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Multimodal Characterization of Resin Embedded and Sliced
Polymer Nanoparticles by Means of Tip-Enhanced Raman
Spectroscopy and Force—Distance Curve Based Atomic

Force Microscopy

Christiane Hoppener,* Felix H. Schacher, and Volker Deckert

Understanding the property-function relation of nanoparticles in various appli-
cation fields involves determining their physicochemical properties, which is
still a remaining challenge to date. While a multitude of different characteriza-
tion tools can be applied, these methods by themselves can only provide an
incomplete picture. Therefore, novel analytical techniques are required, which
can address both chemical functionality and provide structural information

at the same time with high spatial resolution. This is possible by using tip-
enhanced Raman spectroscopy (TERS), but due to its limited depth informa-
tion, TERS is usually restricted to investigations of the nanoparticle surface.
Here, TERS experiments are established on polystyrene nanoparticles (PS NPs)
after resin embedding and microtome slicing. With that, unique access to their
internal morphological features is gained, and thus, enables differentiation
between information obtained for core- and shell-regions. Complementary
information is obtained by means of transmission electron microscopy (TEM)
and from force—distance curve based atomic force microscopy (FD-AFM). This
multimodal approach achieves a high degree of discrimination between the
resin and the polymers used for nanoparticle formulation. The high potential of
TERS combined with advanced AFM spectroscopy tools to probe the mechan-
ical properties is applied for quality control of the resin embedding procedure.

to their rich chemical and physical proper-
ties, which arise from the high variability
of composition and morphologies.!l As
such organic, inorganic, and hybrid nano-
particles thereof find wide applications, in
pharmaceutics, material design, such as
coatings, cosmetics, optical and magnetics
sensors, electronics, textiles, foods, or bio-
imaging. Most intriguing are nanoparticles
exhibiting a core—shell structure with devi-
ating electrical, magnetic, optical, chemical,
catalytic, or thermal properties and high
biocompatibility. ~ Particularly,  polymer
nanoparticles, liposomes, polymersomes,
polyplexes, and carbon based nanomate-
rials have attracted high attention for being
used as drug carrier systems to treat dis-
eases and disease-related complications.?
Even more, amphiphilic polymers or block
copolymers can self-assemble by means
of nanoprecipitation, solvent exchange,
emulsion, or dispersion polymerization,
and other methods,® leading to a variety
of different morphologies, including latex
particles with distinct surface function-

1. Introduction

To date, nanoparticles and nanomaterials are present in our daily
life, and are involved in many technologies and industries due

alities, core—shell structures, or even inner compartments. The
determination of the surface properties and the internal struc-
ture of these nanoparticles is of high interest for understanding
the property(structure)-function relation of such systems. In
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particular, core and shell (surface) region can exhibit distinct
differences in terms of chemical functionality or when it comes
to interactions with the surrounding medium. It is therefore
important to develop tools to correlate (overall) chemical com-
position with local structure and functionality in such nano-
structured materials. The general importance of understanding
structure—function relations also manifests in the dependence
of the integrity of biopolymers, proteins, and also polymer com-
posite materials on their structure. Especially in the latter case,
the chain length, packing density, or charge density have been
shown to strongly influence, for example, their mechanical prop-
erties, the morphology, and the rigidity.”) However, due to the
size, chemical diversity, and potential complexity of the used
monomers and also of any structures created via self-assembly,
multimodal investigations on their properties with nanoscale
resolution are indispensible in order to understand their behavior
in complex environments. In particular, systematically tailored
design of polymeric nanostructures with distinct properties and
improved functionality will benefit from the synergetic effects of
multimodal and/or correlative approaches by addressing sequen-
tially or in parallel the chemical composition, that is, the iden-
tification of functional chemical groups, nanoscale structural
features, morphology changes, functionalities, and also the inves-
tigation of the mechanical properties. For this purpose, methods
have attracted high attention, which enable targeting of comple-
mentary properties on the surface and internal parts of nano-
particles. Typical analytical tools utilized for the characterization
of polymeric nano- and micro-particles, such as light scattering,
fluorescence microscopy, and electron microscopy (EM),C in
general, shed only light on one of these properties, that is, they
provide either chemical specificity, molecular sensitivity, dynamic
or structural information. Correlative approaches aim at yielding
multidimensional and corroborating information by combining
various microscopy and or spectroscopic methods.”) As such,
correlative light and electron microscopy (CLEM)® and correla-
tive light microscopy and AFM (CL-AFM) try to overcome their
own limitations by pairing information on the morphology and
mechanical properties with high-molecular specificity. Another
still remaining challenge in terms of studying polymer nanopar-
ticles or biological samples is their nanoscale investigation in the
solvate state by means of microscopy techniques.

Raman-, infrared (IR)-spectroscopy, and mass spectro-
metry are unique in terms of their label-free high chemical
information content, and such, satisfy the demand for cor-
relative approaches with high chemical specificity. Whilst
IR-spectroscopy and in particular secondary ion mass spec-
troscopy (SIMS) have been already combined with super-
resolution light microscopy.'% Recently, peak-force infrared
microscopy (PFIR) has been used to simultaneously correlate
chemical information with nanomechanical properties.!'!]
So far, Raman spectroscopy has not been reported for usage
in high-resolution correlation microscopy with superreso-
lution light microscopy, EM, or force—distance curve based
atomic force microscopy (FD-AFM). Raman spectroscopy
is widely used for bulk investigations of polymers, polymer
blends, or biopolymers!'? and can be also applied in liquid
environments. However, the sensitivity of confocal Raman
spectroscopy suffers by orders of magnitude from lower scat-
tering cross sections in comparison to fluorescence and IR
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investigations. In addition, the low amount of available mate-
rial for individual nanoparticles demands for single molecule
or single unit sensitivity, which can be accomplished by sur-
face enhanced Raman spectroscopy (SERS) or by means of
tip-enhanced Raman scattering (TERS).!3] The latter enables
to probe materials with a single-molecule sensitivity and (sub-)
molecular resolution by taking advantage of the light confine-
ment and enhancement of the electromagnetic field induced
by a plasmonic tip.'Yl In this sense, TERS is a label-free tech-
nique, which combines a high chemical specificity with a high
spatial resolution to obtain structural information (schematic
outline, Figure 1A). At the same time, TERS measurements
include also information on the sample topology. Recently,
TERS has been also combined with tip based electrochemical
measurements demonstrating the correlation of comple-
mentary information.™ Therefore, TERS is ideally suited to
study the property-function relation of polymer nano-objects
by revealing the chemical composition and structural differ-
ences based on the identification of certain marker bands
and individual band positions. Several TERS studies have
addressed thin films of polymer blends,'*~'8] polymerization
reactions,!'®?% and investigated structural modifications in
certain biopolymers, such as fibrils.2] The high potential of
TERS for studying weakly Raman scattering polymers under
non-resonant excitation conditions has been demonstrated for
ambient and also in liquid environments.*?l As such, TERS
has been shown to enable distinguishing the major compo-
nents of polystyrene-polyisoprene polymer blends and to iden-
tify a heterogeneity in their distribution at the air—polymer
interface and polymer—substrate interface.l'®! Similarly, TERS
investigations demonstrated the identification of isotopi-
cally labeled polystyrene (PS) and common PS in miscible
polymer bends.['®l Furthermore, high-resolution tip-enhanced
Raman mapping (TERM) was used to reveal phase separation
in poly(methyl methacrylate)/poly(styrene-co-acrylonitrile)
films.['”] Recently, TERS was applied to study the kind and the
degree of crosslinking in 2D polymers.?% To our knowledge,
so far no TERS studies have been conducted on polymer
nanoparticles or micelles. Most likely, this is due to the fact
that the advanced capabilities of TERS come at the cost of a
limited depth-information content, since the near-field inter-
action range is restricted to 2-3 nm.[?*l Hence, direct access to
the interior of any nanomaterial is restricted. In order to by-
pass this limitation, common preparation routines for TEM
investigations can be adopted to enable cross-sectional TERS
investigations. Cross-sectional studies of materials rely on top-
down sample preparation techniques and several methods
have been exploited for this. For instance, TEM investigations
of homopolymer and heteropolymer nanoparticles relied on
electron beam induced radiation-damage of frozen aqueous
nanoparticle dispersions, freeze-fracture techniques,? or
ultramicrotome slicing of resin embedded materials.[?’]

Here, we present a route toward label-free multimodal
investigations of the internal structure and surface properties
of polymer nanoparticles based on resin-embedded and sliced
polymer nanoparticles by means of TERS, as a pivotal method,
and supplementing FD-AFM spectroscopy?®?’l (s.f. Figure 1A).
The latter takes advantage of its ability to probe tip-sample
interactions down to the piconewton range. This approach
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Figure 1. Multimodal investigations of polymer nanoparticles. A) Schematic outline combines TERS and FD-AFM investigations of resin embedded PS
NPs. The FD-AFM measurements supplement the high chemical specificity of TERS by probing the elastic modulus and the adhesive properties of the
PS NPs and the resin. Insets: SEM image of a typical TERS tip (i) and TEM image of a resin-embedded and sliced fluorescence-labeled PS nanoparticle,
which reveals the core—shell structure (ii). B) Comparison of confocal Raman spectra of the used resin |B4-Plus (top) and a dense layer of PS NPs.
Inset: magnification of the fingerprint region of the |B-4 Plus resin. Black asterisks label specific Raman bands of the major components of the resin,

and grey dots indicate Raman bands associated to the used crosslinker.

allows to extract the elastic properties of a material, that is, the
deformation, elastic moduli, energy dissipation, electrostatic
repulsion, surface charge distributions, and adhesion by meas-
uring the static force response upon nanoindentation of the tip
(Figure 1A).%8] As such, FD-AFM has been applied to investi-
gate the nanomechanical properties of polymers,?*=! and
biomatter.?”32l Combining these multiparametric studies with
TERS investigations are particularly of interest for studying soft
matter. Multimodal TERS-AFM investigations enable supple-
menting the high chemical specificity of TERS with informa-
tion on the nanomechanical properties of the materials under
investigations. Polystyrene nanoparticles (PS NPs) are used in
the present study as a model system for demonstrating the in-
depth monitoring capabilities in terms of the chemical compo-
sition, changes in the morphology, and mechanical properties.
Although the TERS and FD-AFM investigations in this study
are not conducted on the same sliced PS NP, an extension of
this approach toward correlative studies on the same object can
be established by applying the same strategies used for other
advanced correlative methodologies. TEM investigations are
used to prove successful slicing of the resin-embedded polymer
nanoparticles, and to gain access to the internal morphology
of the nanoparticle (s.f. Figure 1A(ii)). In this study, we further
evaluate the ability for a spectroscopic discrimination of dif-
ferent polymer materials being used for nanoparticle formula-
tion and the selected resins and also highlight that our approach
can identify local structural changes in such samples. Finally,
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the perspective of utilizing thin slices of materials for multi-
modal, correlative, or tomography investigations has fueled
new interest to apply and optimize slicing procedures. For this,
the resin embedding and curing steps have to be monitored, in
order to identify potential preparation artifacts. We demonstrate
that the presented methodology can provide detailed insights
into the resin embedding and curing process, in particular, by
investigating resin infiltration during the curing step.

2. Results and Discussion

2.1. Resin Embedding and Slicing of Polymer Nanoparticles
2.1.1. Selection of Resins

Appropriate resins for cellular and tissue TEM studies and for
histology tissue slicing can be classified into epoxy, acryl, and
paraffin formulations. In regard to the targeted TERS meas-
urements, the used resin needs to be optically transparent,
should provide low fluorescence background, and finally can be
uniquely (chemically) distinguished from the polymeric com-
pounds composing the polymer nanoparticles under investiga-
tions. Furthermore, the mechanical properties of the resin in
relation to the ones of the polymer nanoparticle, differences
in the hydrophilicity of the resin and the polymer nanoparticle
surface, and the curing conditions have to be considered. All

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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selected resins are known to provide a high damage threshold
upon electron beam and light exposure. In order to select suit-
able resins, the optical properties of acrylic resins are compared
to a common epoxy resin often used for TEM investigations
in terms of their fluorescence background (Figure S1, Sup-
porting Information). Further details are provided in the
Supporting Information, which include Raman spectra and cor-
responding band assignments for all resins (Figures S1-S3 and
Tables S1-S3, Supporting Information). Based on these con-
focal Raman investigations, the JB-4 Plus resin is selected for
further use in all TERS and FD-AFM investigations. In addi-
tion, the JB-4-Plus resin yielded the highest compatibility to
reach a homogeneous distribution of the hydrophobic PS beads
in the resin suspensions after resin curing.

Figure 1B (top) shows a typical confocal Raman spec-
trum of the selected JB-4 Plus resin along with a close-up of
the fingerprint region (inset). According to the resin formu-
lation, the Raman spectrum is governed by the C—O—C and
C—C—O stretching vibrations in the spectral regions from
820 to 900 cm™ and 1230-1280 cm™!, which are associated to
the major components, that is, 2-hydroxyethyl methacrylate
(HEMA) and poly(ethylene oxide) (PEO). A complete band
assignment is given in Table S1, Supporting Information.
Curing of the resin occurs via radical polymerization, which
induces a splitting of the C=C double bond of the acryl group.
Therefore, the C=CH, stretching vibration at 1407 cm™ and
C=C aliphatic stretching vibration at 1641 cm™! often are con-
sidered as a measure of the yield of polymerization of a resin.33]
Clearly, no Raman bands appear at these positions, which dem-
onstrates that the pure resin is well cured under the chosen
polymerization conditions.

2.1.2. Discrimination of Common Polymers and the JB-4 Resins

In order to demonstrate that the selected embedding resins
can be clearly differentiated from generally employed poly-
meric materials, Figure 1B compares the confocal Raman-
spectra of PS, with the confocal Raman spectrum of the
JB-4-Plus resins. An extended comparison of Raman spectra
taken on other polymers and other resins is given in Figure S4,
Supporting Information. Particularly useful are Raman
bands within the region between 1500 and 1700 cm™, which
is largely silent for all resins being considered here. In par-
ticular, monomer units featuring aromatic signals such as PS

center slice
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(confocal spectra, Figure 1B), or nitrogen-containing moieties
such as in case of PNiPAAm and poly(N,N-dimethylaminoe-
thyl methacrylate) (PDMAEMA) can be clearly distinguished
from the JB-Plus resin (confocal spectra S4A). In particular,
the ring deformation mode at 621 cm™!, C—H stretching mode
at 1002 cm™! and the aromatic ring stretching modes at 1582
and 1602 cm™! of the PS can be uniquely distinguished. For
the PNIPAAm, the amide I band at 1656 cm™, the NH defor-
mation band at 1621 cm™, the amide III band at 1250 cm™,
and the CHj; deformation band of the isopropyl functional
group at 1401 cm™! can be assigned as marker bands. This
shows also the capability to distinguish peptide based polymer
nanostructures. For other materials, the stretching modes of
the ester carbonyl groups occurring in the 1650-1750 cm™
region (C=0 stretching) and in the 800-900 cm™! region (the
COO stretching) can also be considered for distinguishing
between polymer and resin (comparison of polymers and
resins, Figure S4, Supporting Information).

2.1.3. TEM Characterization of Sliced PS NPs

Taking the mentioned marker bands of various polymers into
account, it can be expected that polymer nanoparticles formu-
lated from a broad variety of polymers can be distinguished
with high fidelity from the targeted acryl resins by means of
TERS (Figure 1B). Here, we focus on PS NPs, since these are
largely mono-disperse and commercially available. Further-
more, the PS NPs are an extensively used platform for stud-
ying the formation of a protein corona and stealth properties
of polymers. Both issues can be ideally approached by the pre-
sented methodology in the future. Therefore, both unmodified
hydrophobic PS beads and hydrophilic fluorescent PS beads
(from now on denoted as PS* NPs) with a nominal diam-
eter of 100-120 nm (£15 nm for the PS NPs and +20 nm for
the PS* NPs) as specified by the manufacturer are used here
as model system in order to investigate the embedding pro-
cedure. The hydrophilic PS* NPs mix well with all resins. To
demonstrate that the ultramicrotome slicing of resin embedded
nanoparticles also leads to the sectioning of the nanoparticles,
PS* beads are embedded in the Lowicryl resin (LWC) and the
cured block is sliced with a diamond knife. Here, slices with
a thickness down to =50 nm can be obtained and are inves-
tigated by TEM (Figure 2). According to the nominal diam-
eter of =100 nm, the observed nanoparticle size in the TEM

Figure 2. TEM investigations of thin slices of fluorescent PS beads with a nominal diameter of 100 nm embedded in the JB-4 Plus resin. A,B) TEM
images of typically found structures representing PS NPs being sliced at different heights, that is, a center sliced NP and nanoparticle caps. Selected
TEM images of a tilt series acquired at tilt angles of C,E) £45° C and D) 0°. A movie of the entire tilt series is provided in Movie S4, Supporting Infor-
mation. Scale bars: 50 nm

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Small 2020, 16, 1907418 1907418 (4 of 11)



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

images is apparently smaller. Therefore, the observed struc-
tures can be identified as nanoparticle caps (s.f. Figure 2B)
or nanoparticles which have been sliced not at the center
(s.f. Figure 2A). From the TEM images, it seems that the core
of the PS* NP is surrounded by a shell-like structure. Thus, the
observed structure can be assigned to the incorporated fluores-
cent dye molecules and most likely to the surface functionali-
zation. In order to verify that the PS* NPs are indeed sliced,
and thus, the interior of the nanoparticle can be accessed, a tilt
series of individual NPs is acquired (full tilt series is provided
in Movie S1, Supporting Information). Figures 2C,E show the
corresponding TEM images of the +45° tilt positions next to the
center position (0° tilt, Figure 2D). The change in the geom-
etry upon tilting the sample stage clearly shows that the nano-
particle does not anymore exhibit a spherical shape, but rather
takes on the geometry of a half-sphere.

Since the PS* NPs are not suitable for the finally targeted
Raman spectroscopy investigations, also unmodified PS beads
have been embedded in all resins. It turns out that the JB-
4-Plus resin yields the most homogenous samples of randomly
distributed, isolated PS beads. However, due to the targeted
high density of nanoparticles and the long curing times at cold
temperatures, a partial aggregation of the PS beads could not
be prevented (s.f. Figure S5, Supporting Information).

2.2. TERS Investigations of Resin-Embedded and Sliced PS NPs

So far, the TEM investigations demonstrate that the embedded
polymer nanoparticles can be sectioned, and thus, access to
the interior of the nanoparticles is provided. However, the
TEM investigations provide no information on the embedding
process itself. Incubation and incorporation of the polymer
nanoparticles within the resin might lead to an infiltration of
the PS NP, leading to altered chemical and mechanical proper-
ties of the nanoparticles after the curing process. TERS maps
with high chemical specificity and high spatial resolution may
provide additional insights into the embedding process.

- "JM

500 cts

8 ro e N
7 wrp \.«“wm/\‘"\mv‘“w;\“
i 8 W,,J/ "\MWA\"“*:M"‘“'\\K
- b 9 W’/\mwj\\"\m/ “~
10 W,W,J\w‘w\ > I
800 1200 160
wavenumber / cm’

400 800 1200 1600
wavenumber / cm’ cesc o0
pos } e o 0 0 o
" 1 - -
2 ® © o o 0
3 ® ® o 0 O
4 .E o ® o 0 0
5 o0 0 0 0

!

1000 cts

¥

Vi

o
o

50 nm

B topography c

www.small-journal.com

At first, the TERS investigations have to demonstrate that
polymer and resin can be uniquely discriminated on the
nanoscale. Therefore, the thin sections of PS NPs are studied by
means of TERS either by acquiring a set of spectra along a pre-
defined line or predefined grid positions. The acquisition time
for each spectrum is typically 1 s using an excitation power of
650 uW. Figure 3A shows a topography image of a sliced nano-
particle next to a sequence of TER spectra. The marked positions
in the AFM image correspond to the positions where sequen-
tial TER spectra have been acquired across the PS NP-resin
interface with a spatial separation between the adjacent spectra
positions of =10 nm. For comparison, a TER spectrum acquired
on a spin-casted PS film is shown at the top of Figure 3A. Taking
into account the above assigned marker bands for the PS, the
TER spectra 1-4 clearly show the ring bending/stretching com-
bination band at 1604 cm™!. The 1002 cm™ RBM peak is not
clearly visible in the TER spectra due to an overlap with the
overtone mode of the Si-peak (520 cm™) of the TERS-tip. Fur-
thermore, the high in-plane/out-of-plane orientation sensitivity
of this mode in TERS due the longitudinal polarization of the
exciting electromagnetic field of the TERS tip might strongly
reduce the presence of this Raman band in TERS.

At position 5, the TERS spectrum changes. In particular, the
intensity of the CH ring bending/stretching mode at 1602 cm™!
strongly decreases and instead a band at 1630 cm™ appears. The
latter likely corresponds to the C=C aliphatic stretching vibration
of the resin precursor. This indicates that the curing process of
the resin is less efficient for a mixture of resin and PS NP suspen-
sions compared to the plain resin. Since also Raman signatures
assignable to internal modes of the PS disappear (CH stretching
modes at 1070, 1250, 1430, and 1520 cm™), the PS NP can be
clearly spatially distinguished from the resin. The transition from
the PS to the resin at position 5 coincides well with the localiza-
tion of the PS NP found in the acquired topography image.

TERS mapping across the entire sliced surface of the PS NP
and the surrounding resin has been carried out to further investi-
gate the homogeneity and the crystalline state of the PS. Further-
more, the homogeneity of the resin in terms of the curing degree

TERS maps
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Figure 3. TERS of resin embedded and sliced NPs. A) TERS spectra of a resin embedded and sliced PS NP acquired across the interfacial PS NP resin
area as indicated by the dashed line in the corresponding topography scan (left). Top: TERS spectrum of a spin-coated PS film for reference. B) AFM
topography image of a resin embedded and sliced PS NP displayed together with the utilized grid for the TERS mapping shown in (C). C) Intensity
maps of selected marker bands for i,ii) PS and iii,iv) the resin (correspond to the sliced PS NP identified in the topography image (B)).
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is approached by this mapping in more detail. Figure 3B provides
an example of a sliced PS NP. The topography image shows the
sliced PS NP with the superimposed TERS grid used for the TERS
mapping in Figure 3C. The grid is composed of 10 x 10 spectra
leading to a distance of adjacent spectra positions of =10 nm.
Selected marker bands of PS and the resin have been transferred
into intensity plots by summation of the spectral band intensi-
ties (s.f. Figure 3C). The top row of images shows the distribu-
tion of selected PS-specific marker bands (1070 and 1520 cm™) as
assigned in Figure 3A. Clearly, these bands appear in the expected
region where the sliced NP has been identified according to the
topography image shown in Figure 3B. In contrast, images refer-
ring to the selected resin marker bands show different distribu-
tions. In particular, the resin bands at 1575 and 1635 cm™ band
almost disappear in the PS NP region as expected. However, a
closer inspection of the distributions of the resin marker bands
reveals a region associated to the sliced PS NP, where resin
marker bands appear (bottom right area). This might be an indi-
cation of a minor infiltration effect of the resin in the interfacial
region of the PS NP during the curing process. However, if so,
the infiltration of resin compounds seems to occur only locally
and only at the interface between NP and resin.

2.3. FD Based AFM Investigations of the Nanomechanical
Properties

A potential infiltration of resin compounds should also impart
the nanomechanical properties of the PS NPs locally. Therefore,
slices of JB-4-Plus embedded PS NPs are investigated by means
of FD-AFM to obtain adhesion and elasticity maps of individu-
ally sliced PS NPs. As schematically outlined in Figure 1A,
force—distance curves are acquired to deduce the elasticity pro-
perties by means of a nanoindentation of the tip. The indenta-
tion depth is limited by setting the force setpoint to 0.5-1 nN.
Clear differences in the mechanical properties are found for the
resin itself and the PS NP.

Figure 4A provides an overview of the randomly distributed
resin-embedded and sliced PS NPs. The PS NPs can be clearly
identified in the topography due to their slight protrusion from
the resin surface (s.f. Figure 4A(iii)). The height of these protru-
sions varies from 1 nm for the smaller structures to =15 nm for
NPs with the largest diameter. It can be expected that due to a
slight compression of the beads during the curing process, the
softer PS oozes gently out at the sliced interface. However, the
sliced NPs maintain largely a spherical shape, which indicates
that the modification of the stiffness of the surrounding resin
during the curing process does not lead to larger deformations of
the PS NPs. Taking into account the spherical geometry, the diam-
eter of the projected area of the sliced nanoparticles is expected to
be smaller than the diameter of the intact PS beads. The simul-
taneously recorded maps of the mechanical properties of the PS
beads and the resin are shown in Figure 4A(i),(ii). Corresponding
averaged FD curves for the extension and the retraction of the
tip are shown in Figure 4B(i),(ii). Furthermore, typical individual
FD curves are shown in Figure S6, Supporting Information to
provide an estimate for the homogeneity. Clearly the FD curves
reveal differences in the elastic modulus and the adhesion for the
PS and the resin. These changes of the mechanical properties are
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confined to the projected area of the NPs. The adhesion contrast
between the resin and the NP can be related to the use of a hydro-
philic resin, whilst the PS nanoparticles are hydrophobic. The
response of the AFM tip upon the interaction with both materials
is controlled by the polarity of the SiO, layer of the AFM tip. As
such, a lower adhesion force is measured on the hydrophobic PS
NPs compared to the hydrophilic resin (FD curve, Figure 4B(ii)).
In addition, the elasticity measurements demonstrate the
expected differences in the stiffness for the present materials.
Considering the cantilever properties, the elasticity maps can be
transferred into the elasticity modulus (Mg) providing a measure
for the stiffness of the different materials. Clearly the cured resin
exhibits a higher stiffness (=2x) compared to the embedded PS
NPs (Lineprofile, Figure 4C(i)). In addition, Figure 4C(ii) dis-
plays the distribution of found Mg values averaged across the NP
interface. The mean Mg is determined to be 4.6 GPa, which is
in good agreement with the known value of solid PS of 3.5 GPa
and PS regions of 2-3 GPa.3!34 The slight deviations most likely
arise from the unknown real tip shape/size, may be related to the
preparation of the PS NP itself, or potential influences from the
resin environment, for example, slight swelling.>> NP size and
potential bottom deformation, which have been identified as pos-
sible influences affecting the measured elastic modulus can be
excluded in these experiments.B

However, taking a closer look at the homogeneity of the
elastic modulus across different sliced PS NPs, deviations for
NPs with similar projected area are found (s.f., e.g., arrows in
Figure 4A(i)). In order to exclude any influence of the degree
of curing in the direct vicinity, the relative elastic modulus
AMg, as defined in Section 4 (s.f. Equation (1)), is determined
from the apparent Mg values and plotted as function of the
projected NPs surface area (s.f. Figure 4D). Clearly, a large var-
iation of the AM values for structures with a small and large
projected area is found, respectively. The increase of the AMg
with increasing projected area approaches a constant AMg
value of 3.5 GP (+1 GPa). For nanoparticles sliced in the region
of the nanoparticle caps, that is, structures with a small pro-
jected area, the AMg obeys a higher variance than for center-
sliced NPs. In addition, a steep increase in AMg is observed. A
model is suggested as outlined in Figure 4E, which can explain
these experimental observations. Both the steep increase as
well as the higher fluctuations can be assigned to different
sub-surface material properties, since the elasticity measure-
ments partly reflect the stiffness of the underlying materials
(so-called bottom-effect).?! The slicing of the PS nanoparti-
cles in the top, center, and bottom part of a PS bead leads to
different sub-surface configurations. A top to center slicing
of the NPs results in sliced NPs, which are largely supported
by a block of softer PS, and thus, leads to a larger distance
to the resin substrate. In contrast, for bottom sliced NPs, the
distance to the resin substrate is reduced, and consequently,
the influence on the stiffer resin support increases. Besides
revealing the nanomechanical properties of the investigated
NPs and the resin, due to the bottom effect artifact,?®3"] the
FD-AFM investigations are capable to determine the slicing
point, that is, if an NP is sliced in its top or bottom half, due
to its extraordinary sensitivity. The latter cannot be accessed by
common AFM imaging, since top and bottom sliced result in
the same diameter of the projected area. In principle, the data

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Nanomechanical properties of randomly distributed, resin embedded, and sliced PS nanoparticles determined by means of FD based AFM
spectroscopy. A) Simultaneously acquired elasticity (i), adhesion (i), and topography (iii) images revealing the different nanomechanical proper-
ties of the resin and the PS NPs. The elasticity data represent apparent modulus values. B) Average of 128 typically recorded extension (i) and retract
(ii) FD curves recorded on the resin and the PS NPs. C) Cross section of the elastic modulus across an individual PS NP as shown in the inset (i) and distri-
bution of the averaged Mg across the sliced area of a large number of PS nanoparticles. D) Changes in the mean relative elastic modulus AMg of individual
PS nanoparticles as a function of the projected area of the sliced interface. E) Scheme of the expected substrate influence on the elasticity measurements.

could be corrected for this bottom effect artifact’®”38l; however,
the possibility of determining the slicing plane, is of interest
in regard to investigations of polymer systems with more com-
plex morphologies.

2.4. Influence of the Resin Embedding on the PS NP Properties

In order to further investigate the hypothesis of resin infiltration
during the embedding process, individually sliced PS NPs are
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Figure 5. Independent FD-AFM and TERS investigations of a potential infiltration of resin components. A) High-magnification topography, elastic
modulus, and adhesion maps of individual resin-embedded and sliced PS NPs show varying nanomechnical properties in the interfacial region. The
elasticity data represent apparent modulus values. B) Selected spectra of an interfacial PS NP resin region (as schematically indicated in the inset)
showing a mixture of PS and resin at the interface and pure PS spectra toward the center of the NPs. C) Zoom-in to the spectral region from 1550
to 1750 cm™', which shows a clear asymmetry for the 1604 cm™' band (CH ring combination band) and the carbonyl stretching mode at 1700 cm™
for the top spectra, which are acquired directly at the resin PS NP interface. In contrast the C=0 stretching mode and the asymmetry of the CH ring
bending/stretching combination band disappear for the bottom spectra. The presence of the CH ring combination band, the C=C stretching mode,

and the C=0 stretching mode is indicative for a localized infiltration of the resin.

investigated for a change in their mechanical properties across
the sliced surface, and in particular, in the interfacial region.
Therefore, elasticity and adhesion maps with high resolution
are generated for individual sliced PS NPs. Figure 5A displays
the simultaneously probed topography, elastic modulus, and
adhesion maps of sliced PS NPs. Whilst the PS NP displayed
in the bottom row shows relative homogeneous mechanical
properties across the sliced NP surface, the top example shows
some locally confined inhomogeneity, which could also point
to an infiltration of the NP with resin. In principle, a change in
the elasticity can be also of non-chemical origin, but induced
by amorphous and crystalline phases. Taking into account
the TERS investigations, the band positions of the PS marker
bands correspond to the known position for amorphous PS,
and thus, the TERS measurements proved the expected amor-
phous state of the PS in the NPs. As a consequence, the meas-
ured minor changes in the stiffness across the interior of the
PS NP beads cannot be ascribed to crystallization occurring
in our opinion. In addition, alterations in the hydrophilicity of
the resin are observed in the adhesion measurements. In par-
ticular, a higher adhesion is found at the interfacial boundary
between the resin and the PS NP. This higher hydrophilicity
might be caused by H,O inclusions due to the formation of a
hydration layer during the curing process. This hydration layer
might lead to a lower conversion during the polymerization
process. The TERS investigations support this assumption,
for example, in Figure 3A, the C=C aliphatic stretching mode
appears still at a distance of =25-50 nm. However, the Mg map
does not indicate the expected lower stiffness in the interfacial

Small 2020, 16, 1907418 1907418 (8 of 11)

region of the resin, which seems at first in contradiction to the
assumption of hydration effects. Here, it has to be considered,
that the elasticity measurements and the Hertz model to extract
the Mg assume that other material properties remain constant.
Therefore, higher adhesion in this region might mislead to an
apparent higher elasticity, due to changed wetting conditions
of the tip. The impact of the wetting and adhesion has been
addressed in a recent study, which explains the observed dis-
crepancies for bulk and nanoscale determination of the elastic
sample properties for crosslinked polydimethylsiloxane to
arise by an increase of the contact area, and thus, a decrease
of the applied stress.?”! Since the indentation depths used in
these investigations is much larger (550-1000 nm) than the
ones used here, these cannot be directly transferred to the situ-
ation shown in Figure SA. However, the study demonstrates
that changes in the sample homogeneity may induce incorrect
local elasticity moduli. This is also supported by the example
shown at the top of Figure 5A, where the adhesion does not
change as much as for the top example, and thus, does not
strongly impart the elasticity measurements. Theoretically, it
has been shown, that a reliable measurement of the nanome-
chanical properties requires data acquisition rates for which
the inertial and hydrodynamic contributions to the measured
forces—distance curve can be neglected.””] Typically, this can be
achieved for a ratio of the fundamental cantilever resonance
and the modulation frequency in the range of 50 for the elas-
ticity modulus and >300 for the adhesion, which complies with
the chosen data acquisition rates in Figures 4 and SA. Taking
a closer look at the details of the TER spectra acquired in the
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interfacial region of a sliced PS NP, clearly varying characteristic
peaks are found (s.f. Figure 5B). The two spectra being closest
to the PS-resin interface (top spectra) show clearly marker
bands of both PS and the resin. Besides the asymmetry of the
CH ring bending/stretching mode of PS, the carbonyl vibra-
tion is clearly visible (TER spectra, Figure 5C). The asymmetry
of the CH combination band at 1600 cm™ stems from occur-
ring C=C aliphatic stretching mode at 1630 cm™. In con-
trast, other spectra acquired toward the center of a PS NP
but still located close to the interfacial region show purely PS
marker bands and no asymmetry of the CH combination band
(s.f. Figure 5B,C). These TER spectra clearly demonstrate that
resin infiltration preferentially occurs in the interfacial region
and only occurs locally. Therefore, the TERS investigations
are in excellent agreement with independent observation of
the nanomechanical investigations, both in terms of a minor
localized infiltration, and also in regard to the observed altered
degree of polymerization of the resin.

3. Conclusion

We herein demonstrate that a combination of multimodal TERS
and FD-AFM investigations can be used to access chemical
functionality, nanoscale structure, and internal morphology of
PS NPs. Whereas TERS provides information about chemical
functionality at nanoscale resolution, complementary FD-AFM
spectroscopy allows to extract information about stiffness and
(local) hydrophilicity. For this, we established embedding and
slicing protocols using various resins and also performed con-
trol experiments with different materials. As TEM can also be
used to access, for example, the morphology structure of such
nanostructures, we foresee great potential for correlative TERS/
TEM investigations. We could also show that infiltration of
the resin into the PS NP is almost neglectable. The presented
TERS and complementary adhesion and elasticity measure-
ments revealed no impact of the resin embedding and slicing
process on the nanomechanical properties and geometry of the
PS NPs. Hence, this study confirms that the resin embedding
process is a suitable approach for future studies addressing the
local morphology of, for example, more complex drug carrier
systems by means of TERS.

The potential of this multimodal approach utilizing TERS
as a key methodology opens up new perspectives in terms of
understanding the property-function relation of polymeric
nanostructures in general. The unique possibilities of TERS
enable to study the homogeneity, local functionality, crystal-
linity, and any interfacial transition regions occurring. With
that, this approach outperforms and complements other tech-
niques for NP characterization, which are frequently limited
only to individual aspects of structure—function relations, and
provides the perspective to utilize the obtained information to
iteratively improve structure—function properties.

4. Experimental Section

Materials: Commercially available resins were used in this study. The
JB-4-Plus resin kit was purchased from Polysciences Europe GmbH,
Germany. 2.5 mL of the monomer solution were mixed with the 31 mg
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catalyst until it is completely dissolved. Sequentially, 100 uL of the
accelerator solution was added. Curing was carried out at 4 °C for 24 h
in a Beem capsule. Lowicryl KM4 resin was highly cross-linked, polar,
and hydrophilic. Monomer, crosslinker, and initiator were purchased
from Polysciences GmbH, Germany. 1.73 g of the monomer and 270 mg
of the crosslinker were mixed using a nitrogen stream to avoid the
incorporation of oxygen in the resin. After thorough mixing, 10 mg of the
photoinitiator benzoin ethylether were added and continuously mixed
until the initiator was completely dissolved. UV light (Ae. = 265 nm,
Peyc = 36 W) curing was carried out at 4 °C. The detailed composition of
all resins is provided in the Supporting Information.

PS beads (LB1) with a typical diameter of 100 nm were purchased
from Sigma Aldrich Inc., Germany. Prior to use, the aqueous
suspensions were purified by centrifugation of 500 pL solution at
15 000 rpms for 30 min. The supernatant solution was aspirated and
the remaining pallet containing the PS beads was re-suspended in
Milli-Q water (18 MQ cm) to a volume of 500 pL. The centrifugation and
suspension steps were repeated three times. PS* NPs (L9904) loaded
with an orange fluorescent dye were purchased from Sigma Aldrich Inc,,
Germany. The stock solution was used without any purification steps.

For embedding of the PS NPs, freshly prepared resin solutions were
used. 50 pL of each bead solution were mixed with 800 uL of the resin
solution by means of gentle agitation. Curing of the sample followed the
procedures described above.

The cured resin blocks were removed from the Beem capsules and
sliced with an ultramicrotome (RMC PowerTome PTXL, Boeckerler
Instruments Inc., USA). The trimmed block was sliced either with a glass
knife or a diamond knife (Diatome Ltd., Switzerland). Depending on the
knife used, the thickness of the obtained sliced was 300-50 nm. The
slices were either adhered to carbon coated Cu grids for TEM (Plano
GmbH, Germany) investigations or glass coverslips for scanning probe
microscopy (SPM) and TERS investigations by means of water bonding.
All glass substrates were cleaned in a Piranha solution (mixture of nitric
acid and hydrogen peroxide with a ratio of 3:1) for 3 h. Afterward, the
cleaned coverslips were rinsed with deionized water and dried with
nitrogen.

Methods: TEM investigations used a G220 Technai (FEI Technologies,
USA). An acceleration voltage of 200 kV was typically used. Tilt series
were acquired choosing tilting steps of 1°.

TERS investigations were carried out with a JPK system, which
combined an AFM platform with a Raman spectrometer. The system
comprised an inverted microscope (Olympus, Germany) using a 60x oil
immersion objective with NA of 1.45. Samples were excited by means
of a linearly polarized laser beam with an excitation wavelength of
532 nm and an excitation power of 650 uW, which was tightly focused
on the sample by the objective. The Raman signal was collected by
the same objective, and sent to a Raman spectrometer composed of
a spectrograph (Acton Advanced SP 2750A, Princeton Instruments,
USA) and a coupled Peltier-cooled CCD camera (Pixis 256, Princeton
Instruments, USA). The acquisition time of the TERS spectra was 1 s.
TERS tips were prepared by coating commercially available Si cantilever
tips (Tap-190-Al, Budget Sensors, Germany) with a 2 nm silver film by
means of thermal evaporation. Sequential annealing of the Ag-coated
tips led to the formation of =40 nm Ag nanoparticles decorating the Si
tip. The TERS tips were stored in an inert argon atmosphere until usage.

AFM topography and Ql-mode adhesion and elasticity measurements
utilized the Nanowizard 3 SPM system (JPK Instruments AG, Germany).
For routine AFM topography measurements, the Tap-190-Al cantilevers
(Budget Sensors, Germany) with a resonance frequency of 190 kHz
and a spring constant of 35 N m™ were used. For the advanced QI
mode adhesion and elasticity measurements, softer cantilevers with a
resonance frequency of 150 kHz and a spring constant of 4-5 N m™
(Conti-150-Al, Budget sensor, Germany) were used. Force—distance
curves were recorded with a modulation frequency of 200-250 Hz.
Therefore, the resultant ratio of the resonance frequency and the
modulation frequency yielded 600-750. The relative elastic modulus
was determined from the experimental data, after fitting the FD curves
with a Hertz model using a Poisson ratio of 0.35. All elastic modulus
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values corresponded to the apparent values and had not been corrected
for the bottom effect artifact. Therefore, the measured elastic modulus
MES was averaged across the entire projected area of the sliced PS NP.
The average elastic modulus Mf was determined across a similar area
surrounding the PS NP.

The relative elastic modulus was then given by the difference of both
quantities

AMe =M ~MES| ")

Supporting Information

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