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A
ntibodies are exceptional at molecu-
lar recognition, capable of recogniz-
ing a breadth of antigens with both

high specificity and high affinity.1 Antibo-
dies have thus become a vital reagent in
healthcare and biotechnology applications,
as well as components in chemical and
biological sensors.2,3 However, significant
technical challenges continue to hamper
the efficient manufacturing and deploy-
ment of antibodies in devices, including
poor solubility, lack of temperature and
enzyme stability, and improper folding
when expressed in bacteria.4 These limita-
tions, coupled with the desire to rapidly
engineer antibodies against novel targets,
have fueled the need for more stable and
cost-effective alternatives to natural antibo-
dies and attracted recent interest toward
the development of easy-to-manufacture
antibody mimics.4!8

One of themost promising approaches to
engineering antibody mimics has been to
transfer the essential molecular recogni-
tion features of a natural antibody onto a
smaller, well-behaved protein.4 The natural

antibody is comprised of two parts: (1) a
rigid scaffold, and (2) a cluster of flexible
peptide loops displayed atop the scaffold
(Figure 1A). While the scaffold remains lar-
gely constant from one antibody to the
next, the loop sequences are highly vari-
able, chemically tailored to bind the antigen
target with specificity and high affinity. In
addition to providing chemical diversity, the
cluster of loops work together to form a
convergent antigen binding site. Inspired
by this architecture, current efforts to en-
gineer antibody mimics typically follow a
common design strategy where several
polypeptide loops are displayed on the sur-
face of a small, easy-to-manufacture protein
scaffold (Figure 1B,C). This simplified archi-
tecture aims to capture the specificity and
multiloop display of the antibody binding
site while improving upon its solubility, bio-
availability, bacterial expression, and pro-
duction costs. Examples of protein-based
antibody mimicry include grafting a single
antigen-recognition loop onto a smaller,
easier-to-fold scaffold,9 as well as screening
combinatorial libraries of well-behaved
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ABSTRACT The ability of antibodies to bind a wide variety of

analytes with high specificity and high affinity make them ideal

candidates as molecular recognition elements for chemical and

biological sensors. However, their widespread use in sensing devices

has been hampered by their poor stability and high production cost.

Here we report the design and synthesis of a new class of antibody-

mimetic materials based on functionalized peptoid nanosheets. A

high density of conformationally constrained peptide and peptoid

loops are displayed on the surface of free-floating nanosheets to

generate an extended, multivalent two-dimensional material that is chemically and biologically stable. The nanosheet serves as a robust, high-surface area

scaffold upon which to display a wide variety of functional loop sequences. The functionalized nanosheets were characterized by atomic force microscopy,

X-ray diffraction, and X-ray reflectivity measurements, and were shown to serve as substrates for enzymes (protease and casein kinase II), as well as

templates for the growth of defined inorganic materials (gold metal).

KEYWORDS: protein-mimetic materials . molecular recognition . loop display . two-dimensional nanomaterials .
bioinspired polymers
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small proteins that have been engineered to display
randomized, surface-exposed loops.10 While protein-
based antibody mimics show great promise, they are
susceptible to denaturation at extreme pH and tem-
peratures and are easily degraded by proteases likely
to be encountered in samples of biological origin.
We present a new class of antibody-mimetic material,

built froma ruggedpeptoidnanosheet scaffold (Figure1D).
Peptoids are bioinspired, sequence-specific polymers
capable of folding into protein-like architectures.11!15

However, unlike proteins, peptoids are made from
protease-resistant building blocks, cheap to manufac-
ture, and offer access to a vast diversity of chemical
functionalities.15 Recently, peptoid sequences have
been designed to self-assemble into highly stable,
two-dimensional (2D) nanosheets in water.16 The nano-
sheets are hundreds of micrometers in length and
width, yet only two molecules (3 nm) thick, as char-
acterized with aberration-corrected electron micro-
scopy, atomic force microscopy (AFM), and X-ray
diffraction (XRD).14,16,17 Peptoid nanosheets provide a
unique opportunity to merge the molecular recogni-
tion properties of proteins with the rugged utility of
synthetic, 2D nanomaterials.18,19 The nanosheets are a
readily functionalizable, high surface area 2D platform
on which to display a high density of molecular
recognition sites on both faces of the sheet. Moreover,
peptoid nanosheets are stable in air or water, do not
aggregate in solution, and have a hydrophilic zwitter-
ionic exterior surface, a property which is desirable for
resisting nonspecific protein adsorption.20,21

Here we demonstrate that peptoid polymers of
specific sequence can be programmed to self-assemble,
or “fold”, into an antibody-like architecture: a peptoid
nanosheet scaffold decorated with surface-exposed
loop domains. The formation of loops on the surface
of the nanosheet was confirmed by AFM and X-ray
scattering, as well as by chemical and biological func-
tion. We show that biologically active peptides can be
inserted into the linear peptoid sequence, and that
peptide loops displayed on a peptoid nanosheet scaf-
fold are accessible for molecular recognition by pro-
teases and casein kinase II. In addition to biorecognition,

we also highlight the utility of loop-displaying peptoid
nanosheets as 2D templates to nucleate the “bottom-
up” growth of gold nanostructures.

RESULTS AND DISCUSSION

Design and Synthesis of Antibody-Mimetic Peptoid Nano-
sheets. An efficient strategy for programming loop
display into a peptoid nanosheet is derived from
knowledge of the previously reported17 mechanism
of nanosheet formation. Peptoid nanosheets are pro-
duced by a hierarchical mechanism, first involving
adsorption of amphiphilic peptoids into a monolayer
at the air!water interface, followedby lateral compres-
sion of the monolayer into an ordered, irreversible
peptoid bilayer (nanosheet).17 The air!water interface
plays a critical role in preorganizing the polymer chains
prior to compression into the bilayer, a role which can
be exploited to add functionality to the nanosheet
scaffold. The interface drives the amphiphilic peptoid
to orient specific functional groups on the aqueous and
air sides of the peptoid monolayer, which ultimately
become the exterior and interior faces of the peptoid
nanosheet, respectively. Therefore, we reasoned that
short loops could be selectively displayed on the
water-exposed face of the nanosheet by inserting a
linear segment of hydrophilic residues into the middle
of the linear sheet-forming strand (Figure 2). Placing
the loop sequence in the middle of the strand, be-
tween two amphiphilic sheet-forming segments,
should anchor the ends of the loop to the air!water
interface. During compression of the peptoid mono-
layer, the amphiphilic segments of the polymer are
designed to align and pack tightly with neighboring
strands, drawing the hydrophilic insert into the shape
of a loop (Figure 2). Additionally, the use of a single-
chain sequence design avoids the technical challenges
associated with covalently coupling loop domains
onto the surface of preformed peptoid nanosheets,
including incomplete loop coupling (loose ends), lack
of conformational control (tangled and interlocking
loops), and purification or removal of unreacted cou-
pling reagents.

Figure 1. Architecture of an (A) anti-canine lymphoma IgG2 antibody (PDB code: 1IGT), (B) antibody-mimetic loops on a
fibronectin scaffold (PDB code: 2OBG), (C) antibody-mimetic loops on an ankyrin repeat protein scaffold (PDB code: 1SVX),
and (D) a high density of antibody-mimetic loops displayed on a peptoid nanosheet scaffold.
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To study the impact of inserting a hydrophilic loop
domain on peptoid nanosheet formation, we synthe-
sized a length series, where the number of residues in
the loop insert (n) was systematically varied (n = 0, 4, 8,
and 12) while keeping the length and composition of
the sheet-forming motif constant (compounds 1!4,
Table 1). The loop insert was initially a homopolymer of

N-(2-methoxyethyl)glycine (Nme) residues for the
purposes of hydrophilicity and ease of synthesis. Nano-
sheetswere prepared fromeach peptoid using the vial-
rocking method described previously17 and character-
ized by optical microscopy, AFM, and powder XRD.
All sequences of the length series (1!4) were capable
of assembling into peptoid nanosheets. By optical
microscopy, nanosheets prepared from the loop-
forming peptoids exhibited sharp, straight edges and
appeared qualitatively similar in size and shape (see
Figures 5 and 6) to previously reported peptoid nano-
sheets lacking a loop-forming domain.14,16,17 Even the
longest of the three loops tested (peptoid 4), for which
the loop accounts for 30%of the overall chain length, is
capable of assembling into nanosheets. The optical
microscopy results confirm that introducing a hydro-
philic segment into the amphiphilic sequence of 1
does not prevent peptoid nanosheet formation. Thus,
inserting a hydrophilic functional domain into the
middle of the chain is a viable strategy for encoding
additional information content into a single-chain,
nanosheet-assembling peptoid.

Evidence of Loop Display. To confirm the presence of
loops on the surface of the nanosheets, AFM was used
to probe the thickness and surface morphology of
individual nanosheets. The nanosheets prepared from
loop-forming peptoids are thicker and have greater

Figure 2. Mechanism of folding a linear peptoid sequence
into a loop domain through compression of the peptoid
monolayer at the air!water interface.

TABLE 1. Peptoid Sequences for Studying Loop Formation (1!4) and Peptoid!Peptide Hybrid Sequences for Studying
Loop Function (5!8)e

a Loop Size is defined as the number of residues in the Loop Insert. b Ph = phenyl. c Biph = biphenyl. dNme = N-(2-methoxyethyl)glycine; βAla = beta alanine. e Polar residues in the
amphiphilic sheet-forming domains of the polymer are colored blue and red; aromatic residues in the amphiphilic domains are colored yellow. f as determined by MALDI mass spectrometry.
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surface roughness than nanosheets prepared from 1,
lacking the loop-formingmotif (Figure 3). Interestingly,
the thickness of the loop-containing nanosheets in-
creases with increasing loop size (Figure 3D). The
observed relationship between loop size and nano-
sheet thickness suggests that the majority (if not all) of
the residues in the loop get pushed outward, onto the
surface of the nanosheet, during nanosheet assembly.
In this way, the inserted residues directly contribute to
increasing the overall thickness of the nanosheet.
Additionally, the roughness of the loop-containing
nanosheets, observed by AFM, suggests that the
exterior structure of loop-containing nanosheets is
more disordered than that of unfunctionalized
nanosheets.

To examine the molecular structure of the loop-
displaying nanosheets, powder XRD analysis was per-
formed. The XRD spectra, obtained from dry, pelleted
stacks of nanosheets, reveal that three-dimensional,
loop-displaying nanosheets possess the same degree
of molecular order as previously reported 2D peptoid
nanosheets.14,16,17 The diffraction pattern of nano-
sheets prepared from 3 exhibits a characteristic 4.6 Å
peak, attributed to interbackbone spacing between
polymer chains, as well as a 2.8 nm peak, arising from
the thickness of the peptoid bilayer, underlying the
loop domains (Figure S1, Supporting Information).
These peaks appear in the XRD analysis of unfunction-
alized nanosheets prepared from 1, and all previously
studied nanosheet-forming peptoid sequences also
lacking a loop-forming domain.14,16,17 Thus, the XRD
data obtained from 3 indicates that the interior scaf-
folding of loop-displaying nanosheets consists of an

ordered, 2.8 nm thick peptoid bilayer, structurally
identical to the bilayer of nonloop-displaying peptoid
nanosheets.16,17 However, nanosheets prepared from
3 exhibited a 5.8 nm thickness, significantly thicker
than nonloop-displaying nanosheets, when measured
by AFM. The discrepancy in nanosheet thickness de-
tected by these two techniques provides further evi-
dence that the surface-displayed loops are amorphous
(disordered), and therefore do not give rise to a
discrete diffraction peak in the XRD pattern. Instead,
the loop-displaying nanosheets prepared from 3 ex-
hibit noticeably higher scattering intensity in the q =
0.25!1.5 Å!1 range than 1, which is indicative of
diffuse scattering from the randomly oriented, disor-
dered loop domains of 3. Lastly, XRD analysis confirms
that insertion of the loop-forming domain does not
alter the 4.6 Å lateral, interbackbone spacing between
polymer chains, relative to peptoid nanosheets with-
out loops.

While AFM and powder XRD of the peptoid bilayers
(nanosheets) are consistent with loop display, loop
formation is expected to occur at the air!water inter-
face during compression of the peptoid monolayer
(Figure 2). Thus, studying the peptoidmonolayer at the
air!water interface, prior to collapsing the monolayer
into a bilayer,17 provides a more direct view of loop
formation. The surface pressure isotherms of 1 (no
loop) and 3 (with 8-residue loop) at the air!water
interface confirm that 3 forms a monolayer at the
air!water interface, and that the monolayer of 3
follows a similar nanosheet production cycle17 as 1
(and other previously studied nanosheet-forming pep-
toid sequences, lacking a loop-forming domain14,16,17)
during compression and expansion of the air!water
interface. The surface pressure data (Figure 4A) provide
important confirmation that inserting a hydrophilic
loop sequence is compatible with the peptoid nano-
sheet assembly pathway, and is a general strategy for
encoding additional information content into a single-
chain, nanosheet-assembling peptoid.

If loops form during compression of the peptoid
monolayer, then the monolayer of 3 should be thicker
than that of 1. We probed the thickness of peptoid
monolayers prepared from 1 and from 3 at different
surface pressures along the compression pathway
(Figure 4A) using a Langmuir trough equipped with
X-ray reflectivity (XR) capabilities. The electron density
in the z-direction (perpendicular to the air!water
interface) obtained from these experiments is plotted
in Figure 4B. Upon compressing each monolayer to a
fixed surface pressure of 37mN/m, the electron density
profiles of 1 and 3 are identical up to 20 Å monolayer
depth. However, at depths greater than 20 Å, a distinct,
third regionof electrondensity appears in the profile of3.
The XR data show that3 assembles into nearly identical
alignment in the z-direction as 1, but possesses an
additional layer of polymer, protruding!1 nm beyond

Figure 3. Atomic forcemicroscopy (AFM) image of the edge
of an individual peptoid nanosheetmade from (A) peptoid 1
with no loop domain, (B) peptoid 3 with 8 residue loop, and
(C) peptoid 4 with 12 residue loop. Nanosheets are depos-
ited on mica and imaged in ambient air. Color scale and
lateral scale bar shown with (C) are same for (A) and (B). (D)
AFM height and roughness of peptoid nanosheets as a
function of loop size.
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the monolayer thickness of 1 into the aqueous sub-
phase (Figure 4B). This additional layer of polymer is
only observed after the loop-forming peptoid mono-
layer has been compressed. The position, width, and
magnitude of this third region of electron density is
consistent with the formation of polymer loops on the
aqueous side of the monolayer. In particular, since
there is only one pendant loop per polymer strand,
the loops are expected to be laterally spaced apart,
forming a diffuse layer of polymer, just below the
monolayer, that is comprised mostly of water mol-
ecules. For this reason, the electron density arising
from the loops is only slightly larger than the electron
density of water itself and appears as a small, but
significant peak in the electron density profile after
normalizing the data by the XR of pure water
(Figure 4B). Furthermore, the width of this peak arising
from compression-driven loop display gives the com-
pressed peptoid monolayer of 3 an overall thickness of
30 Å, in good agreement with one half of the bilayer
thickness (58 ( 4 Å for the bilayer) as determined by
AFM of nanosheets prepared with 3 (Figure 3). There-
fore, XR measurements provide direct evidence of
compression-induced peptoid loop formation at the
air!water interface. Compressed monolayers of 1 and
3 also show nearly identical alignment in the z-direc-
tion, which confirms that insertion of a hydrophilic
loop-forming domain does not alter the assembly of
the amphiphilic, sheet-forming blocks of the polymer.
The surface pressure and XR findings validate our
method of loop formation (Figure 2) as a potentially
general approach to making a new class of 2D, loop-
displaying nanomaterials. Provided that the inserted
sequence is sufficiently hydrophilic, our strategy of

encoding a linear peptoid for loop formation provides
an easy route to display a wide variety of functional
peptide or peptoid inserts, in a constrained loop con-
formation andwith a high surface density, on a rugged,
2D peptoid nanosheet platform (Figure 1D).

Molecular Recognition on Antibody-Mimetic Peptoid Nano-
sheets. The method of loop formation employed here
is general enough to display a wide variety of hydro-
philic loop sequences on the peptoid nanosheet
scaffold. Taking advantage of the growing number of
functional peptides that have been discovered by
combinatorial display techniques,22!26 for protein
recognition27 (5) and inorganic material recognition28

(6 and 7), we chose several known hydrophilic pep-
tides for insertion into the loop-forming domain. The
resulting sequences are peptoid!peptide hybrid poly-
mers, encoded for peptoid nanosheet assembly with
peptide loop display. While the 12-residue loops of 4
and 5 both formed nanosheets, the shorter loop of 6
did not. We hypothesized that peptide 6 was not
properly anchored by the two amphiphilic sheet-form-
ing segments of the strand during assembly at the
air!water interface. Rather than increasing the length
of the amphiphilic segments, which is synthetically
challenging, we increased the hydrophobicity of the
sheet-forming segments, through an alternating se-
quence of N-(2-(4-biphenyl)ethyl)glycine and N-(2-
phenylethyl)glycine residues on either side of the loop
insert (peptoid 7). The analog of 7 with no loop insert,
peptoid 8, was synthesized as a control. Despite being
more hydrophobic than 1, peptoid 8 readily assembles
into nanosheets (Figure 5C). Nanosheets prepared
from 8 are 4.5 Å thicker than those prepared from 1,
as determined by AFM (not shown) and powder XRD

Figure 4. (A) Surface pressure isotherms recorded at room temperature inside a Langmuir trough filled with either 20 μM
peptoid 1 (blue) or 20 μM peptoid 3 (green), dissolved in pH 8.0, 10 mM Tris. (i) At the start of each isotherm, the Langmuir
trough was held open (monolayer area held constant at 79 cm2) for 900 s, to allow the peptoid to adsorb into a monolayer at
the air!water interface. (ii) Following the adsorption period, the peptoid monolayer was compressed from 79 to 22 cm2 (by
closing the barriers at a rate of 100 cm2/min), and (iii) then immediately re-expanded (by returning the barriers to the open
position). (B) Electron density profiles for monolayers of peptoid 1 (blue) and peptoid 3 (green) obtained from X-ray
reflectivitymeasurements at the air!water interface of a Langmuir trough.Data is normalizedby the reflectivity of purewater
in air. Dashed and solid curves correspond to the monolayer before and after compression by the Langmuir trough,
respectively. Dashed curves were collected after allowing a 20 μM solution of each peptoid (in pH 8.0, 10 mM Tris) to
equilibrate at room temperature inside the Langmuir trough for 1.5 h, reaching a surface pressure of 33 mN/m for peptoid 1,
and 30mN/m for peptoid 3. Solid curveswere collected after compressing eachpeptoidmonolayer to a fixed surface pressure
of 37 mN/m. Inset highlights the region where loop formation is expected to occur.
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measurements (Figure S1, Supporting Information).
With the exception of the additional 4.5 Å thickness
due to the longer 4-biphenylethyl side chain, the aromatic
packing of 8 is expected to be similar to that of 1, as is
observable in the crystal structure of a related model
compound 9, N,N0-bis-(2-phenylethyl)diketopipera-
zine, prepared from a cyclic dipeptoid (Figure S4,
Supporting Information). Thus, the 4-biphenylethyl
side chain is a convenient method of modulating the
hydrophobicity of the strand and engineering the
aromatic interior of the peptoid nanosheet.

To verify peptides can be displayed on a nanosheet
surface, as well as highlight the exceptional stability of
the nanosheet scaffold, nanosheets prepared from 7
were incubated with a concentrated solution of pro-
teases. If the peptide is displayed properly on the
exterior of the nanosheet for molecular recognition
applications, then the peptide should be susceptible to
proteolysis, resulting in loop degradation and bisec-
tion of 7 into two lower molecular weight fragments.
Peptoid polymers are known to be stable against
proteolytic degradation,29,30 but it is not known
whether nanosheets remain stable or dissociate into

soluble polymer strands upon bisection of the peptoid
into low molecular weight fragments. The nanosheets
made from 7were incubated with Pronase, a commer-
cially available cocktail of 10 different proteases, and
characterized with optical and atomic force micro-
scopy, before and after digestion. Removal of the
peptide, and cleavage of the linear peptide-peptoid
hybrid polymer into two peptoid fragments, was mea-
sured with mass spectrometry (MS). The same pair of
cleavage products were detected after digestion of the
peptide loop-displaying nanosheets (Figure 5H) as was
detected after digestion of free-floating, unstructured
polymer strands (Figure 5I). The observed mass frag-
ments correspond to elimination of all but one amino
acid residue, and no degradation of the peptoid seg-
ments. The MS results demonstrate that peptide loops
displayed on the nanosheet surface are accessible for
recognition and cleavage by proteases. Similarly, AFM
imaging of nanosheets before and after digestion
(Figure 5D and E, respectively) reveals that the thick-
ness (and roughness) of nanosheets made from 7
decreases from 7.1 nm (with 2.4 nm roughness) before
digestion, to 3.4 nm thick (with 0.5 nm roughness) after

Figure 5. Optical microscopy images of the peptoid 7 nanosheets before (A) and after (B) incubation with protease, in
comparison with (C) control peptoid 8 nanosheets without loops. Nanosheets were stained with Nile red prior to optical
imaging. AFM image and height distribution (at right of each AFM image), for a representative gold-binding peptide-loop
nanosheet before (D) and after (E) incubation with protease, in comparison with (F) the AFM image of a control peptoid 8
nanosheet after incubation with protease. The height distribution is a histogram of the pixel intensities of the AFM image,
with mica substrate pixels plotted in red and peptoid nanosheet pixels plotted in green. Matrix-assisted laser desorption/
ionization (MALDI) mass spectra of peptoid 7 nanosheets before (G) and after (H) incubation with protease, in comparison
with mass spectrum of (I) free-floating, unstructured peptoid 7 after incubation with protease. The nanosheets were
dissociated (using acetonitrile) prior to MALDI analysis. (J) Corresponding chemical structures of observed masses.
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digestion. In fact, the height distribution of proteolyzed
7 nanosheets (histogram, Figure 5E) matches that of
control 8 nanosheets (without loops) indicating that: (1)
the surface-displayed domains of peptide-loop nano-
sheets are shaved off by protease, as expected, and
(2) the second, smaller peak appearing at 5 nm in
the height distribution of both samples (histograms,
Figure 5E and F) may be due to a small amount of
nonspecific protein adsorption. Optical images of the
nanosheets reveal that the size, shape, and abundance
of nanosheets is unchangedbefore (Figure 5A) and after
(Figure 5B) cleavage of these peptide loops with pro-
tease. By opticalmicroscopy, the proteolyzedpeptide!
peptoid nanosheets (Figure 5B) are indistinguishable
from control nanosheets without loops (Figure 5C).
Thus, the structural integrity of the nanosheet scaffold
remains intact upon cleavage of the surface-displayed
peptide loops. This is remarkable in viewof the fact that
similarly sized peptoids do not form nanosheets,16

indicating that the low molecular weight peptoids of
digested nanosheets are kinetically trapped in the
nanosheet morphology. Taken together, the AFM
and MS data obtained with Pronase prove that the
peptide loops are accessible for protein binding. In
contrast to protein-based antibody mimics, which are
susceptible to degradation by proteases, peptoid nano-
sheets are an exceptionally stable, rugged display
material, and offer a simple route to display a high
density of linear peptide sequences in constrained,
antibody-like loop conformations.

To demonstrate the protein-binding ability of loop-
displaying peptoid nanosheets, peptoid nanosheets
displaying the consensus peptide for casein kinase II
(5) were synthesized and incubated with the target
protein, casein kinase II (CK2R). Recognition of the
peptide substrate by the kinase causes a chemical
modification (phosphorylation of the serine residue)
of 5, which can be readily detected with immunofluo-

rescence imaging25 or gel electrophoresis.31,32 The
consensus peptide substrate for CK2R, in particular,
was chosen because it is a heptamer,27 comprised
almost entirely of hydrophilic amino acids. The density
of peptide loop display was systematically varied by
mixing different ratios of 1 and 5 in solution. Impor-
tantly, the mole fraction of each polymer dissolved in
the sheet-forming solution is approximately equal to
the mole fraction of each polymer incorporated in the
nanosheets, as determined by gel electrophoresis
(Figure S5, Supporting Information). Nanosheets with
varying surface densities of kinase-binding peptide
loops, as well as control nanosheets without loops
(0% peptoid 5), were exposed to CK2R and then
incubated with a fluorescent, FITC-labeled monoclonal
antibody that binds specifically to phosphoserine
residues.33 In contrast to the 0% peptoid 5 nanosheets
without loops, which did not bind an appreciable level
of the anti-phosphoserine antibody, phosphoserine
was visibly detected on the 50 and 5% peptide-loop
nanosheets (Figure 6). The brightness of the phos-
phorylated nanosheets qualitatively decreases with
decreasing density of peptide loop display, indicating
that the FITC-labeled antibody binds specifically to the
peptide loop, rather than nonspecifically to the surface
of nanosheets in general. To quantify the degree of
phosphorylation occurring at the antibody-mimetic
nanosheet surface, relative to free-floating, unstruc-
tured peptoid strands, the 50% peptide-loop nano-
sheets were incubated with CK2R, and then disso-
ciated into individual polymer strands with 0.2%
sodium dodecyl sulfate, to enable detection and
quantification of the phosphopeptide-peptoid strand
by isoelectric focusing gel electrophoresis (Figure 7).
The free-floating, unstructured polymer shows 30%
conversion to phosphorylated product, when incu-
bated with CK2R. The peptide-loop nanosheets exhib-
ited 20% conversion to phosphorylated product by

Figure 6. Immunofluorescence imaging of peptide-loop nanosheets after phosphorylation by casein kinase II alpha subunit
(CK2R), followed by incubation with FITC-labeled anti-phosphoserine antibody and Nile red dye. Nanosheets are stained
uniformlywith Nile red, to enable imaging of nanosheets with lowor no phosphorylation. Each imagewas collected using the
filters for both dyes: Nile red (top row), and FITC (bottom row). The concentration of peptide loops displayed on the surface of
the nanosheet was systematically varied by preparing nanosheets from different mixing ratios of peptoid 1 and peptoid 5 as
follows: (A) 50, (B) 5, (C) 0.5, and (D) 0% peptoid 5. Scale bar in (A) is same for all images.
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CK2R, verifying that peptide loops are accessible for
binding and are specifically recognized by CK2R. The
difference in reactivity between peptide loops dis-
played on a nanosheet surface and free-floating, un-
structured strands may be due to the fact that the
nanosheet is significantly more massive, and therefore
diffuse more slowly than an individual polymer mole-
cule in solution.

Beyond protein recognition, loop-displaying pep-
toid nanosheets also hold promise as a platform for
templating the assembly of inorganic components.
Mesoscale inorganic!organic composite materials,
with hierarchichal order at the nanoscale,34 offer
unique properties that are actively being pursued for
a broad range of applications, including light emission,
information storage, nanopatterning electronics, and
as artificial metalloenzymes.35,36 The extreme aspect
ratio, chemical stability, and atomically defined struc-
ture of peptoid nanosheets make them an attractive
canvas on which to template metal ions and nanopar-
ticles for use in plasmonic and nanoelectronic applica-
tions. With this aim in mind, nanosheets decorated
with the gold-binding peptide28 loop7were incubated
with an aqueous solution of [AuCl4]

! ions and mon-
itored with AFM, in order to utilize the surface-displayed

loops as nucleation sites for gold nanocrystal growth.
In the absence of a reducing agent, the peptide alone
has been shown to trigger the formation of gold
nanocrystals from [AuCl4]

! ions, with the crystal mor-
phology highly dependent upon pH and gold ion
concentration.23,37,38 Initial experiments performed
with the gold-binding peptide loop nanosheets
and [AuCl4]

! ions at room temperature in pure water
yielded nanosheets covered with a continuous,
!50 nm thick metal film (as determined by AFM). In
an effort to slow the growth rate of the crystals, and
thereby favor the formation of discrete, nanometer-
sized gold particles, rather than a continuous film of
gold, nanosheets functionalized with the gold-binding
peptide loops were incubated with a dilute solution
of gold ions at low temperature (4 !C) and high pH
(pH 10). The AFM results show that peptoid nanosheets
prepared with 7 template the growth of gold films and
nanocrystals from aqueous gold atoms (Figure 8). The
morphology of the gold nanostructures exhibits a
strong dependence on the surface density, or inter-
domain spacing, of the surface-displayed peptide
loops. Nanosheets displaying the maximum surface
density of peptide loops trigger growth of a contin-
uous metal film (on both sides of the nanosheet), with
the thickness of the metal layer estimated to be 3 nm
(per side) by AFM (Figure 8A). Considering that the
peptoid nanosheet is only two molecules thick and
electrically insulating, these trilayer composite ma-
terials hold promise as miniaturized supercapacitors
for energy storage.39 As the interdomain spacing
between loops is increased, the gold deposited on
the surface of the peptoid nanosheet becomes in-
creasingly discontinuous, with a variety of morphol-
ogies, including agglomerated clusters (Figure 8B), a
porous, mesh-like nanostructure (Figure 8C), and a
distributed array of discrete gold “dots” (Figure 8D),
accessible across the 1, 0.1, and 0.01% surface den-
sities, respectively. Motivated by the recent interest
in bottom-up assembly of ordered, 2D arrays of
metal nanocrystals for surface-enhanced Raman
sensors and plasmonic devices,40 the optoelectronic
properties of these metal!organic hybrid materials
are currently under investigation.

Figure 7. Isoelectric focusing (IEF) gel electrophoresis used
to quantify the degree of phosphorylation of peptide-loop
nanosheets by CK2R. Within an IEF gel, peptoid strands are
separated based on isolectric point (pI), such that the
phosphorylated polymer migrates farther (lower band,
more acidic pI) than unphosphorylated starting material
(upper band). Lane 1 contains IEF protein standard. Lanes
2!5 correspond to 15 μg of unstructured peptoid 5 reacted
with varying concentration of CK2R. Lane 6 corresponds to
peptoid 5 nanosheets (shown in Figure 6A) reacted with
CK2R under identical conditions as lane 5. The amount of
CK2R used in lanes 2!6 (with % conversion to phosphory-
lated product, listed in parentheses) was: 0 μg CK2R (0%
phosphorylation), 1.0 μg (21%), 1.5 μg (24%), 2.0 μg (31%),
and 2.0 μg (19%), respectively.

Figure 8. AFM images of gold-decorated peptoid nanosheets. The concentration of peptide loops displayed on the surface
of the nanosheet was systematically varied, by preparing nanosheets from different mixing ratios of the gold-binding
loop peptoid 7 and peptoid 8 as follows: (A) 100, (B) 1, (C) 0.1, and (D) 0.01% peptoid 7. Scale bar in (A) is same for all
images.
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CONCLUSION
Inspired by theway a linear sequence of amino acids

encodes folded antibody domains, a linear polypep-
toid sequence was designed to self-assemble into a
peptoid nanosheet with a high density of molecular
recognition loops displayed on the surface. Taking
advantage of the peptoid's affinity for the air!water
interface during peptoid nanosheet formation, loop-
forming sequences were designed to preferentially
display on the aqueous side of the interface, ultimately
becoming the exterior surface of the nanosheet. The
existence of loop domains on the surface of peptoid
nanosheets was verified with AFM and powder XRD.
Compression-induced peptoid loop formation at the
air!water interface was confirmed by in situ monitor-
ing of the air!water interface with surface pressure
and XRmeasurements. The interior scaffolding of loop-
displaying nanosheets was found to consist of an
ordered, 2.8 nm thick peptoid bilayer, structurally
identical to the bilayer of nonloop-displaying peptoid
nanosheets. Peptide loop-displaying nanosheets were
proven capable of molecular recognition by enzymes
(proteases and CK2R), as well as of templating the

growth of inorganic materials (gold metal) on the
nanosheet surface.
Formation of a three-dimensional, antibody-like ar-

chitecture from an information-rich, linear peptoid
chain positions us one step closer toward extending
the rules of protein folding to the world of synthetic
materials. Moreover, the sequence design andprotocol
for nanosheet formation described in this work follows
a simple mechanism (adsorption and compression of a
peptoid monolayer at the air water interface), which is
both amenable to exploring a combinatorial library of
functional, hydrophilic peptide (or peptoid) inserts as
well as readily scalable for automated, efficient production
of functionalizedpeptoidnanosheets.Ongoing research is
aimed at templating the assembly of other inorganic
materials and exploiting the multivalency of these high
surface area display materials. The ability to easily incor-
poratemultifunctionalityon thesurfaceof a singlepeptoid
nanosheet, through the display of both inorganic (gold)
andorganic (protein) recognition sites, combinedwith the
exceptional stability of peptoids, makes loop-displaying
peptoid nanosheets an especially promising platform
for sensing and catalysis.

MATERIALS AND METHODS
Materials. Peptoid and peptoid!peptide hybrid oligomers

were synthesized on an automated robotic synthesizer using
the solid-phase submonomer method and purified by reverse-
phase HPLC, as previously described.14 Pronase Protease
(Calbiochem) and recombinant, human CK2R (0.5 mg/mL,
Calbiochem) were purchased from EMD Millipore. Novex pH
3!10 isoelectric focusing (IEF) gels (1.0 mm, 12 well), sample
buffer, anode and cathode buffers were purchased from Invi-
trogen. The IEF gel protein standard (pI range: 4.45!9.6) was
purchased from Bio-Rad. Adenosine 5-triphosphate disodium
salt hydrate (ATP, g99%), monoclonal anti-phosphoserine!FITC
antibody (2mg/mL in 0.01MPBS, pH 7.4 containing 1%BSA and
0.01% thimerosal), gold(III) chloride trihydrate (g49.0% Au
basis), and all other reagents were purchased from Sigma
Aldrich.

Peptoid Nanosheet Preparation. Pure, lyophilized peptoid was
dissolved in a 2:1 (v/v) mixture of DMSO/water to obtain a 2mM
peptoid stock solution stored at room temperature. In a clean,
cylindrical 4mL glass vial, 500 μL of nanosheet-forming solution
(20 μM peptoid, 10 mM buffer) in Milli-Q water was prepared
from the 2 mM peptoid stock solution. Nanosheets containing
peptoid 5 (Table 1) were prepared using 2-amino-2-methyl-1,3-
propandiol (AMPD), pH 9.0 buffer; all other nanosheets were
prepared using Tris, pH 8.0 buffer. The density of peptide loops,
displayed on the surface of the nanosheet, was systematically
varied by preparing nanosheets from different mixing ratios of
two peptoids (for example, from a solution containing a binary
mixture of peptoid 1/peptoid 5 in a 90%:10% molar ratio). To
prepare the mixed nanosheet solution, appropriate aliquots of
2 mM peptoid stock solution of each peptoid sequence were
added to the nanosheet-forming solution to achieve a total
peptoid concentration of 20 μM (500 μL total volume). All vials
were capped and then rotated from vertical to horizontal at
room temperature, using a previously described17 custom-built
device that allows the wait time between vial rotation cycles to
be set at 900 s.

Peptoid Nanosheet Characterization. Individual peptoid nano-
sheets were analyzedwith atomic forcemicroscopy (AFM) using
an Asylum MFP-3D AFM. Prior to AFM analysis, the nanosheet

solutions were dialyzed, using a 1 mL Spectra-Por Float-A-Lyzer
device with 100 kDmolecular weight cutoff (MWCO), overnight
against pure Milli-Q water, to remove free peptoid strands and
buffer salt. A 2 μL droplet of dialyzed nanosheet solution was
transferred onto freshly cleaved mica and imaged with tapp-
ing mode AFM in ambient air. Powder X-ray diffraction data
(Figure S1, Supporting Information) were collected at a multiple-
wavelength anomalous diffraction and monochromatic macro-
molecular crystallography beamline, 8.3.1, at the Advanced
Light Source located at Lawrence Berkeley National Laboratory.
Beamline 8.3.1 has a 5 T single pole superbend source with an
energy range of 5!17 keV. Data were collectedwith a 3" 3 CCD
array (ADSC Q315r) detector at a wavelength of 1.1159 Å. Data
sets were collected with the detector 200 mm from the sample.
Peptoid nanosheet solutions were concentrated 100-fold in an
Amicon Ultra centrifugal filter (100 kD MWCO, Millipore) and
then centrifuged at 13200 rpm for 20 min. After removing the
supernatant, the resulting peptoid nanosheet pellet was pi-
petted onto a Kaptonmesh (MiTeGen). Datawas processedwith
custom Python scripts. Optical imaging of nanosheets was
performed under epifluorescence illuminationwith anOlympus
IX81 inverted microscope, fitted with a Hamamatsu Orca CCD
camera. Nile red, an environmentally sensitive dye whose
fluorescence intensity increases substantially when it is local-
ized in hydrophobic environments, was added to the nano-
sheet-containing solution at a final concentration of 0.5 μM, to
stain nanosheets for imaging. Images were obtained by trans-
ferring a 2 μL aliquot of nanosheet solution onto porous 1%
agarose gel, as previously described.17

Peptoid Monolayer Characterization. X-ray reflectivity measure-
ments were conducted at the air!water interface using the
liquid surface spectrometer at beamline 9-ID C of the Advanced
Photon Source (Argonne National Laboratory, Chicago, IL). Using
an incident X-ray wavelength of 0.920172 Å, data was collected
over a range of photonmomentum transfer 0.01 < qz< 0.62 Å!1.
The peptoid monolayer was adsorbed from a Langmuir trough
containing either 20 μMpeptoid 1 or 20 μMpeptoid 3, in 10mM
Tris, pH 8.0 buffer. The trough was enclosed inside a gastight
chamber, with the incident and scattered X-ray beams passing
through a kapton window. A system of Teflon tubing and valves
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permitted the air in the canister to be purgedwithmoist helium,
as monitored by an oxygen sensor in the chamber. The trough
was translated transverse to the beamby 1mm, i.e., thewidth of
the incident X-ray beam, to expose a fresh portion of the sample
to the beam after each reflectivity scan and so avoid any potential
radiation damage to the peptoid monolayer. The raw X-ray
reflectivity data files were reduced using C-Plot (Certified
Scientific Software, Cambridge, MA), including normalization
of the reflectivity data by the Fresnel function to eliminate the
effects due to dynamical scattering from the water!air inter-
face, leaving the kinematical scattering due to the presence of
the peptoid monolayer at the interface. Subsequent processing
was done with StochFit,41 which uses the so-called box-refine-
ment algorithm, a model-independent means for obtaining the
electron-density profile of the monolayer that accounts for the
observed reflectivity data.

Protein Binding Assays. For peptide loop recognition with
protease, peptoid nanosheets displaying gold-binding peptide
loops were prepared from a binary peptoid solution comprised
of 50% peptoid 7 and 50% peptoid 8. The nanosheets were
spin-concentrated into 10 mM Tris, pH 7.5 buffer using a 0.5 mL
Amicon Ultra centrifugal filter (100 kD MWCO, Millipore), such
that the final volume of nanosheet concentrate was 100 μL and
freepeptoid strandswere removed. A stock solution of 20mg/mL
Pronase, 4 mM CaCl2 was prepared in Milli-Q water just prior to
use. The 100 μL nanosheet concentrate was incubated with
Pronase on an Thermomixer R (Eppendorf) set at 40 !C, 300 rpm
for 20 h, in a total assay volume of 200 μL containing 0.25mg/mL
of Pronase, 4 mM CaCl2, and 50mM Tris pH 7.5 buffer. The same
protocol was applied to control nanosheets without loops,
made from 100% peptoid 8. After incubation with Pronase,
nanosheets were either dialyzed overnight, using a 1 mL Spec-
tra-Por Float-A-Lyzer device with 100 kD MWCO, against 1 L of
pH 7, phosphate buffered saline (to remove Pronase protein
and cleaved peptide), in preparation for AFM analysis; or
denatured into free peptoid strands (by pipetting 1 mL of
acetonitrile into the 200 μL assay tubes and equilibrating at
room temperature overnight), in preparation for matrix-assisted
laser desorption/ionization mass spectrometry (Applied Biosy-
tem/MDS SCIEX 4800 MALDI TOF/TOF Analyzer). For peptide
loop recognition with CK2a, eight glass vials (500 μL per vial) of
peptoid nanosheets displaying kinase-binding peptide loops
were prepared from a binary peptoid solution comprised of
50% peptoid 5 and 50% peptoid 1. The nanosheets were spin-
concentrated into 10 mM Tris, pH 7.5 buffer using a 4 mL
Amicon Ultra centrifugal filter (100 kD MWCO, Millipore), such
that the final volume of nanosheet concentrate was 100 μL and
free peptoid strands were removed. A 1.5" stock solution of
kinase assay buffer (225 mMNaCl, 15 mMMgCl2, 30 mM Tris pH
7.5, 3 mM DTT, 1.5 mM EGTA, 0.75 mM Na3VO4, 7.5 mM
β-glycerophosphate) was prepared in Milli-Q water and placed
on ice, just prior to use. The 100 μL nanosheet concentrate (or
1.5 μL of 2 mM peptoid stock solution, in the case of the
unstructured, free peptoid control experiments) was incubated
with CK2a in a stationary heat block (to minimize any na-
nosheet-forming agitation at the air!water interface of the
unstructured, free peptoid control samples) set at 40 !C for 3 h,
in a total assay volume of 300 μL containing 2 μg of CK2a,
200 μM ATP, 150 mM NaCl, 10 mM MgCl2, 20 mM Tris pH
7.5, 2 mM DTT, 1 mM EGTA, 0.5 mM Na3VO4, and 5 mM
β-glycerophosphate. After incubation with CK2a, nanosheets
were either spin-concentrated to 50 μL, using a 0.5 mL Amicon
Ultra centrifugal filter (100 kD MWCO, Millipore), and incubated
on ice for 4 h with 1 μL of FITC-labeled anti-phosphoserine
antibody, 15 μL of the nanosheet concentrate, 2 μL of 50 uMnile
red, and 2 μL of 10" antibody buffer (500mMHEPES pH 7.0, 1M
NaCl, 50 mg/mL bovine serum albumin), in preparation for
immunofluorescence imaging; or denatured into free peptoid
strands (by pipetting 15 μL of a 4% sodiumdodecyl sulfate (SDS)
stock solution into the 300 μL assay tubes and equilibrating at
room temperature overnight), in preparation for isoelectric
focusing (IEF) gel electrophoresis. Prior to IEF analysis, SDS
was removed from all samples by spin-filtering each sample
through a 0.5 mL Amicon Ultra centrifugal filter (Millipore, 3 kD
MWCO, 10000g for 12 min), reconstituting the 50 μL filter

concentrate in 450 μL of Milli-Q water, and repeating this
spin-filtering procedure two more times.

Gold Nucleation Experiments. For peptide loop recognition with
gold ions, peptoid nanosheets displaying gold-binding peptide
loops were prepared from a binary peptoid solution comprised
of X%peptoid 7 and (100! X)% peptoid 8, where X= 100, 1, 0.1,
or 0.01%. The nanosheets were spin-concentrated into 10 mM
potassium carbonate pH10.0 buffer using a 0.5mLAmiconUltra
centrifugal filter (100 kD MWCO, Millipore), such that the final
volume of nanosheet concentrate was 100 μL and free peptoid
strands were removed. A stock solution of the gold salt (0.1 μM
HAuCl4) was prepared in Milli-Q water and stored at room
temperature. The 100 μL nanosheet concentrate, as well as a
clean 4 mL glass vial containing 5 μL of gold stock solution in
395 μL of Milli-Q water, were equilibrated in a 4 !C cold room for
15 min. The 100 μL of nanosheet concentrate was injected into
the vial of 400 μL of aqueous gold solution, and the vial was
immediately capped and placed on a rotating platform for
60 min (to facilitate gentle mixing) inside the 4 !C cold room.
The solution was then immediately transferred to a 1 mL
Spectra-Por Float-A-Lyzer cartridge (100 kD MWCO) and dia-
lyzed overnight against pure Milli-Q water, to remove gold and
buffer salts prior to AFM analysis.
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