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New materials capable of binding carbon dioxide are essential for
addressing climate change. Here, we demonstrate that amyloids,
self-assembling protein fibers, are effective for selective carbon
dioxide capture. Solid-state NMR proves that amyloid fibers
containing alkylamine groups reversibly bind carbon dioxide via
carbamate formation. Thermodynamic and kinetic capture-and-
release tests show the carbamate formation rate is fast enough to
capture carbon dioxide by dynamic separation, undiminished by
the presence of water, in both a natural amyloid and designed
amyloids having increased carbon dioxide capacity. Heating to 100 °C
regenerates the material. These results demonstrate the potential of
amyloid fibers for environmental carbon dioxide capture.

amyloid materials | chemisorption | designed fibers

arbon dioxide has become a focus of scientific attention

because of its status as a primary greenhouse gas and the
presumed agent of climate change (1, 2). The major sources of
anthropogenic carbon dioxide are the flue gas of power plants
and automobile emissions. The dominant method for capture
is passing postcombustion flue gas through aqueous mono-
ethanolamine (MEA) (3) to form carbamates (4). The industrial
MEA process has drawbacks including its requirement for heavy
equipment, and the toxic, flammable, corrosive, and volatile
nature of MEA (4). More importantly, because of the high heat
capacity of aqueous MEA solutions, the energy required for
MEA regeneration consumes roughly 30% of the energy output
of the power plant (4, 5). To overcome the high energy con-
sumption for MEA regeneration, solid adsorbents such as zeo-
lites, activated carbons, and metal-organic frameworks have been
extensively exploited (4, 6—10). These classes of porous materials
generally have high capacity and low energy cost for regen-
eration, but lose their efficiency when exposed to water vapor, as
is the case in combustion gases (11, 12). To combine the high
affinity of MEA and energy-efficient regeneration of a dry sys-
tem, new materials with amines implanted in the pores of solid
materials are being investigated and show some promise for im-
proved performance (13-15). However, the challenge of selective
capture of carbon dioxide remains, especially in the presence of
water (16, 17).

Inspired both by the concept of solid-supported amines and
by the reversible binding in blood of carbon dioxide by amine
groups of hemoglobin, we propose that amyloid fibers con-
taining amine groups may be effective in meeting the challenge
stated above. Many proteins and peptides enter the amyloid
state, in which they form elongated fibers, with spines con-
sisting of many-stranded p-sheets (18). Amyloid fibers are
natural nano-fibers associated with diverse functional and
pathological roles. The highly ordered p-strands of amyloid
fibers associated by hydrogen-bonding networks and steric-
zipper-like interactions confer high stability, insolubility, and
stiffness, rendering amyloids useful for the design of functional
materials (19-23).
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Results

Functionalizing Natural VQIVYK Amyloid Fiber for Carbon Dioxide
Capture. In our design of functional amyloid fibers for carbon
dioxide capture, we started from a natural hexapeptide VQIVYK,
core sequence of the self-association of tau protein (Fig. 1 4 and
B) (24). VOQIVYK forms amyloid fibers in vitro, and its fibrillar
structure shows a typical steric-zipper-like cross-p structure (Fig.
1C) (24, 25). In addition, the lysine residue of VQIVYK exposes
amino groups on the fiber surface. The e-amino group of lysine is
uncharged at a high pH, and thus capable of forming carbamate
with carbon dioxide (26).

We used VQIVYK capped with N-terminal acetylation and C-
terminal amidation because it produces higher yields of amyloid
fibers than the uncapped peptide (Fig. 1D). Mature fibers were
collected by centrifugation and lyophilized into a white powder
(Fig. 1E). The lyophilized material is a mixture containing am-
yloid fibers and solid buffer components (Table S1), and is stable
in air for months. In the following we designate the entire ly-
ophilized fiber material as “fiber material” and the amyloid fiber
within the material as “amyloid fiber component.”

Strong Interactions Between Carbon Dioxide and VQIVYK Fibers. The
VQIVYK fibers are sufficiently open to allow the diffusion of
small gaseous molecules, based on nitrogen adsorption isotherm
measurements at 77 K (Fig. S1). The profile of the nitrogen
isotherm of the fiber material can be classified into type II (27),
meaning that the guest molecules are accessible to the fiber
matrices in the low-pressure range.

Significance

New and improved materials capable of binding carbon di-
oxide are essential to addressing the global threat of acceler-
ating climate change. The presently used industrial methods
for carbon dioxide capture have severe drawbacks, including
toxicity and energy inefficiency. Newer porous materials are so
far less effective in water, invariably a component of com-
bustion gases. Here, we present a material for carbon dioxide
capture. This material, amyloid fibers in powdered form, se-
lectively captures carbon dioxide in the presence of water and
binds carbon dioxide strongly until it is released by heating,
regenerating the robust amyloid fibers in an energy effi-
cient process.
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Fig. 1. Structure and fiber formation of VQIVYK. (A) Schematic of tau
protein, with its repeat regions (R1-R4) in the microtubule binding domain.
The hexapeptide VQIVYK (shown with green Lys) derives from R3, func-
tioning in microtubule binding and self-association of tau. (B) Chemical
structure of capped VQIVYK showing its N-terminal acetylation and C-terminal
amidation. (C) Crystal structure of uncapped VQIVYK (PDB ID 20N9). Cartoon
arrows represent p-strands. Lysine residues are in green. The e-amino group of
lysine is in blue. The cross-p-spine of the fiber is highly hydrophobic. The pair of
sheets pack tightly into a compact “steric zipper” (24, 25). Lysine residues are
aligned on the periphery of fiber spine, 4.8 A apart. (D) TEM image of amyloid
fibers formed by capped VQIVYK. Scale bar, 300 nm. (E) Dry powder of the
VQIVYK fiber.

Carbon dioxide binds strongly to VQIVYK amyloid fibers, as
shown by adsorption isotherms at 298 K (Fig. 24). The steep
initial increase at very low carbon dioxide pressure (<5 Torr)
indicates a strong interaction between carbon dioxide and the
material (9). After the steep slope region (>10 Torr), the carbon
dioxide uptake increases gradually with an increase of pressure,
which is similar to typical carbon dioxide physisorption process,
and the uptake at 800 Torr reaches 40 cm®.g~'. The amount of
adsorbed carbon dioxide decreases when the carbon dioxide
pressure is reduced, whereas the isotherm of fiber material shows
hysteresis unlike typical carbon dioxide isotherms. This hysteresis
could reflect the strong binding of carbon dioxide with the fiber.
Because adsorbed carbon dioxide was not fully desorbed at 10
Torr, the sample was evacuated under the dynamic vacuum (10~°
Torr) at room temperature for 24 h. After the evacuation, the
carbon dioxide isotherm was recorded to see if carbon dioxide
molecules were fully evacuated and strong carbon dioxide
binding capacity was recovered. Interestingly, the steep rise of
carbon dioxide uptake disappeared (Fig. 24). This implies that
carbon dioxide molecules are strongly bound to the VOIVYK
fiber so that room-temperature evacuation is not sufficient to
liberate carbon dioxide. As a reference, the carbon dioxide iso-
therm of the sample of solid buffer components was recorded
and showed no strong interaction with carbon dioxide.

Spectroscopic Evidence for the Formation of Carbamate. To identify
the mechanism of the tight binding of carbon dioxide to VQIVYK
fibers, we measured NMR spectra. The fiber material was exposed
to 1°C labeled carbon dioxide at 1 bar before transferring into a
solid-state NMR rotor. Cross-polarization magic-angle-spinning
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(CP/MAS) *C NMR spectra of the fibers after '*C carbon di-
oxide exposure showed a sole strong peak at 163.9 ppm (Fig. 2B),
whereas peaks arising from fibers are not observed because these
carbon atoms are not labeled. Because CP/MAS NMR is not
sensitive to floating carbon dioxide, the high-power decoupling
(HPDEC) >C NMR spectrum was also recorded to confirm the
absence of free carbon dioxide in the fiber material (Fig. 2B). As
expected, no signal is detected around 125 ppm (28). Therefore,
the NMR peak at 163.9 ppm arises from the carbon which is
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Fig. 2. Mechanism of carbon dioxide adsorption by VQIVYK amyloid fiber
material. (A) Carbon dioxide adsorption isotherms for VQIVYK fiber mate-
rial. Solid data points represent gas adsorption and open points are gas
desorption after a maximum pressure of ~800 Torr. The steep initial increase
of carbon dioxide adsorption by the fiber sample (@) observed at carbon
dioxide pressures below 5 Torr indicates a strong interaction between car-
bon dioxide and the material. The strong adsorption is not recovered by
vacuum at room temperature for 24 h (H). The sample of solid buffer
components (A), as a negative control, shows no significant carbon dioxide
uptake, confirming that carbon dioxide is mainly adsorbed by fibers in the
material. (B) Solid-state '*C NMR spectra. An asterisk (*) marks labeled car-
bon atoms. The CP/MAS '3C NMR spectrum of fiber material with 'C carbon
dioxide shows the resonance at 163.909 ppm, ascribed to carbamate. The
two subsidiary bands are spinning side bands of the 163.909 band. The
HPDEC ">C NMR spectrum of fiber with '*C carbon dioxide shows the ab-
sence of the free carbon dioxide signal around 125 ppm, which precludes the
possibility of the presence of physisorbed carbon dioxide on the fiber sur-
face. The CP/MAS '*C NMR spectrum of fiber material after regeneration
shows that after heating at 100 °C, the carbamate band disappears, in-
dicating a full release of carbon dioxide.
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covalently bound to the fiber (28). Indeed, this peak should arise
from the formation of carbamate through the reaction of carbon
dioxide with the primary amino groups of lysine residues similar
to that observed in the amine solutions (4).

Capacity of Carbon Dioxide Chemisorption by the VQIVYK Fiber. The
stoichiometry of carbon dioxide binding was estimated by ele-
mental analysis, despite the fiber material being a mixture of
VQIVYK peptide and solid buffer components. The fiber ma-
terial was exposed to carbon dioxide at 1 bar for 1 d before
measurement. Table S1 shows the nitrogen—carbon ratio of fiber
material before and after carbon dioxide exposure. Assuming
that solid buffer components are intact throughout the carbon
dioxide sorption measurements, the amount of carbon dioxide
sorbed is calculated to be 1.0 = 0.1 molecules per peptide.
Knowing the molecular mass of the peptide (790 g-mol™), the
molecular mass and molar volume of carbon dioxide, and the
proportion of amyloid fibers in the whole material, the 1:1
binding ratio of carbon dioxide and peptide can be converted to
~10 cm®g ™! of carbon dioxide uptake by the fiber material. This
value is in good agreement with the carbon dioxide uptake ob-
served in the low-pressure region of the carbon dioxide iso-
therms (Fig. 24). Usually, carbon dioxide chemisorption gives
2:1 stoichiometry, indicating that two amine molecules capture
one carbon dioxide. The unusual 1:1 stoichiometry of carbon
dioxide capture by the fiber material is discussed below.

Dynamic Carbon Dioxide Capture Measured by Breakthrough Experi-
ments. For application to environmental stabilization, dynamic
separation of carbon dioxide from flue exhausts is more relevant
than thermodynamic uptake capacity. To evaluate the dynamic
separation capacity of the fiber material, we performed break-
through experiments which are direct measure of dynamic sep-
aration capacity. In these experiments, we mix 16% (vol/vol) of
carbon dioxide in a nitrogen gas stream through the material and
detect the time of appearance or “breakthrough” of carbon di-
oxide from the material (10) (Fig. 3, Inset and Fig. S2). This
percentage is set to mimic the fraction of carbon dioxide in flue
gas from power plants (29, 30). The breakthrough curves of fiber
material and solid buffer components were recorded. Compared
with the solid buffer components, the breakthrough time of the
whole fiber material is significantly elongated (Fig. 3). This
demonstrates that the majority of carbon dioxide capture arises
from the amyloid fiber component in the material rather than
from the solid buffer components. Based on the breakthrough
curve, the capacity of kinetic carbon dioxide adsorption is esti-
mated to be 0.48 + 0.15 mmol.,pon d,-oxide-g’l. This number is in
reasonable agreement with 0.44 + 0.10 mmol,pon dioxideg_], the
thermodynamic carbon dioxide capacity of the whole fiber ma-
terial calculated from the binding ratio of carbon dioxide to the
VQIVYK peptide together with the proportion of the amyloid
fiber component in the fiber material. This suggests that carbon
dioxide capture by the VQIVYK fiber material is effective for
dynamic removal of carbon dioxide from streaming flue gas.

Material Regeneration. During respiration, the reversible carba-
mate formation of carbon dioxide with hemoglobin is controlled
by the local concentration of oxygen (31). For the reversal of the
carbamate reaction of amyloid fibers, heating is more practical.
Upon heating the material bed to 100 °C under nitrogen flow,
carbon dioxide release was detected by the breakthrough system
(Fig. S3). The amount of released carbon dioxide calculated by
integration of the peak area nearly equals the adsorbed amount
of carbon dioxide calculated from the breakthrough time. This
finding suggests that 100 °C is sufficient to liberate the carbon
dioxide sorbed in the fibers, as carbamates are converted to
amino groups. Complete regeneration of the fiber material is
further confirmed by disappearance of the carbamate signal on
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Fig. 3. Breakthrough curves for carbon dioxide sorption by VQIVYK fiber
material. Solid lines represent carbon dioxide sorption from the dry gas
stream (dry cycles); dotted lines are from gas streams saturated with mois-
ture (wet cycles). The black curve represents solid buffer components; the
red and blue curves represent fiber materials. Solid buffer components in the
fiber material adsorb carbon dioxide due to its basicity (pH 12). Fiber
materials showed an extended breakthrough time compared with the solid
buffer components alone, indicating carbon dioxide is mainly adsorbed by
the amyloid fiber component. In three dry cycles and three wet cycles of
carbon dioxide capture and release, the breakthrough curves are un-
changed, indicating that the fiber material is well regenerated in each cycle,
and that moisture does not interfere with carbon dioxide capture. The
breakthrough time is normalized to 1 g of fiber material. (Inset) Schematic
illustration of the breakthrough experimental setup.

the CP/MAS ">C NMR spectrum after 100 °C heating (Fig. 2B).
Notice that the carbon dioxide breakthrough curves for three
cycles of regeneration are nearly the same (Fig. 3, dry cycles),
and the same amount of carbon dioxide is released for each
regeneration cycle (Fig. S3). Furthermore, the VQIVYK amy-
loid fibers maintain their morphology during the process of
carbon dioxide adsorption and desorption, as confirmed by
transmission electron microscopy (TEM), CP/MAS *C NMR,
and powder X-ray diffraction (Fig. S4).

Carbon Dioxide Capture in the Presence of Water. To examine the
performance of the VQIVYK fibers in the presence of water, we
tested whether water interferes with carbon dioxide capture by
the fibers. We introduced 100% relative humidity into the gas
feed stream of the breakthrough experiments. In three cycles of
uptake and release in the presence of water, the breakthrough
time is sustained (Fig. 3, wet cycles), indicating that water does
not change the separation performance of the fiber material on
carbon dioxide adsorption in the time period of our recording. In
addition, the peptide bonds of VQIVYK remain intact through-
out the process even in the presence of water at high pH, as
confirmed by mass spectrometry (Fig. S5).

Designed Amyloid Fibers for Increased Carbon Dioxide Binding
Capacity. To augment carbon dioxide adsorption, we designed
artificial fibers with greater amine density than the natural fiber
of VOIVYK. We maintained the fiber spine by keeping residues
valine, isoleucine, and tyrosine of positions 1, 3, and 5, but re-
place or add lysine residues at the other positions (Fig. 44). One
of our designs extends the C terminus of the original hexapeptide
by one lysine to give the 7mer VQIVYKK. In another design, we
mutated the glutamine residue in position 2 to lysine, generating
a hexapeptide VKIVYK. The designed peptides both form am-
yloid fibers with distinctive morphologies under TEM (Fig. 44).
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Fig. 4. Designed amyloid fiber materials for increased carbon dioxide capture. (A4) Structural models and TEM images of VQIVYKK and VKIVYK amyloid
fibers. Based on the fiber spine of VQIVYK, VQIVYKK and VKIVYK fibers present more lysines (green)-amino groups for carbon dioxide binding. The black
arrow shows the fiber axis. Cartoon arrows represent p-strands. Lysine residues are in green. The g-amino group of lysine is in blue. Designed peptides form
amyloid fibers observed by TEM. Scale bar, 200 nm. (B) With the increased numbers of amino groups, VQIVYKK and VKIVYK fibers show significantly higher

carbon dioxide binding capacity than the original VQIVYK fiber.

Breakthrough experiments proved that the engineered fibers
have significantly increased carbon dioxide binding capacity by
up to 55% compared with that of the natural fiber of VOQIVYK
(Fig. 4B). Notice that although there is double the number of
amines in the designed fibers, we do not observe a twofold in-
crease in binding capacity, indicating that in these fibers amines
are only partially accessible and reactive. Future fiber designs
will further augment the capacity.

Discussion

The reaction of carbon dioxide with a primary alkanolamine to
form carbamate proceeds in two steps:

RNH; + CO, = RNHICOO™, [1]

RNH;COO™ +B = RNHCOO™ + BH". [2]

B represents base in Eq. 2. The first step (Eq. 1) is the rate-
determining step, but carbamic acid is not stable. The reaction
rapidly proceeds to form carbamate in the presence of base (Eq.
2). In conventional amine solutions, the base is a second amine
molecule; thus two amines capture one carbon dioxide (32, 33).
In amyloid fiber materials, we observed 1:1 stoichiometry where
one amine binds to one carbon dioxide. We hypothesize that,
rather than amines, buffer salts act as the base, which is sup-
ported by experiments with different buffer systems (Fig. S6).
The results show that removal of buffer salts at pH 10.8, a pH
at which half of lysine side chains (pK, = 10.8) are protonated
and cannot act as base, caused complete loss of chemisorption.

Buffer salts may also postpone the protonation of amines
when water presents in the gas stream. Carbon dioxide and water
form carbonic acid, although with less than 1% of the dissolved
carbon dioxide (26), which protonates amines, thereby reducing
their formation of carbamate. Buffer salts in the fiber material
are stronger bases than the amines and preferentially accept
protons, thereby protecting amines from inactivation. As seen in
dynamic adsorption in the presence of water (Fig. 3), the carbon
dioxide capacity is not diminished in three cycles of capture
and release.

Reminiscent of the vast array of functions exhibited by natural
proteins, amyloid fibers as materials offer a general solid plat-
form on which designed functionalities can be readily realized by
varying the amino acid sequence of the peptide units. Applica-
tions of amyloid fibers have been explored in the fields including
conductive nanowires (34), nanostructured protein films (35),
light-harvesting nano-device (36, 37), and retroviral gene trans-
fer boosting (38). The properties demonstrated here of amyloid
fibers for carbon dioxide capture fall short of those needed in
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a practical material operating in the demanding conditions of
water, acid, and temperature of flue gas. Also, the adsorption
capacity of our best current fiber material (0.5-0.7 mmol-cm™> )is
significantly below that of MEA solution (~3 mmol-cm™) (10).
However, as a solid material, amyloid fibers show many favor-
able properties including (i) relatively mild regeneration tem-
perature (100 °C), (ii) high structural rigidity and thermal
stability, especially for peptide fibers, as opposed to amyloid
fibers of full proteins (37, 39), (iii) compatible with the presence
of water, (iv) stable in air, and (v) readily self-assembling from
peptides, enabling easy manufacture. Furthermore, it is expected
that (i) bacterial production of amyloid peptides offers potential
cost savings over chemical synthesis, and genetic methods of
tuning functionality, and (i) amyloid fibers are potentially bio-
degradable, with little harm to the environment. Therefore, fur-
ther optimization of designed amyloid fibers for carbon dioxide
capture is worth pursuing.

Materials and Methods

Amyloid Fiber Preparation. All peptides were custom synthesized by Celtek
Peptides and were used as received as a TFA salt. Purity was over 98% (wt/wt)
by HPLC. The peptides were N-terminally acetylated and C-terminally ami-
dated for high yields of amyloid fibers. VQIVYK fibers were formed in the
solution containing 1 mM VQIVYK, 50 mM sodium phosphate buffer, pH
12.0. VQIVYKK fibers were formed in the solution containing 5 mM VQI-
VYKK, 50 mM sodium phosphate buffer, 0.2 M sodium chloride, pH 8.0.
VKIVYK fibers were formed in the solution containing 1 mM VKIVYK, 50 mM
sodium phosphate buffer, 0.2 M sodium chloride, pH 8.0. All fiber-forming
solutions were incubated at 37 °C with agitation for 7-10 d. Fiber formation
was monitored by TEM. Fibers were collected by centrifugation at 36,320 x g
for 20 min, and were resuspended with 50 mM sodium phosphate buffer, pH
12, to keep the e-amino group of lysine in the dissociated state. The fiber
suspension was lyophilized until the sample became a white powder. The
lyophilized fibers were stored in air-tight containers at room temperature.
The sample of solid buffer components, used as negative control, was ly-
ophilized 50 mM sodium phosphate buffer, pH 12.

TEM. Five pL of each sample were spotted directly onto freshly glow-
discharged carbon-coated electron microscopy grids (Ted Pella). After 3-min
incubation, grids were rinsed twice with 5 pL distilled water and stained with
1% uranyl acetate for 1 min. Specimens were examined in a JEM1200-EX
electron microscope at an accelerating voltage of 80 kV. Images were
recorded digitally by wide-angle (top mount) BioScan 600W 1 x 1K digital
camera (Gatan).

Gas Adsorption Measurements. Nitrogen and carbon dioxide isotherms were
collected on a Quantachrome Autosorb-1 automatic volumetric gas ad-
sorption analyzer. The samples were outgassed to 107® Torr. Ultrahigh-
purity-grade nitrogen, He (99.999% purity), and carbon dioxide gases
(99.995% purity) were used throughout the adsorption experiments.

Li et al.
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Solid-State NMR. High-resolution solid-state NMR spectra were recorded at
ambient temperature on a Bruker DSX-300 spectrometer using a standard
Bruker magic-angle-spinning (MAS) probe with 4-mm (outside diameter)
zirconia rotors. CP/MAS was used to acquire '>C data at 75.47 MHz. The 'H
and '3C 90° pulse widths were both 4 ps. The CP contact time was varied
between 1.5 and 5 ms. High-power two-pulse phase modulation 'H decou-
pling was applied during data acquisition. The decoupling frequency cor-
responded to 72 kHz. The MAS sample spinning rate was 10 kHz. Recycle
delays for CP/MAS between scans varied between 3 and 20 s, depending
upon the compound as determined by observing no apparent loss in the *C
signal intensity from one scan to the next. The *C chemical shifts are given
relative to tetramethylsilane as 0 ppm, calibrated using the methylene car-
bon signal of adamantane assigned to 37.77 ppm as a secondary reference.
HPDEC '3C spectrum was measured on a stationary rotor without magic
angle spinning.

Before exposure to '3C carbon dioxide, the sample was outgassed in a
glass vial with Mityvac hand vacuum pump (Nalgene). '*C carbon dioxide
(Sigma-Aldrich, 99 atom % '3C; <3 atom % '®0) was then injected into the
vial at 1 bar for 1 d. The sample was then transferred to zirconia NMR rotors
right before the NMR measurement.

Elemental Analysis. Elemental analysis was carried out on a Thermo Scientific
FLASH 2000 Series CHNS/O Analyzer. For each measurement 2-3 mg of
sample was used. More than three measurements were performed on each
fiber sample to guarantee accuracy.

Breakthrough Experiments. A laboratory-made breakthrough system was
used to evaluate dynamic carbon dioxide selectivity over nitrogen. Adsorbent
materials were packed in stainless steel Swagelok tubing (4 mm i.d. x 50 mm).
Volume not occupied by the adsorbent bed was filled with glass beads
(Sigma, 150-212 pm). The gas feed stream was a 16% (vol/vol) mixture of
carbon dioxide in nitrogen for separation, and 100% (vol/vol) nitrogen for
regeneration, which were determined by MKS Alta digital mass flow con-
trollers. The pressure was held at 760 Torr by an MKS type 640 pressure
controller. The gaseous effluent from the sample bed was monitored for
carbon dioxide, nitrogen, water, and oxygen by using a mass spectrometer
(Hiden Analytical HPR20).

In wet cycles, nitrogen in the gas feed steam was saturated with moisture
by passing through humidifying cells (Glassblowers.com Inc.). The humidifying
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