¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

Clickable polymer scaffolds enable Ce recovery
with peptide ligandsT

’ '.) Check for updates ‘

Cite this: Soft Matter, 2023,

19, 2823

Jacob D. Hostert, Christine E. Duval 2 * and

Julie N. Renner = *

Maura R. Sepesy,

Rare earth elements (REEs) are a vital part of many technologies with particular importance to the
renewable energy sector and there is a pressing need for environmentally friendly and sustainable
processes to recover and recycle them from waste streams. Functionalized polymer scaffolds are a
promising means to recover REEs due to the ability to engineer both transport properties of the porous
material and specificity for target ions. In this work, REE adsorbing polymer scaffolds were synthesized
by first introducing poly(glycidyl methacrylate) (GMA) brushes onto porous polyvinylidene fluoride (PVDF)
surface through activator generated electron transfer atom transfer radical polymerization (AGET ATRP).
Azide moieties were then introduced through a ring opening reaction of GMA. Subsequently, REE-
binding peptides were conjugated to the polymer surface through copper catalyzed azide alkyne
cycloaddition (CUAAC) click chemistry. The presence of GMA, azide, and peptide was confirmed through
Fourier transform infrared spectroscopy. Polymer scaffolds functionalized with the REE-binding peptide
bound cerium, while polymer scaffolds functionalized with a scrambled control peptide bound
significantly less cerium. Importantly, this study shows that the REE binding peptide retains its
functionality when bound to a polymer surface. The conjugation strategy employed in this work can be
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used to introduce peptides onto other polymeric surfaces and tailor surface specificity for a wide variety
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1. Introduction

Rare earth elements (REEs) are key components of many techno-
logical applications, such as: batteries, solar panels, super-
conductors, catalytic converters, and supermagnets.' The majority
of REEs are in the lanthanide series, with cerium being the
most abundant.” Fly ash and coal-combustion plant wastewater
are promising sources of these elements, with acid extraction
being used to leach REEs from solid waste.> The resultant
leachate and wastewater typically have low concentrations of
these elements (3-7 ppm), and separation is difficult due to the
similar size and chemical properties of REEs.>* The industry
standard for REE purification after mining ore is to use
inefficient multistage liquid-liquid extractions.®

Currently, separation technology to recover REEs is under-
developed - fewer than 1% of REEs are sourced through
recycling, despite there being no domestic supply of these
elements in the United States.® Efforts to recover REEs often
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are on the laboratory scale and have focused on liquid-liquid
extraction,”” separation using ionic liquids,®° polymeric
resins,'®!* and nanofiltration membranes.'* However, liquid-
phase strategies like liquid-liquid extraction and ionic liquids
are disadvantageous due to production of large volumes of
hazardous waste. Solid phase strategies like polymeric resins
and membrane technologies produce less waste while also
having more facile operation requirements, like fewer proces-
sing steps. Among the solid phase techniques for REE recovery,
membranes are attractive due to the high flow rates possible
during separation in comparison to resin columns. Typical
nanofiltration membranes achieve separation via ion size, yet
most of the REEs are of similar size. The inability to differ-
entiate between ions of similar size in state-of-the-art nanofil-
tration membranes limits their applications in selective
separations.

Membrane adsorbers are a promising way to achieve high
selectivity without sacrificing throughput. Membrane adsor-
bers consist of an ultra- or microfiltration membrane coated
with ligands which are designed to bind with specific analytes
(ions or molecules). Typically, the coatings are physisorbed
polymer networks or covalently bound polymer brushes. One
facile route to creating a membrane adsorber is through graft-
ing poly(glycidyl methacrylate) from the membrane surface,
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thus introducing an epoxide ring onto the membrane.'® The
reactivity of the epoxide can then be leveraged to introduce a
variety of functional groups onto the membrane surface such as:
enzymes, peptides, and azides.'* ™ In this work, we move towards
creating membrane adsorbers by developing the chemistry to
introduce ligands for REE recovery onto polymer scaffolds and
confirming the ligand retains the ability to recover REEs after
attachment.

Particularly promising ligands for REE recovery are peptides -
relatively short polymeric chains of amino acids, which if
arranged in a specific sequence can have high binding specificity
for an ion or small molecule. Synthetic peptide manufacturing
has become feasible at the large scale® required for peptide-
functionalized separations, making peptides a promising,
cheaper alternative to larger proteins.>! Peptide sequences fol-
lowing an EF-hand motif, have been shown to have high affinity
for REEs.*>™’

Proteins with EF-hand sequences have been shown to be
robust in relevant industrial conditions (low pH, with competing
ions) binding specifically to REEs at a pH as low as 3.7, and
showing REE complex stability in a large temperature range
(from 25 °C to 85 °C).>® Thus, peptides have the potential to be
robust in low pH and high temperature conditions. A previously
identified peptide obtained from the EF-hand loop of calmo-
dulin (DKDGDGTITTKE) has been shown to have high affinity for
Ce(m) ions in solution and when tethered to a gold surface.>*"*°
However, this peptide has never been conjugated to polymer
scaffold. Introduction of peptides onto a polymer scaffold surface
has largely been employed for cell recognition,'*'® but not for
metal ion adsorption. Technology which enables the use of
peptides on polymer scaffolds would be useful for REE capture
as well as: phosphate capture,* antimicrobial coatings,*' copper
and zinc capture,*” and precious metal capture.®® Current state-of-
the-art technology for bio-inspired REE recovery focuses on
column separations using whole lanmodulin protein®* - while
this strategy may be effective, peptides can potentially be attached
at higher densities on a separation material due to their smaller
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size (~1600 Da for peptide, ~12000 Da for lanmodulin®®). Our
previous study demonstrated the ability of gold-bound peptide
to capture REEs,”® however a gold surface likely has limited
applications. Evaluating realistic separation materials is of key
interest for peptide-based REE capture. It is not known which
materials these peptides will be compatible with, specifically
which materials allow the peptides to maintain their REE binding
functionality.

In this work, we characterize a polymer scaffold functiona-
lized with an affinity peptide for REE recovery from dilute
solutions, for the first time. Specifically, we demonstrate the
utility of a calmodulin-derived EF-hand peptide conjugated to a
polymer scaffold for capture of cerium(m) (Ce®*") ions. We
employ a poly(GMA)-grafted polyvinylidene difluoride (PVDF)
membrane as our polymer scaffold. Copper catalyzed azide-
alkyne cycloaddition (CuAAC), a type of click chemistry, was
employed to join the peptide to the polymer. This chemistry has
the advantages of being selective, irreversible, and non-reactive
to biologic compounds while still being fast enough for roll-to-
roll manufacturing.*®*” Epoxide groups in the polymer brushes
can be readily reacted to install azide groups on the surface,
and peptides can be modified with propargylglycine (Pra, an
unnatural amino acid) to include an alkyne functional group.
Introducing a source of copper(1) ions allows for the CuAAC
reaction to proceed and tether peptide to the polymer scaffold,
shown in Fig. 1. Thus, the goal of this study was to fabricate a
peptide-functionalized polymer scaffold using CuAAC click
chemistry, characterize the material via attenuated total reflec-
tance Fourier-transform infrared spectroscopy (ATR-FTIR),
visualize the material via confocal microscopy, and test the
ability of the material to adsorb Ce®* ions. A key outcome of this
study is determining whether the REE binding peptide main-
tains its functionality when immobilized on a polymer surface
and visualizing the location of the peptides within the
membrane. In meeting these goals, the study aims to demon-
strate the potential that peptides hold as advanced REE separa-
tion tools in combination with polymer scaffolds.
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Fig. 1 Polymer scaffold functionalization: first, an azide group is covalently attached to the GMA-grafted PVDF scaffolds through a ring opening
reaction. Next, an alkyne labeled molecule (pink circle) — either alkyne labeled peptide or alkyne labeled fluorescein derivative in this work — is clicked

onto the surface using catalytic copper(i).
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2. Materials and methods

2.1. Materials

Deionized water (DI H,O) was obtained from Western Reserve
Water Systems mixed deionizer tanks (10 MQ). Polyvinylidene
difluoride (PVDF) membranes of 47 mm diameter and 0.22 pm
pore diameter were obtained from MilliporeSigma (Durapore,
Cat. No. GVWP04700). Cerium(m) chloride heptahydrate (99.9%
trace metal basis) was purchased from Sigma-Aldrich. Inhibitors
were removed from monomers using aluminum(u) oxide (activated,
basic, Brockmann I, Sigma Aldrich) in a glass column. AGET ATRP
used glycidyl methacrylate (GMA, >97%, Sigma Aldrich) monomer,
1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA, 98+%, Acros
Organics), copper(n) chloride (CuCl2, ultra-dry, >99.995% metal
basis, Alfa Aesar™) and industrial grade nitrogen gas (size 300
cylinder, CGA-580, Airgas Great Lakes Inc.). Membranes were
washed with methanol (CERT ACS/HPLC, >99%, Fisher
Chemical), ethylenediamine tetraacetic acid (EDTA) (Fisher), and
hydrochloric acid (OptimaTM, Fisher Chemical). Ammonium
chloride and sodium azide were obtained from DOT Scientific,
ascorbic acid was obtained from Acros Organics, and copper(u)
sulfate was obtained from Sigma Aldrich. A previously identified
cerium-binding peptide sequence®® was modified with the non-
natural amino acid propargylglycine (Pra) and ordered from Gen-
script at >95% purity (sequence: Pra-GGGDKDGDGTITTKE, with
N-terminal acetylation and C-terminal amidation). FAM alkyne 6
isomer was obtained from Lumiprobe. This peptide is referred to as
EF-hand peptide or EF peptide throughout the text. A scrambled
version was also designed as a control with a sequence consisting
of Pra-GGGTDGGDTDKTEIK, also with N-terminal acetylation and
C-terminal amidation. The scrambled version of the peptide is
called scrambled EF-hand peptide, or scrambled EF peptide.

2.2. Polymer scaffold functionalization

2.2.1. Activator generated electron transfer atom transfer
radical polymerization (AGET-ATRP). Poly(GMA) functionalized
PVDF polymer scaffolds were synthesized in the same manner
as in our previous study.*® Before AGET ATRP, the monomethyl
ether hydroquinone polymerization inhibitor was removed
from the GMA monomer using a packed alumina column with
a column height of 7.6 cm. A Cu catalyst solution was prepared
for three polymer scaffolds using 0.1170 g of CuCl,, 75 mL of
water, and 81.4 pL of PMDETA to create a solution with the
following concentrations: 12 uM CuCl, and 5.2 pM PMDETA.
4 g of the inhibitor free GMA monomer, 25 mL of water, 25 mL of
the Cu catalyst solution, and a 130 mg pristine PVDF membrane
were placed in a stoppered 250 mL Erlenmeyer flask that had
been purged for 10 minutes with nitrogen. To start the reaction,
464 pL of an aqueous 0.025 M AscA solution was added to the
purged flask; the final concentrations of reactants in the flask
with 130 mg of membrane were 0.0058 M CuCl,, 0.0026 M
PMDETA, 0.602 M GMA, and 0.0023 M AscA. The flask was
placed on the LAB-LINE 3528-5 Orbit Environ-Shaker table for
one hour at 130-150 rpm.

After one hour, the stopper was removed from the flask,
letting in oxygen, and slowing the polymerization reaction. The
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poly(GMA) PVDF membrane was removed from the flask and
placed in 30 mL of an equal parts by volume methanol : water
solution where it was rinsed on the shaker table for 24 hours.
This rinse fully stops the reaction and starts the removal of the
residual reactants from the poly(GMA) membrane. After the
initial rinse, the 1:1 methanol:water solution was replaced
and the membrane was sonicated for 30 minutes in 20 mL of
the new solution. Finally, the rinsed membrane was dried at
room temperature in a Fisher-brand Isotemp vacuum oven with
a pressure range of 34-85 kPa using a Fisher Scientific Max-
imaDry pump. Once the membrane’s weight was consistent,
indicating all physisorbed polymer was washed away, the dried
membrane was placed in a 3” x 3" bag for storage and later
ring-opening functionalization.

2.2.2. Azide-immobilization by ring-opening. An azide and
ammonium chloride solution was prepared by dissolving
9.15 mg of sodium azide and 10.54 mg ammonium chloride in
50 mL of DI H,O. The resultant solution was placed into a round
bottom flask along with a poly(GMA) PVDF polymer scaffold. The
flask was then sealed with a rubber septum and heated to 90 °C
in a sand bath atop a hot plate with temperature control (7 x
7 Hot/Stir Pro, 120 V, VWR), while being continuously mixed at
320 rpm for 72 hours. The azide-functionalized polymer scaf-
folds were then washed with DI H,O overnight on a shaker table
set to 160 rpm at room temperature to remove any physically
adsorbed azide molecules. The polymer scaffolds were then
dried for 24 hours at room temperature under vacuum before
any further characterization.

2.2.3. Click reaction for peptide immobilization. Polymer
scaffold coupons with a diameter of 0.71 cm were cut from the
azide functionalized polymer scaffolds for use in click reactions.
Stock solutions of peptide, copper sulfate, and ascorbic acid were
prepared using DI H,O. The polymer scaffold pieces were placed
in glass vials along with peptide, copper sulfate, and ascorbic
acid stock solutions. The total reaction volume was 1 mL, with
final concentrations of: 5 mM peptide, 12 mM copper sulfate,
and 118 mM ascorbic acid. The reaction was allowed to proceed
for 24 h in an incubator set to 60 °C and shaking at 90 rpm. The
functionalized polymer scaffolds were then washed with DI H,O
overnight on a shaker table set to 160 rpm at room temperature
to remove any physically adsorbed molecules. The functionalized
polymer scaffolds were then dried for 24 hours at room tem-
perature under vacuum before any further characterization.

2.3. Polymer scaffold characterization

2.3.1. Examination of accessible sites. To quantify the
distribution of azide sites on the polymer scaffold, a fluorescent
dye with alkyne functionality (FAM alkyne 6-isomer) was
allowed to react with an azide-functionalized polymer scaffold.
The reaction proceeded similarly to peptide immobilization,
with a stock solution of FAM alkyne 6-isomer being used instead
of the peptide stock. A vial containing no polymer scaffold was
also left in the incubator for 24 h. The samples were then
examined via microscopy on a Leica HyVolution SP8 confocal
microscope in fluorescence mode using a 40x oil immersion
objective with a numerical aperture of 1.3. The excitation light
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source was an argon laser with a wavelength of 488 nm. Each
image was averaged over four scans to improve the signal to
noise ratio. The software used for analysis was LAS X version
3.5.5.19976.

2.3.2. Fourier transform infrared spectroscopy. Attenuated
total reflectance Fourier-transform infrared spectroscopy (ATR-
FTIR) was used to analyze the functional groups present on the
polymer scaffold surface. A Nicolet iS50 FT-IR (Thermo Scientific,
USA) with a diamond crystal was used to collect spectra in a range
from 400 to 4000 cm " with a 4 cm ™" resolution. Each spectrum
collected was averaged over 32 scans. The collected spectra were
normalized to the maximum peak using Omnic 9 software,
version 9.8.372 (Thermo Scientific, USA).

2.3.3. Energy dispersive X-ray spectroscopy. Energy disper-
sive X-ray spectroscopy (EDS) was used to quantitatively char-
acterize the functional groups on the poly(GMA)-grafted PVDF
surface. Samples were prepared to examine the cross section by
immersing polymer scaffolds in liquid nitrogen for one minute
before bending to fracture the scaffold. Polymer scaffolds were
mounted on pin stubs (SEM Standard SEM Pin Stub Mount,
12.7 mm outer diameter, 8 mm pin height, Ted Pella) with
carbon tape (5 mm width, Ted Pella). Mounted polymer scaffold
samples were sputter-coated with palladium using a Denton
Vacuum DESK IV Cold Sputter Coater for 30 seconds. Sputter-
coated samples were placed into the Oxford X-Max 80 mm? Si-drift
EDS detector on the Helios NanoLab 650 field emission scan-
ning electron microscopy (SEM). For the SEM, polymer scaffold
samples were analyzed at a working distance of 4.0-4.6 mm, at
0° tilt, with a magnification between 100-3250x, a current of
25 pA-3.2 nA, and an accelerating electron voltage of 5.00-
15.00 kV. SEM imaging was used to focus on the polymer
scaffold sample prior to the EDS scan. EDS samples were run
with an accelerating voltage of 15 kV and a beam current of
3.2 nA. Afterwards, the Oxford Aztec version 3.1 software was
used to analyze the samples.

2.4. Adsorption behavior

2.4.1. Equilibrium adsorption. Equilibrium adsorption
experiments were performed to confirm whether the peptide
maintains its ability to bind Ce after conjugation to the polymer
scaffold surface. Stock solutions of 500 ppm were prepared for
cerium which were then diluted to 15 ppm. The pH of each
solution was adjusted to 7 using minimal NaOH and HCI if
needed.

Adsorption experiments were conducted by immersing sin-
gle peptide-functionalized polymer scaffold samples (~1 mg)
in 1 mL ion-containing solutions in 2 mL microcentrifuge tubes
(Thermo Fisher Scientific). Polymer scaffold-containing solutions
were equilibrated at room temperature for 24 h on a shaker table
at 160 rpm. Adsorption experiments were conducted at least three
times for each peptide using different polymer scaffolds prepared
by the same technique. This approach allowed us to account for
batch-to-batch variability of the polymer scaffolds. The initial and
equilibrium liquid phase concentrations of Ce** were measured
by UV-visible spectrophotometry using a Molecular Devices Spec-
tramax M2 plate reader and calcium arsenazo III as an indicator.
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200 uL of calcium arsenazo III was added to each well in a 96-
well plate, and 100 pL of cerium containing samples were
added to individual wells - the pH of each well was 8.2.
Arsenazo III is known to form a complex with lanthanides that
absorbs at 652 nm at this pH.*>*® Each well was mixed via
pipetting up and down before immediately measuring the
absorbance at 652 nm. A calibration curve was first measured,
showing a linear correlation between absorbance and cerium
concentration (Fig. S1, ESIt).

The equilibrium binding capacity (Q.) was calculated after
determining solution concentration according to eqn (1).

(CO — Ce) x V
m

O = (1)
where C, is the initial concentration (ppm), C. is the equili-
brium concentration (ppm), V is the volume of the solution (L),
and m is the mass of the polymer scaffold.

2.5. Statistical analysis

Statistical hypothesis testing was performed using Minitab
with « = 0.05. Analysis of variance (ANOVA) was performed on
FTIR peak ratio (2990 cm™ /1650 cm™'; ~CH,/amide 1II) data,
followed by Tukey’s post hoc testing. A two-sample t-test was
performed on equilibrium binding capacity data, and FTIR
peak ratio (2990 cm™"/2100 em™'; -CH,/-N;) data. Normality
and equal variance were assumed in all statistical tests. Simple
linear regression was performed using Origin to obtain the best
fit line for the cerium calibration curve using an arsenazo assay.

3. Results and discussion

3.1. Polymer scaffold functionalization

GMA-functionalized membranes were selected due to the ease
of performing a ring opening reaction to covalently introduce
functionality to the polymer scaffold - in this study, azide
functional groups. To determine if GMA was successfully
grafted from the polymer scaffold, ATR-FTIR was conducted
on both an unmodified and a GMA-modified polymer scaffold -
shown in purple and blue, respectively in Fig. 2. The appear-
ance of a strong peak at 1700 cm™ " associated with carbonyl
C=0O stretching and the peak at 910 cm ™" corresponding to the
epoxide ring support the successful attachment of GMA to the
polymer scaffold via AGET ATRP.*’

After successful functionalization with GMA, azide groups
were then attached on the polymer scaffold through a ring
opening reaction of the epoxide, shown in Fig. 1. The presence
of azide on the polymer scaffold was confirmed through FTIR,
seen in the red spectrum of Fig. 2. The appearance of the peak
at 2100 cm ™' is indicative of asymmetric stretching of azide
functional groups,”' and the appearance of a broad peak
centered around 3400 cm ™" indicates the appearance of hydro-
xyl groups from the ring opening reaction.

To assess the distribution of azide sites accessible for the
CuAAC (‘click’) reaction, shown in Fig. 1, we next attached
an alkyne labeled fluorescein derivative (FAM alkyne) to the
polymer surface to later be analyzed via confocal microscopy.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Representative FTIR spectra confirm the presence of specific
functional groups along each successive step of the functionalization.
From bottom to top: the purple spectrum corresponds to an unmodified
PVDF sample, the blue spectrum corresponds to a poly(GMA) PVDF
polymer scaffold, the red spectrum corresponds to a poly(GMA) PVDF
polymer scaffold after a ring opening with sodium azide, the green
spectrum corresponds to alkyne labeled fluorophore (FAM alkyne 6 isomer)
‘clicked” onto the polymer scaffold, the pink spectrum corresponds to
alkyne labeled EF-hand peptide ‘clicked’ onto the polymer scaffold, and
the black spectrum corresponds to alkyne labeled scrambled EF-hand
peptide ‘clicked’ onto the polymer scaffold.

The successful attachment of FAM alkyne (structure shown in
Fig. S2, ESIt) was confirmed through FTIR, as seen in green
in Fig. 2. The -OH peak centered on 3400 cm ™" also increased in
intensity after attachment of FAM alkyne due to the presence of
these groups on the fluorophore. Peaks appearing at 1600 cm ™
and 1550 cm™ " are due to xanthene ring C-C stretching con-
taining conjugated carbonyl bands and asymmetric carboxylate
stretching.**

Alkyne functionalized EF-hand peptide was also installed on
the polymer surface through ‘click’ chemistry and confirmed
through FTIR - represented by the pink spectrum in Fig. 2. The
absorbance of specific peaks was variable due to inhomogene-
ities in scaffold production, thus peak ratios were employed to
compare relative magnitudes. Peaks may appear smaller or
larger when visually comparing the spectra, but computing
peak ratios make the relative changes in magnitude clear - even
when perceived magnitudes are small. Peak ratios have been
previously employed for analysis of peptides on surfaces®® and
for analysis of functional groups on polymeric surfaces.*® After
the peptide was added to the polymer scaffold, the peak ratio of
—-CH;: N; significantly increased (Fig. S3, ESIt) indicating the
click reaction proceeded as expected, where the methyl groups
should remain constant while the azide peaks disappear during
the ‘click’ reaction. While the -CH;:N; peak ratios suggest
the CUAAC reaction did occur, the azide peak at 2100 cm "
did not disappear completely. While other studies have shown
the complete absence of the azide peak post reaction,'***
speculate that the continued presence of this peak is due to the
inaccessibility of some reaction sites to the CuAAC reaction.
The azide molecule is smaller than both FAM alkyne and the
peptide used in this study, so azide groups will likely have better

we
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transport to more reaction sites on the surface of the polymer
scaffold. The peak centered at 1650 cm ™" is the amide I band,
indicative of the C=—O stretching vibration of the peptide
backbone.*® Overall, the FTIR shown in Fig. 2 supports that
the sequential addition of GMA, azide, and alkyne labeled
molecules was successful.

To further quantify the FTIR results we analyzed the peak ratio
of the -CH; peak (2990 cm ") of GMA to amide II (1650 cm ),
shown in Fig. 3. The ~CH; peak will remain unchanged through-
out the reactions, while the amide II peak should increase as the
‘click’ reaction proceeds leading to a decrease in peak ratio. For
EF-hand peptide and scrambled EF-hand peptide functionalized
polymer scaffolds, a decrease in peak ratio compared to azide
functionalized polymer scaffolds was seen, indicating the ‘click’
reaction proceeded as expected. Furthermore, there was not a
significant difference in peak ratio between the EF-hand peptide
and scrambled EF-hand peptide groups, implying that perfor-
mance differences that may be observed between those two
groups for REE adsorption could not be attributed to differences
in the amount of peptide. The variability seen in Fig. 3 was likely
due to the inhomogeneous nature of GMA-modified polymer
scaffolds.

3.2. Polymer scaffold characterization

The inclusion of the FAM alkyne on the polymer scaffold surface
allowed for qualitative assessment of the distribution of acces-
sible reaction sites by illuminating the sample with 470 nm blue
light (shown in Fig. S4, ESIt). FAM alkyne fluoresces under blue
light, and fluorescence was observed across the polymer scaffold
surface. To further assess the distribution of FAM alkyne

08, A B B

0.7/
o 06
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| -
= 0.4
J03f
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0 . ; ;
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peptide

Fig. 3 FTIR peak ratios (2990 cm~1/1650 cm~%; —~CHs/amide II) of different
polymer scaffolds characterized in this study. The peak ratio represents the
extent to which the click reaction proceeds — the amide Il peak will appear
as the reaction proceeds while the —CHz peak should remain unchanged.
Data are represented by box and whisker plots. Whiskers represent the
maximum and minimum values, excluding outliers. Significant differences
were determined by performing ANOVA and the Tukey's post hoc test in
Minitab assuming equal variances. Multiple separate samples were analyzed
such that n = 8 for GMA-azide, n = 27 for EF-hand peptide and n = 19 for
scrambled EF-hand peptide. Groups that do not share a letter are statistically
different (o < 0.05). Peptide and scrambled peptide in this figure refer to the
EF-hand and scrambled EF-hand peptide sequences, respectively.
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throughout the thickness of the polymer scaffold, confocal
microscopy was used on polymer scaffold sections. Fig. 4a
shows a representative composite confocal microscopy image
with most fluorescence localized to the surface of the polymer
scaffold. The fluorescence imaging revealed that the CuAAC
reaction was able to take place at least 3 um into the depth of
the polymer scaffold, as shown in Fig. S5 (ESI). It was observed
that fluorescence intensity diminished the further into the
polymer scaffold confocal slices were taken. A study by Charcos-
set and Bernengo reported that confocal microscopy can probe
up to 6 pm below the surface of a PVDF membrane before the
signal becomes weak.*® As our study notes fluorescence up to 3
um below the surface, our functionalized region falls within the
penetration depth of confocal microscopy for PVDF. Poly(GMA)
PVDF polymer scaffolds after ring opening with sodium azide
were also mixed with FAM alkyne with no Cu catalyst to ensure
the observed fluorescence was not simply due to physical
adsorption. These polymer scaffolds were not able to be imaged
via confocal microscopy, as there was no fluorescence detected.

The morphology of peptide-modified polymer scaffolds was
then investigated through SEM EDS, as shown in Fig. 4b. The
majority of the cross section is pristine PVDF, evidenced by the
abundance of fluorine. At the surface of the cross section, there
is an abundance of oxygen resulting from GMA being grafted
from the PVDF polymer scaffold (a 2x zoomed in version is
shown in the red box). This oxygen-rich region is where azide
and thus alkyne-functionalized molecules can be attached.
Image analysis shows that this oxygen-rich area penetrates
roughly 2.7 pm into the polymer scaffold surface, corroborating
the confocal microscopy results.

Overall, the combined spectroscopy and imaging results
demonstrate successful EF-hand peptide attachment while also
highlighting the need to optimize and control porosity, homo-
geneity and morphology of the polymer scaffold materials.
More complete functionalization through the thickness of the
scaffold (i.e., beyond 3 pm) will likely lead to higher REE
capture. If the ATRP reaction was initiated directly from the
PVDF backbone,”” ™ then there may be transport limitations

Fig. 4 Microscopy of polymer scaffolds prepared in this study. (A) Confocal
microscopy images of alkyne labeled fluorophore (FAM alkyne 6 isomer)
‘clicked’ onto the polymer scaffold. Microscopy illuminates the composition
and morphology of the polymer scaffold — the green areas are regions the
FAM-6 alkyne successfully clicked on the polymer scaffold, while black
areas remain unmodified. (B) SEM EDS imaging of a polymer scaffold cross
section. The red box is a 2x zoomed in version of the region in the blue box.
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during the AGET ATRP reaction that prevent grafting from the
internal surface area and pores. An alternative explanation for
the surface-localized functional layer is that the ATRP reaction
was initiated from the proprietary hydrophilic coating which is
present on both sides of the PVDF (Durapore) membrane.>>>" In
either case, functionalization was limited to the surface which
ultimately limits the ion adsorption capacity per scaffold.

3.3. Adsorption of REE to functionalized polymer

Prior studies have examined the cerium binding behavior of the
EF-hand peptide on gold surfaces but have not explored porous
polymer materials.”>*° Equilibrium adsorption experiments were
conducted to confirm whether the EF-hand peptide retained its
functionality (i.e. ability to bind cerium) when conjugated to a
polymer scaffold. The cerium solution pH was adjusted to 7 to
ensure peptide stability. Because peptides have multiple pK,
values due to their termini and various side chains,®* the overall
charge of the peptide at a pH of 7 is —2. The results of the
equilibrium adsorption experiment are summarized in Fig. 5,
with an initial cerium concentration of 15 ppm.

The amount of cerium adsorbed to the EF-hand peptide-
functionalized polymer scaffold was significantly higher than the
scrambled EF-hand peptide-functionalized polymer scaffold.
Our previous studies show that this peptide binds cerium when
tethered to a gold surface at concentrations as low as 0.5 ppm,*°
at a pH as low as 3, at a pH as high as 7, and binds cerium in
more complicated synthetic wastewaters composed of various
competitor ions>® - however gold is likely not an ideal surface for
realistic applications. By demonstrating binding on a polymer
scaffold, we set the stage for designing a variety of adsorbent
materials for REE capture. Another study of a cerium-binding
adsorbent reports higher binding of cerium (around 4 mg Ce/g
membrane) for an initial cerium concentration of 15 ppm,
however, that study used a more hydrophilic polyethersulfone
(PES) polymer support (contact angle 65° for PES> vs. 135° for
PVDF**). It is possible that a more hydrophilic surface could
allow for more ligand to be attached to the polymer scaffold in
the aqueous reactions.*® This study also did not use peptides as

0.0 : :
Peptide Scrambled
peptide

Fig. 5 Equilibrium adsorption data for 15 ppm Ce** on peptide functio-
nalized polymer scaffolds. Data are represented as the mean + standard
deviation with n = 6. Q. is the binding capacity, as defined in egn (1).
(*) represents p < 0.05 compared to scrambled EF-hand peptide, using a
two-sample t-test performed in Minitab assuming equal variance. Peptide
and scrambled peptide in this figure refer to the EF-hand and scrambled
EF-hand peptide sequences, respectively.
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the ligand, but the amino acid lysine. Thus, physical considera-
tions of the scaffold such as: pore size, accessibility to reactive
sites during functionalization, and accessibility of binding sites in
the functionalized material will likely become more important for
peptides compared to amino acids as peptides are larger mole-
cules. Control over the amount of GMA grafted from the polymer
scaffold is also important as the GMA may occlude the pores of
the polymer scaffold limiting the access to subsequent modifica-
tion. The binding capacity of EF-hand peptide-functionalized
polymer scaffolds will likely improve as the number of unreacted
azides decreases through ‘click’ reaction optimization. Impacts of
solution temperature on binding could also be explored, but
efficient ambient temperature separations will likely be key for
separation from waste streams.

The EF-hand peptide tested is based on the EF-hand loop I of
calmodulin, which allows for complexation through multiple side
chains of the peptide moieties in an entropy-driven process.>*>>’
Calmodulin consists of four peptide sequences known as “EF-hand
loops” (I-1V), each with a 12-amino acid binding sequence. Native
EF-hand sequences bind to calcium or lanthanide ions via oxygen
atoms from carboxylic acid side chains (ie., aspartic acid and
glutamic acid), in addition to a carbonyl from the peptide backbone
and an outer sphere complex with the ion where a water molecule
bridges the ion and amino acid via hydrogen bonding.**”®
However, this complexation is dependent on both the three-
dimensional (3D) orientation of the peptide and the size of the
ion. Our results indicate that the functionalization of the peptide
to the polymer scaffold does not render the arrangement of
the peptide incapable of binding to cerium ions. Furthermore,
the lower adsorption of ions to the scrambled peptide further
supports that a favorable 3D orientation is maintained, and REE
binding is not simply due to the chemistry of side chains present
within the peptide. These results may set the stage for simula-
tions to determine the exact structure of the tethered peptide-
cerium complex, and peptide sequence-function relationships
for REE affinity. Future efforts should focus on functionalization
through the depth of the membrane to increase adsorbent
capacity. Alternative adsorbent architecture may be generated
using electrospinning®®° to increase porosity and pore volume,
improve homogeneity, and further improve peptide attachment.
After more complete functionalization is achieved, optimization
of the amount of peptide attached to the scaffold will be explored
and testing will be conducted with realistic cerium-containing
water matrices. Engineered peptides have exhibited different
affinities across the lanthanide REEs and the peptide-
functionalized scaffold provides a platform for interrogating
REE selectivity on a realistic adsorbent in the future.*>*” Our
work provides a potential framework to exploit the different
affinities for REE separation in polymer scaffold separators
based on peptide sequence.

4. Conclusions

In this study, poly(glycidyl methacrylate) brushes were grafted
from the surface of polyvinylidene difluoride polymer scaffolds
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via AGET-ATRP. Then, azide functional groups were covalently
introduced to the polymer scaffold surface through a ring
opening reaction at 90 °C. Alkyne functionalized molecules -
FAM alkyne 6 isomer and peptides modified with propargylgly-
cine - were then covalently bound to the polymer surface using
copper catalyzed azide alkyne cycloaddition click chemistry.
To confirm the polymer scaffolds were functionalized with the
molecules of interest, ATR-FTIR was performed at each reaction
step. The fluorescent dye, FAM alkyne 6 isomer, allowed the
assessment of the distribution of reaction sites within the
thickness of the polymer scaffolds. Overall, it was seen that
reaction sites were accessible at least 2 um into the surface of
the polymer scaffold, but the bulk of the fluorescence was
localized to the surface. Next, the binding capacity of the
EF-hand peptide-functionalized polymer scaffolds for Ce**
was examined for both peptide and scrambled peptide - show-
ing that EF-hand peptide facilitates five times more binding
than scrambled EF peptide. The ability of the EF-hand peptide
to bind cerium when attached to a polymer scaffold indicates
that the secondary structure that facilitates binding can form.
Overall, this study establishes a methodology for conjugating any
engineered peptide to a polymer scaffold surface for use in
adsorbing ions or other small molecules, whereas previous litera-
ture has focused on: enhancing biocompatibility,"* mitigating
biofouling,*" drug capture,®® and using short di- or tri- peptides
for surface modifications."*>% By further designing peptides
and elucidating their sequence-structure-function relationships,
the applications of this technology are limitless and could be
utilized to secure a domestic supply of recycled REEs.
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