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Characterizing Cross-Linking Within Polymeric Biomaterials
in the SEM by Secondary Electron Hyperspectral Imaging

Nicholas Farr,* Samand Pashneh-Tala, Nicola Stehling, Frederik Claeyssens,

Nicola Green, and Cornelia Rodenburg

A novel capability built upon secondary electron (SE) spectroscopy provides
an enhanced cross-linking characterization toolset for polymeric biomate-
rials, with cross-linking density and variation captured at a multiscale level.
The potential of SE spectroscopy for material characterization has been
investigated since 1947. The absence of suitable instrumentation and signal
processing proved insurmountable barriers to applying SE spectroscopy to
biomaterials, and consequently, capturing SE spectra containing cross-linking
information is a new concept. To date, cross-linking extent is inferred from
analytical techniques such as nuclear magnetic resonance (NMR), differ-
ential scanning calorimetry, and Raman spectroscopy (RS). NMR provides
extremely localized information on the atomic scale and molecular scale,
while RS information volume is on the microscale. Other methods for the
indirect study of cross-linking are bulk mechanical averaging methods, such
as tensile and compression modulus testing. However, these established
averaging methods for the estimation of polymer cross-linking density are
incomplete because they fail to provide information of spatial distributions
within the biomaterial morphology across all relevant length scales. The
efficacy of the SE spectroscopy capability is demonstrated in this paper by the
analysis of poly(glycerol sebacate)-methacrylate (PGS-M) at different degrees

signal processing, and imaging capability
that SE spectroscopy can be exploited
to open up a new realm of opportuni-
ties for novel material characterization of
polymers in the scanning electron micro-
scope (SEM) by SE hyperspectral imaging
(SEHI). While in a standard SEM an image
is formed from all detected SEs that are
emitted from a surface regardless of their
energy, in SEHI a series of images is col-
lected, each of which is created using SEs
from a defined energy band. Such SEHI
image series can then be used to extract a
SE spectrum. In the last 5 years, SEHI has
been deployed in a wide variety of applica-
tions, but in particular, for the mapping of
semi-crystalline polymers, exploring the
molecular orientation of organic electronic
devices, and recently revealing nanostruc-
ture variations within natural materials.?]
Here we show that the SEHI approach can
be also utilized as a novel characterization
tool to map cross-link densities in beam
sensitive biomaterials.

of methacrylation delivering new insights into PGS-M morphology.

The potential of secondary electron (SE) spectroscopy for mate-
rial characterization has been investigated as far back as 1947.11
However, it is only with recent advancements in instrumentation,
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Polymer cross-links are the covalent
bonds which are irreversibly formed
between molecular chains of the
polymer. Increasing the density of cross-links decreases the
ability of polymer chains to slide over each other and accord-
ingly increases the relative mechanical tensile strength of the
polymer and its brittle fracture resilience.[

Therefore, a polymer-based biomaterial's cross-linking den-
sity is a major contributor to its mechanical properties.”! For a
polymer to be considered as a viable biomaterial, promotion of
cell growth is essential. The ability of the biomaterial to promote
cell growth is highly influenced by local surface variations that
arise as a consequence of these mechanical properties. Local-
ized variations in cross-linking density are important for the
biocompatibility of the material and as yet there is no imaging
tool available to assess such variations. This might seem sur-
prising as it has been shown that cross-linking density is also
associated with the biodegradation rate of biomaterial scaffolds
and can be utilized as an effective control of biodegradation.®]

Additionally, cross-linking has demonstrated an ability to sup-
press the immunogenicity of an implanted scaffold.” Thus the
ability to quantify the extent and density of cross-linking is con-
sidered to be a key capability to promote the efficient develop-
ment of effective biomaterials. The behavior and kinetics of the

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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cross-linking processes of polymer-derived biomaterials have
been previously surveyed by applying diverse analytical tech-
niques such as nuclear magnetic resonance (NMR), differential
scanning calorimetry, and Raman spectroscopy (RS). While NMR
can provide extremely localized information on both the atomic
scale and molecular scale, the RS information volume is typically
on the microscale. Other available methods for the indirect study
of the cross-linking structures of soft polymers are bulk mechan-
ical averaging methods, such as tensile and compression mod-
ulus testing. However, these established averaging methods for
the estimation of polymer cross-linking density are incomplete
as they fail to provide information on spatial distributions within
the biomaterial morphology across all relevant length scales.

To develop a comprehensive understanding of the key rela-
tionships between the biocompatibility of different polymer
structures, the capability to reveal both nano- and microscale
levels of structural detail is essential. Here we demonstrate
that SEHI can provide structural detail information using
poly(glycerol sebacate)-methacrylate (PGS-M) as an example.

PGS-M is an elastomeric degradable polymer and a function-
alized form of the well-studied poly(glycerol sebacate) (PGS).
PGS being a non-toxic tuneable polymer,®° has become an
interesting potential biomaterial in various promising applica-
tions such as supporting the growth of cardiac tissue,!” blood
vessels,1112 and cartilage.>'Y PGS-M differs from PGS as a
result of functionalization with methacrylate groups which
causes the polymer to be photocurable. The photocurable capa-
bility of PGS-M enhances the existing strengths of PGS by
allowing the material to be cross-linked at lower temperatures
and pressures. This enables the precise fabrication of highly
detailed microscale structures and the potential direct incorpo-
ration of cells or temperature sensitive molecules.l'”! The ease
with which PGS-M can be synthesized together with the adapt-
ability of its physical properties and suitability for use with
different cell types, makes PGS-M an attractive candidate for
an extensively deployed biomaterial.'®! The adaptability relies
on user-defined cross-linking as PGS-M can be photocured
at various degrees of methacrylation and the degree of meth-
acrylate (DM) used in its production has a direct relationship
to the density of cross-linking. The greater the DM, the greater
the average cross-linking density. Tensile testing has previously
revealed that the mechanical properties of PGS-M varied in
accordance with its morphology, both Young's modulus and
UTS increased significantly with increasing levels of DM.[!516]
Further validation is required to confirm this relationship but
PGS-M is generating much interest as a biomaterial. PGS-M
is therefore considered an ideal model polymer to assess SEHI
as a viable biomaterial cross-linking characterization technique.

In this study, SEHI will be applied to characterize the
increasing cross-linking densities of PGS-M at three different
DM levels: 30%, 50%, and 80%. Argon plasma treatment has
been included in the study to initiate supplementary cross-
linking variation within a single set of PGS-M samples.

Plasma modification of a polymeric biomaterial's surface layer
is often carried out in order to: generate functional groups on its
surface, change free surface energy, increase surface hydrophi-
licity or achieve hydrophobicity, change cross-linking of surfaces,
change surface morphology, or remove impurities. Previous
studies on PGS, which has a similar structure to PGS-M, have
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observed that plasma treatment!’! intensified hydrophilicity,
increased the capability of stimulating cell proliferation, and
extracellular matrix production. Such studies have also indicated
that plasma treatment has induced surface cross-linking within
the chemically similar PGS, but as yet no technique has been
able to map their existencel'’] using traditional characterization
methods, presumably due to a lack in surface sensitivity.

During plasma treatment inert gases are used to eliminate
some of the atomic species from the polymer’s surface, thereby
producing reactive surface radicals. These radicals subsequently
react within the surface structure forming chemical bonds, a
process that has the potential to result in a cross-linked sur-
face.l’® Argon plasma treatment is active in sputtering several
nanometers of material from the sample surface, thus making
surface modifications on a nanometer scale, which may be
beneficial to the deployment of PGS-M as a biomaterial.'! The
purpose of the introduction of argon plasma treatment within
the study will be to treat the surface of PGS-M and analyze the
resulting cross-linking density on cross-sections of the material
as a further illustration of lateral and depth mapping of cross-
linking using SEHI.

Nanoindentation results displayed in Figure 1, showed a
relationship between the increase in the degree of methacryla-
tion and a subsequent increase in hardness and stiffness of
the polymer. Alongside previous work this result corroborates
the proposition that increasing the percentage of the degree
of methacrylate (DM) used in the production of PGS-M has a
direct relationship to the density of cross-linking observed.!'>1¢l
The results also provide evidence that increasing DM does
directly increase the hardness of the material and has a strong
influence on its elastic modulus.

Figure 2A presents the results of Raman spectroscopy
applied to the PGS-M samples with three different DM. The
expected position of the first peak of interest is at 2200 cm™!
and relates to C=C bonding.?”! The weaker bonding energies
of double bonds and acrylate groups are a common starting
point for radical reactions like polymerization or cross-linking
processes. Therefore, the absence of this peak in the observed
results is a strong indication of the successful process of cross-
linking and shows that polymerization is complete. The most
prominent differences observed between PGS-M 30%, 50%,
and 80% DM were in the spectral range around 2950 cm™.
PGS-M photocured polymers show an increase of CH vibra-
tions, specifically C—H alkyl, which is associated with the
cross-linking of PGS-M after photo-polymerization. The asym-
metric and symmetric stretching vibration of a methyl group
usually occurs at about 2965 and 2880 cm™, respectively. Peaks
in the data within this range consist of C-H vibrations with the
intensity ratios having previously been related to composition
and cross-linking.?!] Formation of the polymer network after
successful photocuring of PGS-M can therefore be confirmed
by identifying an increase in alkyl groups. This is a product
of the elimination of acrylate groups,??! which are observed
through a corresponding increase in C-H vibrations. Further-
more, due to the small height of PGS-M samples, the observed
signal included components detected at <1500 cm™ which were
generated by the underlying borosilicate glass. This is not an
uncommon occurrence and has previously been documented
to produce pronounced peaks in the fingerprint region.!*>!

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. A) Outlines the hardness (MPa) and B) reduced elastic modulus (MPa) obtained from nanoindentation for varying degrees of methacrylation
of PGS-M (mean £ STD error bars). The degree of significance is indicated as ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05.

The SE spectra captured from the surfaces of PGS-M for the
three specimens with different cross-linking densities are dis-
played in Figure 2B. It can be observed that the dominant peak
intensity values rise as the DM-driven cross-linking density
increases. This effect is prominent within the energy window
of 2.9-4.3 eV for PGS-M. It has been recently established that
SE emission 3.3—4.7 eV are attributable to hydrogenated carbon
bonding. Abrams et al.?3l have shown by the results of an elec-
tron beam contamination study that amorphous contamination
(hydrogenated carbon) deposits on carbon-based samples can
be identified through energy peaks within the 3.3-4.7 eV range.

Macromol. Rapid Commun. 2019, 1900484 1900484 (3 Of8)

The peaks associated with hydrogenated carbon correlate
with the observed C-H vibrations peak given in the captured
Raman spectrum as predicted by these results. Figure 2C,D
shows the change in the Raman data at 2950 cm™ and SE
emission change at 3.6 eV respectively, for PGS-M samples.
The changes in Raman intensity at 2950 cm~! (C-H vibrations)
closely correlates with the SE intensity changes at 3.6 eV. Both
peaks are similarly affected by CH bonding and consequently
the cross-linking process of PGS-M. The correlation also holds
for the relative integrated intensity for both Raman and SE
emissions representing the wider to C-H vibrations windows

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. A) Offset Raman spectra for 30%, 50%, and 80% low-molecular-weight PGS-M. B) Secondary electron spectra for 30%, 50%, and 80% low-
molecular-weight PGS-M. C) Raman peak values for 30%, 50%, and 80% low-molecular-weight PGS-M (n = 4) at 2950 cm™' (mean + STD error bars).
D) Secondary emission values for 30%, 50%, and 80% low-molecular-weight PGS-M (n = 4) at 3.6 eV (mean £ STD error bars).
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(Raman: 3000-2790 cm™ and SE energy region: 2.9-4.3 eV) as
shown in Figure S4, Supporting Information. The consistency
of SEHI results when compared to those of the Raman spec-
trum provides a strong argument that both the techniques pos-
sess the ability to detect cross-linking in PGS-M through CH
bonding changes. However, SEHI displays the additional ben-
efits of a multiscale imaging capability and thus the ability to
capture spatial variations.

The SE spectrum also provides a new insight into a previ-
ously unknown link between DM and the heterogeneous/
homogeneous structure of the PGS-M polymer. Figure 3A
displays the standard deviation of the cross-linking variation
between samples of PGS-M at 80% and 30% DM. The results
reveal that PGS-M 30% DM displays a significantly greater
variation than that of PGS-M at 80%. The evident increase in
the variation in SE spectra values that represents cross-linking
density across the polymer samples appears to correlate to a
lower DM percentage. This is not unexpected as the chemical
composition between samples will exhibit production vari-
ability. However, the variation detail observed in the SEHI data
across the range of DM% provides an insight not available
previously.

The ability of SEHI to isolate compositional chemical
changes in both the micro- and nanoscale is expected to provide
a novel capability for future work directed at analyzing cellular
behavior within seeded biomaterials. As previously affirmed,
other techniques that have been historically applied to quanti-
fying cross-linking lack the ability for spatial mapping of the
variation of the cross-linking within a sample across these
length scales. This makes SEHI an especially useful technique
to characterize cross-linking variations within a multiscale
approach that provides the ability to map nanoscale variations
in particular, if component analysis is used (see Figures S2, S3,
and S5, Supporting Information).

In order to isolate cross-linking density as the major con-
tributor to the peak intensity of SE emissions observed in
the SEHI spectra, the potential contribution from PGS-M
molecular weight was investigated. Comparison results of
SEHI spectra of low- and high-molecular-weight forms of 30%
PGS-M are displayed in Figure 3B. These results show that
molecular weight has no direct impact on the relative inten-
sity of the previously dominant (3.6 eV) peak. However, a
new dominant peak around 2.1 eV was observed within the
spectrum for the high-molecular-weight form (Figure 3B).
Whilst all the spectra have broadly the same profile, some
notable differences can be observed that are the consequence
of variations in molecular ordering. Conspicuously, around
2.1 eV, the high-molecular-weight PGS-M sample is seen
to display a clear peak whereas in the low-molecular-weight
PGS-M sample a lesser peak is observable, resulting in only
a slight change within the spectrum gradient around 2 eV.
These differences can be attributed to the crystalline phases
in the semi-crystalline PGS-M sample. This spectral associa-
tion with increased molecular weight has not been previously
observed. The region of these peaks are consistent with pre-
viously published work,? which show the shift to higher or
lower energies is related to differences in the molecular order
of the material. In this instance, the addition of a peak around
1.4-2.3 eV for high-molecular-weight PGS-M is considered a
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marker of a more crystalline state in high-molecular-weight
when compared to that of low-molecular-weight PGS-M.
The ability to observe and, ideally in a future capability, to
quantify molecular weight ordering within polymer-derived
biomaterials is considered to be an important development,
particularly as molecular weight has been shown to have a
strong influence on cellular growth.l?’! Figure S2, Supporting
Information, displays component analysis of captured SEHI
image stacks that indicate 30% low-molecular-weight PGS-M
possesses a measurably greater variation of lateral molecular
weight composition than that observed for the 80% low-
molecular-weight PGS-M sample. These variations are consid-
ered to be the consequence of different regions of the PGS-M
samples containing dissimilar ratios of high-molecular-weight
and low-molecular-weight structures as a result of an expected
inconsistency in polymer curing. The approach of SEHI to
construct spectra from a stack of images, captured from dif-
ferent deflector voltages, enables the option to further vali-
date this hypothesis by examining each of the individual SEM
images. The source SEM images shown in Figure 3B provide
supporting evidence that a greater variation of structures is
present on the high-molecular-weight PGS surface. It can
therefore be seen that the elements of the SEHI approach
are complementary and facilitate biomaterial characterization
through multiple perspectives and has the ability to carry out
depth analysis by using SEHI on cross-sections.

Figure 4A shows that there are variations in the PGS-M
sample within the thickness of the sample. While there is only
a slight intensity difference between surface and subsurface
spectra in the region responding to cross-linking, the appear-
ance of a dominant low energy peak around 2.2 eV within
the subsurface PGS-M SE spectrum is indicative of variations
in molecular weight. Some surface fragmentation, perhaps
hydrolysis-driven surface degradation, would affect the ratio of
crystalline and amorphous phases. The subsurface of PGS-M is
assumed to be protected from such environmental factors and
consequently exhibits a more ordered and crystalline structure.
The observation of this low energy peak is consistent with pre-
viously documented changes in SE electron emission profiles
in response to molecular ordering dissimilarities.?* This pro-
posed rationale for surface fragmentation is further supported
by the slight reduction in cross-linking recorded in the intensity
of the C—H bonding SE peak.

Figure 4B presents the SE spectrum of PGS-M after under-
going 100 W argon plasma surface treatment for 3 min. An
SEM image of argon plasma treated cross-section of PGS-M
distinctly shows morphology differences between an upper
surface “crust” and the polymer’s internal structure. Both
surface and subsurface spectrums exhibit small molecular
weight peaks at 2 and 1.6 eV respectively, slightly changing
the gradient of each spectrum. However, in contrast to non-
treated PGS-M samples, the 2.9-4.3 eV peaks associated with
C-H vibrations are dominant. The fragmentation of mole-
cular chains is expected to occur deeper than 50 um.?% This
has resulted in the reduction of the molecular weight peak
observable within the spectrum of subsurface argon plasma
treated PGS-M in comparison to that of untreated subsurface
PGS-M. The spectrum of the near surface of PGS-M collected
post argon treatment indicates a clear increase in dominant

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A) Secondary electron spectra for 30% (n = 4) and 80% (n = 4) low-molecular-weight PGS-M isolating SD variation between 2-3.6 eV (mean
+ STD error bars). B) Secondary electron spectra for 30% low- (n = 4) and high-molecular-weight (n =4) (mean + STD error bars). Inset SEM images
show sub-micron variation visually between high- and low-molecular-weight PGS-M.

peak intensity compared to that of the subsurface spectrum.  that argon plasma has sufficient energy to produce radicals
This indicates an increase of cross-linking within the surface by breaking the C—H bonds. The recombination of these
of argon plasma treated PGS-M. It has long been established  radicals leads to cross-linking of the molecular chains at the
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Figure 4. A) Secondary electron spectra and SEM image for and of surface and subsurface 30% low-molecular-weight PGS-M. B) Secondary electron
spectra and SEM image for and of surface and subsurface 30% low-molecular-weight argon plasma-treated PGS-M.

polymer surface. SEHI spectra displayed in Figure 4B has for
the first time highlighted that post plasma treatment, there is
an increase of cross-linking on the surface when compared to
subsurface layers of PGS-M.

This future potential application of SEHI as a characteriza-
tion tool for polymer-derived biomaterials is of interest as most
polymer surfaces, especially hydrocarbon surfaces; are chemi-
cally inert, have low surface energies, and also exhibit low adhe-
sion properties, all of which are disadvantageous for many bio-
material practical applications.

In conclusion, this study provides evidence that SEHI ena-
bles the mapping of cross-linking distribution at a multiscale
level within a polymer (PGS-M). The SEHI capability to pro-
vide both nano- and microscale levels of detail of the mor-
phology of biomaterials is considered to be a valuable tool,
especially for polymer-based biomaterials. Here, cross-linking
density and local variations in molecular order are major
contributors to a biomaterial's mechanical properties and
accordingly the consequential biocompatibility of the mate-
rial. SEHI not only provides an alternative to contemporary

Macromol. Rapid Commun. 2019, 1900484 1900484 (7 Of8)

analysis tools, but also provides researchers with a novel and
enhanced nanostructure analysis capability for character-
izing cross-linking and its spatial variation in beam sensitive
biomaterials.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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