-PEG conjugates and by means of NMR study we found
mixtures of interactions but predominantly electrostatic ones. By
applying uniaxial tensile stress on the hybrid material initially, the
statistical coil conformation of the PEO chains in the amorphous
phase were extended and aligned. This process is apparently
modulated by the compatibilized MgF, filler that were anchored
in the PEO matrix and thus leading as physically network points
to a more efficient force transmission in the hybrid material.
This accelerated pull out of the lamellae and decreasing crystallite
sizes proved the block slip mechanism. The main findings
of the in situ X-ray scattering experiments for the stabilized
hybrid material are illustrated in Figure 7B. By stabilizing the
MgF, particles with the conjugate the amorphous phase is
becoming stabilized and therefore, the force transmission from
the amorphous to the crystalline phase appeared earlier resulting
in higher slopes for micro vs. macro strain and decreasing
crystallite sizes. Samples with higher conjugate amount and less
branched particle networks might also exhibit a reorientation of
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these branches; most likely an alignment of single branches along
the loading directions.

CONCLUSIONS

A detailed study on the deformation mechanism in PEO/MgF,
hybrid materials in the presence of specific compatibilizers was
performed by the use of in situ X-ray scattering experiments and
tensile testing. By evaluating the crystallite size change and the
micro strain of the crystallites a stabilization of the amorphous
phase followed by a more efficient force transmission from the
amorphous to the crystalline phase could be proven by the
combination of MgF, nanoparticles compatibilized by the MgF,-
binding peptide-PEG conjugate. The concept of tailor-made bio-
inspired interfaces by the use of material-specific peptide-PEG
conjugates was verified as a new route to prepare synthetic hybrid
materials with enhanced mechanical properties. By mimicking
aspects of interfacial proteins from biomaterials the peptide-
PEG conjugates proved to act as interfacial “glue” and improved
the tensile strength and Young’s modulus in comparison to
non-stabilized composite materials. This study provides new
insights into possible approaches toward a new class of bio-
inspired hybrid materials with tailored interface chemistry.
By this approach, it might be possible to fabricate materials
with similar structure-function relations as found in natural
hybrid materials and making them therefore good candidates
for bio-applications.
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