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Interactions of Polyproline Il Helix Peptides with Iron(lll) Oxide
Charles N. Loney,” Sergio I. Perez Bakovic,? Cheyan Xu,* Ashley Graybill,* Lauren F. Greenlee,”" and

Julie N. Renner®™

Abstract: Interactions of a peptide with polyproline Il helical
secondary structure with maghemite (iron(lll) oxide, Fe,Os3) surfaces
were characterized using a variety of surface techniques. A quartz
crystal microbalance with dissipation was used to measure the
hydrated mass and thickness (92 + 29 ng/cm? and 0.89 + 0.27 nm,
respectively) of a layer which formed after a sensor coated with Fe;O3
was exposed to the peptide in aqueous solution. The analysis
revealed that the peptide formed a stable thin layer on the sensor. X-
ray photoelectron spectroscopy and Fourier-transform infrared
spectroscopy of the monolayer were employed to study the
relationship between the metal and the peptide. Finally, Fe,O3
nanoparticles were incubated with the peptide, and analysis of the
settling and particle size revealed that the presence of the peptide
reduced the occurrence of large aggregates in solution.

Introduction

Peptide-metal oxide interactions are important for biomedical and
biocatalytic applications, as peptides can affect the surface
properties, reactivity, and durability of materials. Iron oxide is a
particularly important material because of its potential uses in
cancer therapy, macromolecule delivery, and diagnostics via
magnetic resonance imaging, in addition to catalytic and
electrocatalytic applications for high-impact processes such as
ammonia production.?! Short peptide monolayers are desirable
because they form thin layers, are biocompatible, prevent
nanoparticle aggregation, and can include multiple functionalities.
While various peptide and amino acid systems have been
attached to iron oxide,® details about the layer, such as mass
loading or thickness, are often not reported. Additionally, none of
the studies investigate polyproline 1l (PPIl) helices specifically,
which are important and prevalent protein structures. Over 400
cell signaling domains recognize proline-rich sequences,! where
PPII helices are a major structural confirmation. The PPII helical
structure is common in globular proteins,® with an estimated 10%
of individual amino acids in proteins found to be in a PPIl helix
configuration.® PPII helices are unable to make local hydrogen
bonds that are characteristic of alpha helices or beta strands,
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which makes PPII helices more suited for interactions with other
molecules and materials.”!

Because iron oxide nanomaterials are increasingly common in
catalytic and biological applications, and because the PPII helix is
such a prevalent secondary structure, we aim to study the
interaction of a PPII helical peptide with iron oxide materials.
Additionally, past work by Nowinski et al. has shown that a
proline-rich anchor promotes higher packing densities on gold, €
and this phenomenon has not been studied on iron oxide. In this
study, circular dichroism (CD) is used to confirm the PPII helix
secondary structure of the peptides in solution. The assembled
layer of a PPII helical peptide is characterized via a quartz crystal
microbalance with dissipation (QCM-D), a powerful technique
which is used to quantify the peptide hydrated mass and thickness.
Furthermore, both X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared spectroscopy (FTIR) are used to
explore the modes of binding. Finally, a peptide-functionalized
nanomaterial is synthesized with repeatable peptide loading,
analyzed for gas adsorption and aggregation behavior, and
compared to material without peptide. Overall, the goal of this
study is to provide insight into the interactions of PPII helical
peptide structures with Fe,O3; materials.

Results and Discussion

Peptide Secondary Structure in Solution

The peptide in this work was designed to have high PPII helix
propensity and be detectable via fluorescence so that loading
could be estimated on nanoparticles. A sequence studied by
Brown et al.®! (GPPLPPGY) was modified with a tryptophan tag
such that the final peptide sequence was NHs-
GPPLPPGYGGGGW-COOH (PPII peptide). Circular dichroism
(CD) spectra were obtained to determine both the peptide’s
secondary structure in solution as well as its stability in higher
temperature environments. Previous CD spectra taken by Brown
et al. showed that the PPII helix sequence without the tryptophan
tag had a characteristic positive peak around 225 nm and a
negative peak around 202 nm. The positive and negative peaks
were interpreted to be representative of a two-state equilibrium
between the PPII helix (positive peak) and the disordered state
(negative peak).®! CD analysis in solution confirmed that the
designed peptide with an added tryptophan tag had a PPII helix
structure, as seen in Fig. 1, which shows a positive and negative
band around 225 and 200 nm, respectively. Furthermore, the
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Figure 1. PPII helix peptide with tryptophan tag maintains
secondary structure and heat stability up to 60°C. CD spectra
of the peptide were taken at 150 pyg/mL in DI water at 20°C
(black line), 30°C (red line), 40°C (green line), 50°C (dark
blue line), and 60°C (light blue line).

PPII helix structure remained stable in temperatures up to 60°C.
This was evidenced by the fact that the peak around 225 nm
remained positive, which, if the PPII helix structure had been
denatured, would have become negative.['” Collectively, these
results indicate that the addition of the tryptophan tag did not
significantly alter the PPII helix structure nor its heat stability. It
should be noted that CD spectra were also taken with PPII helix-
functionalized nanoparticles in DI water (not shown). While the
characteristic PPIl peaks were present, the _ellipticity
measurement was an order of magnitude lower due to the light
being blocked by the nanoparticles, and it was difficult to
differentiate surface-bound signal from the small amount of
peptide which may have disassociated into the solution.

Quartz Crystal Microbalance with Dissipation Monitoring Analysis
Binding analysis of the PPII helix peptide to a Fe O3 surface was
conducted via QCM-D (Fig. 2). In this technique, a negative
relative frequency shift indicates that the surface is gaining
hydrated mass, while shifts in dissipation can be used to derive
mechanical property information. Fig. 2a shows representative
QCM-D data out of 10 total runs. DI water served as the baseline,
and after the peptide solution was introduced, the frequency
shifted negative, indicating that peptide was bound to the surface.
After the surface was rinsed with water, the frequency shifted
positive, but stabilized at a value below the original baseline,
indicating loosely bound peptide had been rinsed away, leaving a
relatively stable layer behind. A prominent feature of these
experiments is that there were two distinct slopes, and the DI
water rinse stabilized where the first slope ended. This behavior
was interpreted such that the first slope was attributed to strong
monolayer formation (binding of peptide with Fe;O3), and the
second slope was attributed to weaker multilayer formation
(binding of free peptide with bound peptide). The behavior is
similar to other peptide-metal adsorption profiles where two
binding events are occurring with different affinities.['"l In addition,
the dissipation remained constant, indicating the layer was rigid.
Therefore, the Sauerbrey model was used to calculate the
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Figure 2. QCM-D monitoring shows that a thin PPII helix
peptide layer forms on Fe,O3 surfaces. (a) Representative
QCM-D frequency (black) and dissipation (blue) monitoring
with time. (b) Hydrated thickness and mass density profiles
calculated from QCM-D data. (c) Representative QCM-D
frequency (black) and dissipation (blue) of a PPII helix peptide
monolayer on Fe;O3; with a 10 mM KOH rinse (pH 12) step
after peptide functionalization to test short-term stability in
basic solutions.

hydrated mass.'? The hydrated density of the protein was
assumed to be 1100 g/cm?® and was used to estimate thickness
from the mass data. A description of the QCM equations can be
found in Supporting Information along with a summary table of the
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10 runs (Table S1). Fig. 2b depicts a time dependent estimate of
calculated hydrated peptide mass uptake and thickness, which
equilibrated to 92 + 29 ng/cm?and 0.89 + 0.27 nm, respectively.
While PPII helical sequences have been shown to attach to gold,®
31 no PPII specific system has been explored on Fe;0s. In an
attempt to compare these results with literature, one relevant
study characterized the range of amino acid attachment to an iron
oxide material to be 9-200 ng/cm? (estimated from molecules/nm?,
assumed dry mass).B! The lower end of this range is consistent
with our data. We note that the layer formation in our experiments
occurred with no change in dissipation, which typically means
lower amounts of coupled water.['4]

Peptide stability in basic conditions is relevant to biomedical fields,
as blood pH is slightly alkaline. Additionally, it may be desirable to
utilize a monolayer in slightly basic catalytic systems. Therefore,
to understand if the peptide is stable in these conditions, Fig. 2c
shows a QCM-D experiment where a PPIl peptide layer was
allowed to deposit on a Fe,O3 coated sensor in DI water. After a
DI water rinse, the sensor was exposed to 10 mM KOH (pH ~12)
for a period of ~1.5 hr. After a final DI water rinse, the frequency
remained the same as prior to KOH exposure, indicating that the
peptide layer was stable short-term under basic conditions.

Surface Analysis of PPIl Helix Peptide Monolayers on Fe203
Surfaces

To characterize the bonds between the Fe;O3 surface and the
PPII helix peptide, x-ray photoelectron spectroscopy (XPS) was
performed. Clean Fe;O; QCM sensors, PPIl helix peptide
functionalized Fe,O; QCM sensors, and PPIl helix peptide
powder on a silica wafer were analyzed. Fig. 3a depicts XPS in
the N 1s binding energy region, where all surfaces resulted in a
peak at ~400 eV. This peak represents the nitrogen in the amide
bonds (O=C-N-2R) of the peptide.l's! Bhattacharya et al.['"®
reported that peaks are observed at 395.3 eV and 392.4 eV for
deprotonated amine groups and Fe-N associations, respectively,
of a protein-iron oxide nanocomposite; our results in Fig. 3a show
no evidence above the baseline noise of the high resolution scan
for peaks at these particular locations. This result suggests that
there were no significant interactions between the Fe,O3; surface
and nitrogen in the peptide.
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Generally, the presence of peptide on the Fe;O3; and silica
surfaces is indicated in the C 1s spectra, with increased carbonyl
contribution on peptide-functionalized surfaces as compared to
bare Fe,O3 (shift in peak position from 288.7 eV to 287.9 eV in
Fig. 3b), ['5'® where there are more carboxylic acid contributions
because of the likely contaminants. The percent contribution of
each fitted peak to the whole spectrum of the C 1s binding energy
region, as well as the O 1s region, is summarized in Table 1.

Table 1. Percent contribution of fitted peaks for the C 1s and O
1s binding energy regions of the XPS.

Ci1s % O1s %
Sample Peak Contribu | Peak Contribution
(eV) tion (eV)
284.7 | 62
Bare Fe;0; 286.2 | 30 gg?? g?
288.7 |8 )
Peptlc.ie- . 284.8 | 65 5206 | 54
Functionalized | 286.2 18 5314 46
Fe,O3 288.2 17 )
Peptide- 284.5 | 43
Functionalized | 285.8 36 5321 100
Silica 2879 | 21

XPS of the O 1s range is shown in Fig. 3c and can be used to
further study Fe-O interactions. Both the bare and peptide-
functionalized Fe;O3; surfaces resulted in a peak at 529.6 eV,
which is well-supported by literature to result from the Fe-O
oxygen chemical environment of iron oxide materials.['5-16. 171 The
bare Fe,O3 surface also has a shoulder at 531.1 eV, while the
peptide-functionalized Fe,Os; has a shoulder at 531.4 eV.
Yamamoto et al.['® demonstrated an emergence of a shoulder at
+1.8 eV from the Fe-O peak through a series of XPS
measurements as a function of pressure. This shoulder was
assigned by the authors to oxygen-carbon chemical interactions.
An additional shoulder at +1.5 eV from the Fe-O peak was
assigned to hydroxyl chemistry.l'8l Even under ultra-high vacuum,
this peak is observed for Fe,O3; materials and has been attributed
to non-stoichiometric oxygen or hydroxyl species from minor,
residual water molecules associated with the oxide surface.["®
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Figure 3. XPS of N1s (a), C1s (b), and O1s (c) ranges with bare PPII peptide (blue triangles), PPIl peptide-functionalized Fe,O3 (black

squares), and bare Fe;Oj3 (red circles).
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The similar, subtle shift observed in the data of Fig. 3c, where the
O 1s shoulder shifts from 531.1 eV to 531.4 eV, may suggest an
interaction of the iron oxide surface with carboxyl and/or carbonyl
carbon/carbon-hydroxyl groups of the peptide for the peptide-
functionalized Fe,O3; surface, as compared to the bare Fe, O3
surface, where only hydroxyl contributions would be expected.
This analysis is further supported by other studies.['®® ' From
these results of detailed XPS binding energy regions of C 1s, N
1s, and O 1s, we conclude that there were no apparent Fe-N
interactions, and that instead the peptide was interacting with the
Fe,03 surface through carbon-oxygen groups.

To supplement the analysis above, background subtracted FTIR
spectra of a Fe;03 QCM sensor with PPII helix peptide was taken
(Fig. 4) and compared to spectra from peptide powder. In studies
with single amino acids, the NH3;* symmetric stretch peak
(typically found between 1513 cm™ and 1558 cm™) often
disappeared in samples with adsorbed amino acids on magnetite,
except in the case of cysteine.®! The presence of this peak in the
spectra of both samples (1517 cm™) supports that lack of an
interaction between the Fe,O; and the protonated amine. The
peak here also suggests the presence of tyrosine.”? Next, a peak
at 1404 cm™ has been previously assigned to Fe,O; interactions
with a carboxylate (COO") group via 2 O atoms and via a polar
covalent bond.?"! The results in this study feature a peak at 1393
cm™ in the peptide-functionalized sample, but not the powder,
which strongly suggests such an interaction between the PPII
helix peptide and Fe,O;. Both samples had a peak at 1639 cm™,
which is assigned to the amide | for PPII helices.?? The spectra
had a peak in the range of 1440-1450 cm-', which is assigned as
amide Il, and previous literature has shown PPII helices having
dry and aqueous amide |l peaks at 1427 and 1456 cm”,
respectively.??l The peptide layer on Fe,O; also had a peak within
this range. The peak at 1335 cm™, is assigned the CH, wagging
vibration of proline side chains.?% Collectively, these results
corroborate the XPS results, which also implied binding via
carbon-oxygen species and not via NH3*. Finally, the broad peaks
in the FTIR spectrum generally imply complex interactions are
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Figure 4. FTIR spectrum of a PPII helix peptide monolayer
on an Fey0O; surface (black) compared to neat peptide
powder (blue).

WILEY-VCH

occurring. The results also support that the peptide PPII helix
structure is maintained on the surface because it has similarly
placed amide | and Il peaks, as compared to the neat powder.

Contact angle surface characterization was also performed on the
sensors (Fig. S1) and revealed no measurable difference in
hydrophobicity between the PPII-functionalized and the bare
Fe,O3 surfaces.

Preparation and Characterization of Peptide-Functionalized
Fe,O3 Nanoparticles

Nanoparticles were functionalized with PPII helix peptides using
a simple incubation and rinsing protocol. We confirmed with the
manufacturer that there was no surface treatment of the material
or addition of any surfactant, and thus, it is assumed the
nanoparticles are a comparable surface to the QCM-D sensors.
The loading of the PPIl helix peptide functionalized-Fe,O3
nanoparticles was measured via fluorescence readings from a
plate reader (calibration shown in Fig. S2). By calculating the
peptide in DI water and IPA rinses, peptide that remained on the
Fe,O3; nanoparticles could be determined via a simple mass
balance. The average PPIl peptide loading on Fe;O3
nanoparticles was 9.6 + 0.3 mg per each 100 mg of Fe,O3. Given
that the surface area of Fe,O; reported from the manufacturer
was given as 50-245 m?/g, there were 0.19-0.96 peptides/nm? on
the nanoparticles. This is comparable to the low end of the range
reported in literature for amino acids attached to iron oxide (0.7-
5.5 molecules/nm?),1 which is expected considering the peptides
are bulkier than single amino acids.

An N gas adsorption isotherm was performed to characterize the
effect of peptide functionalization on the relative surface area of
the Fe;O3 nanoparticles. Fig. S3 shows there was no significant

difference between the nitrogen uptake between the
functionalized Fe;Os; nanoparticles and the bare FexO3
nanoparticles, indicating that the surface areas were not

significantly different from each other.

It was observed that the nanoparticles with the peptide had fewer
large agglomerates than the nanoparticles without peptide, shown
in Fig. 5a. Samples without peptide were observed to have
accumulation of particles visible in the bottom of a cuvette. The
prevention of very large aggregates is potentially an attractive
property. This behavior was measured quantitatively via dynamic
light scattering (DLS), shown in Fig. 5b, which shows the particle
size distribution by intensity. Both samples exhibit a population of
particles around 100-200 nm, which is close to the manufacturer’s
specification of 50 nm, and then another population of larger
particles. This second population consists of smaller particles in
the samples with peptide versus without by approximately an
order of magnitude. The DLS analysis studies also investigated
the particle size distribution by volume (Fig. S4a), and the results
showed a similar trend. When converted to a size distribution by
number (Fig. S4b), the data indicated that there were few very
large particles in relation to the number of small particles. The
peptide appeared to break up or prevent the very large
agglomerates (> 1 ym) and produce a wider range of smaller
particles. The estimated polydispersity indices of ~30% and 8%
for the PPII peptide-functionalized Fe;O; and the bare Fe O3
nanoparticles, respectively, support this analysis.
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Figure 5. PPIl helix peptide-functionalized nanoparticle

samples contain less large aggregates. (a) Images of bare
Fe,O3; nanoparticles and peptide-functionalized nanoparticles
in DI water, ranging from initial agitation to 3.0 hr of settling
time. (b) Particle size distribution by intensity obtained via DLS
to quantify the observation of very large agglomerates (> 1
pm) in bare nanoparticle samples versus the absence of these
particles in peptide-functionalized samples.

Furthermore, inspection using scanning electron microscopy
(SEM) on Fe;O3 nanoparticles (Fig. S5) was conducted to support
the claim that the PPIl helix peptide prevents Fe;O3
agglomerates: SEM depicted a few very large agglomerates in the
sample without the PPII helix peptide. It should be noted that
direct size comparisons were difficult to make since DLS is
conducted in solution, whereas SEM is conducted on a dried
sample.

Zeta potential measurements were also conducted to understand
the surface charge of the samples. A positive zeta potential of 30-
40 mV was measured for the PPIl functionalized Fe,O3
nanoparticles and the bare Fe;O3; nanoparticles. The positive
charge of the peptide on the particles in DI water (which is mildly
acidic) would be consistent with the XPS and FTIR results
indicating that attachment does not occur via protonated amine
groups.

WILEY-VCH

Conclusions

Interactions of a PPII helical peptide with Fe203 materials were
characterized, revealing that the peptides formed a thin layer on
Fe,Os. The layer was stable under basic (pH 12) conditions for at
least 1.5 hr. The peptide interacted with the Fe,O3 surface through
carbon-oxygen groups and not iron-nitrogen, and the polyproline
II helix structure was maintained when bound to the surface. In
addition, a polyproline 1l helix peptide-functionalized Fe>O3
nanomaterial was synthesized, and it was found that the peptide-
functionalized particles had fewer very large agglomerates (> 1
pm) than in samples without the peptide. Overall, our findings give
a more detailed understanding of the interactions of polyproline I
helix structures with Fe,O3, and that understanding was used to
create a nanomaterial. In the future, the polyproline Il helix-
functionalized nanomaterial could serve as an excellent platform
for studying the effect of peptide ligands with specific secondary
structures on catalysis, could be explored for attractive antifouling
behavior, or could be studied under physiological conditions as a
biomedical coating.

Supporting Information Summary

Supporting information contains experimental procedures, details
about the QCM-D analysis and data from repeated QCM-D runs
(Table S1), contact angle measurements of QCM-D samples
(Figure S1), calibration curves used to estimate the amount of
peptide on functionalized nanoparticles (Figure S2), nitrogen gas
adsorption experimental data (Figure S3), nanoparticle size
distribution by volume and number from DLS (Figure S4), and
SEM images of nanoparticle samples (Figure S5).
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Peptides were found to maintain polyproline Il helix structures when attached to iron(lll) oxide. The thin peptide layer was formed by
interactions with carbon-oxygen groups, and it has an attractive short-term stability in basic pH. Iron(lll) oxide nanoparticles
functionalized with this new peptide were found to have reduced agglomeration in solution.
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