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a b s t r a c t

Two dimensional (2D) nanomaterials have attracted broad interest owing to their unique physical and
chemical properties with potential applications in electronics, chemistry, biology, medicine and pharma-
ceutics. Due to the current limitations of traditional 2D nanomaterials (e.g., graphene and graphene oxide)
in tuning surface chemistry and compositions, 2D nanomaterials assembled from sequence-defined
molecules (e.g., DNAs, proteins, peptides and peptoids) have recently been developed. They represent an
emerging class of 2D nanomaterials with attractive physical and chemical properties. In this mini-review,
we summarize the recent progress in the synthesis and applications of this type of sequence-defined 2D
nanomaterials. The challenges and opportunities in this new field are also discussed.

© 2017 Published by Elsevier B.V.
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1. Introduction

Two dimensional (2D) nanomaterials have attracted increasing
attention in recent decades owing to their unique structures and
properties [1–5]. Graphene, as the first generation of 2D nanoma-
terials, was a groundbreaking discovery in materials science and
soon becameone of themost promising and versatilematerials due
to its unique structure and unusual properties [6]. The discovery
of graphene 2D material was so meaningful in materials science
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history that its discoverers, Andre Geim and Konstantin Novoselov,
were awarded the 2010 Physics Noble prize. Since then, a vari-
ety of structurally similar 2D nanomaterials have emerged [2,4],
such as transition metal dichalcogenide nanosheets [2,7] and 2D
polymers [8–11]. Despite the excellent physical and chemical
properties of these 2D materials, they face challenges in tun-
ing surface chemistry to achieve protein-like molecular recogni-
tion. Recently, scientists have managed to assemble functional 2D
nanomaterials from sequence-defined molecules [1,12–19], such
as DNAs [15,18,19], proteins [12,14], peptides [13] and peptoids
(or poly-N-substituted glycine) [1,16,17] that have well-ordered
structural skeletons and high information content encoded by the
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sequence of side-chain residues. This type of 2D nanomaterials (or
called sequence-defined 2D nanomaterials) has received increas-
ing attention owing to their advantages in achieving tailorable and
sequence-specific properties.

In this review, sequence-defined 2D nanomaterials will be
mainly discussed in terms of their building block components,
structural characterizations, and physical and chemical properties.
After that, we will discuss some of their unique features which
distinguish them from other 2Dmaterials. In the end, wewill sum-
marize the features of this type of 2D nanomaterials and discuss
their current challenges and promising applications.

2. Sequence-defined 2D nanomaterials

Sequence-definedmolecules [1,12–19], such asDNAs [15,18,19],
proteins [12,14], peptides [13] and peptoids, have recently been
used as unique building blocks for assembly of 2D nanomateri-
als. Due to the sequence-specific molecular recognition of these
functional building blocks, this type of 2D nanomaterials offers the
potential to achieve high selectivity and easy surface tunability.
Furthermore, they exhibit distinct features owing to the dramatic
difference in the physical and chemical properties of their building
blocks. Among these sequence-defined 2D nanomaterials, those
assembled from peptoids are particularly interesting because they
combine high stability and easy tunability [16].

2.1. DNA-based 2D nanomaterials

Due to the unique structural features and the self-recognition
properties of DNA, several assembly strategies have been devel-
oped for building DNA-based 2D nanomaterials. Among them,
the recently developed ‘origami’ method was found to be able
to generate functional 2D nanostructures of arbitrary shapes, in
which many of them were further used as nano-building blocks
to assemble 3D nanostructures with high precision and specificity.
For example, by using this approach, Liu et al. demonstrated the
assembly of crystalline 2D DNA-origami arrays from two comple-
mentary cross-like DNA origami tiles [15]. Specifically, they first
designed two types of origami tiles (A and B in Fig. 1(a)) whose
helix axes propagate in two independent directions. These tiles
have two distinct domains with orthogonal directions of propa-
gation. After the individual cross-like origami tiles were formed,
A and B tiles were mixed together and annealed to form a 2D
DNA origami array (Fig. 1(b)). During this assembly process, the
sequence-controlled complementary interactions played a critical
role in the formation of crystalline 2D nanomaterials in which the
coded information resulted in the selective attachment of sticky
ends 1 and 2 in origami title A to 1′ and 2′ in title B (Fig. 1(a)); only
annealing at 53 ◦C led to the successful assembly.

2D structures with various topologies have been assembled
using a similar approach to design DNA origami tiles with other
geometries and/or complementary interactions. For example, by
having hexagonally-shaped DNA origami tiles, Wang et al. suc-
cessfully assembled 2D honeycomb-like structures, in which DNA
molecules were programmed specifically to fold into hexagonally-
shaped origami tiles with six protruding arms in symmetric di-
rections [18]. Each arm of these origami tiles was able to connect
one origami tile, leading to the formation of a honeycomb-like 2D
structure (Fig. 2(a)). By manipulating DNA sequences and mod-
ifying their chemistry, Suzuki et al. designed cross-like origami
tiles exhibiting complementary interactions on all four edges [19].
These building blocks were able to assemble into a unique 2D
nanostructure whose topology is distinct from those Fig. 1. In this
case, the cross-like tiles are densely-packed to form a non-porous
2D nanostructure (Fig. 2(b)) [19].

Fig. 1. (a) Two types of complementary DNA origami tiles (A and B)with orthogonal
directions of propagation structure. (b) AFM image of a 2D origami array assembled
from tiles A and B [15].

Despite the unique properties, DNA-based 2D nanomaterials
are facing challenges in synthesis and applications. First, because
of the sequence complexity of the DNA molecules, thousands of
factors must be taken into account in designing DNA sequences,
thus it is challenging to predict the assembly of DNA sequences into
2D nanomaterials. Recently, researchers rely heavily on computa-
tional calculations and simulations to determine whether desired
structures can be created for newly designed DNA sequences [20].
Second, large DNA molecules are physically and chemically deli-
cate and difficult to synthesize, so they generally cannot withstand
harsh environments and the choice pool for input materials is
limited [21]. Third, a large portion of sheet-forming DNA sequence
binding sites are occupied for complementary interactions, thus
surface decoration is difficultwithout disturbing the final 2D struc-
tures [21]. Last, the restriction to four base pairs severely limits the
palette of potential materials and functionalities [22].

2.2. Protein-based 2D nanomaterials

Proteins, nature’s most versatile building blocks, are pro-
grammed at the genetic level to assemble intomolecularmachines
that carry out cellular functions and are largely responsible for the
complexity of an organism. In these natural systems, the exquisite,
error-free, and programmed self-assembly of proteins into ordered
yet dynamic nano- and microscale architectures provides a route
to patterning a large number of function groups at the atomic scale.
Examples of 2D protein assemblies include crystalline bacterial
cell surface layers [23]. The wide array of chemical functionali-
ties provided by their 20 amino acid constituents enable protein
assemblies to execute high-level functions. Inspired by nature,
scientists have devoted tremendous efforts to exploit proteins as
building blocks in the synthesis of functional materials, including
2D nanomaterials, because doing so will not only reveal natural
design principles for protein self-assembly but also provide an
opportunity to tailor materials with new physical and chemical
properties. Over the last decades, a number of strategies have
been devised for the assembly of proteins into 2D nanomaterials,
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Fig. 2. (a) Assembly of DNA origami tiles with hexagonal geometries into a honeycomb-like 2D structure [18]. (b) Assembly of cross-shaped DNA origami tiles into a
densely-packed 2D structure. Scale bar, 200 nm [19].

Fig. 3. Assembly of 2Dprotein arrays from computationally designed proteinswith three distinct symmetries. (a, d) Proteinswith a three-fold symmetry lead to the formation
of a hexagonally-patterned 2D structure with a P 3 2 1 unit cell. (b, e) Proteins with a four-fold symmetry assemble into a 2D structure with the P 4 21 2 lattice. (c, f) Proteins
with a six-fold symmetry lead to the formation of a 2D structure with the P 6 lattice. (d–f) Corresponding TEM images of the 2D protein arrays; high resolution images are
in the right and the insets are Fourier transform images, All scale bars: black, 5 nm; white, 50 nm [24].

including the computational design of assembling proteins with
shape-complementary interfaces pioneered by Baker’s group [24],
ligand-mediated assembly of protein building blocks without de-
sign of new protein–protein interactions [25], and assembly of
protein building blocks using metal coordination [12,14,26], These
approaches have successfully produced 2D nanomaterials with
increasing structural sophistication and/or improved functions.
For example, by computationally designing proteins that folded
into specific symmetrical structures, Gonen et al. synthesized
protein-based crystalline 2D nanomaterials that display differ-
ent ordered and various periodic symmetries mediated by non-
covalent protein–protein interactions [24]. As shown in Fig. 3(a),
designed proteins with three-fold symmetry led to the formation
of a hexagonally-patterned 2D structure with a P 3 2 1 unit cell
(Fig. 3(a)), in which each charged protein building block is sur-
round by three neighboring ones with opposite charges forming
electrostatic interactions. Similarly, those with four-fold and six-
fold symmetries assembled into 2D structures with a P 4 21 2
lattice and a P 6 lattice respectively. The resulting 2D nanomaterial
morphologies were confirmed using TEM imaging (Fig. 3(d)–(f)).

By exploiting the strength, directionality, and reversibility of
designed metal coordination interactions, Tezcan’s group demon-
strated the assembly of highly-crystalline 2D nanosheets from

a monomeric, redox protein (cytochrome cb562) [14,26]. They
showed that the metal-directed assembly approach not only
yielded stable architectures but also led to an improved stabi-
lization of the individual protein components. Very recently, they
further used this assembly approach to successfully synthesize
dynamic 2D nanomaterials that underwent large-scale motions
without loss of crystallinity [12].

Despite advances made in protein assembly, programmable
control over protein self-assembly face significant challenges be-
cause proteins are complicated building blocks, which more often
interact with each other and assembly in ways that are hard to
predict [27,28]. Therefore, in comparison with DNA origami meth-
ods [22] that have been used to generate a wide variety of ordered
structures, the progress in development of 2D protein assemblies
is much slower.

2.3. Peptide-based 2D nanomaterials

Compared with proteins, peptides are less complex and consist
of short amino acid sequences [29–31]. They exhibit protein-like
molecular recognition and are able to self-assemble into 2D nano-
materials through formation of two different secondary structures,
such as α-helices and β-sheets [13,30,32–34]. For example, by
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Fig. 4. (a) Peptide sequences NSI and NSII. (Red: negatively charged peptide residues; Blue: positively charged peptide residues.) (b) Structures of imino acid derivatives. (c)
Proposed packing of collagen-mimetic peptide triple helices to form 2D nanomaterials, in which the triple helices are arranged together through electrostatic interactions.
AFM images of NSI (d) and NSII (e) multilayer nanosheets with their inset height profiles, respectively (Scale bar: 200 nm) [13]. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.).

designing collagen-mimetic peptide triple helices NSI andNSII that
form charge complementarity, Jiang et al. generated 2D nanomate-
rials withwell-patterned charged residues through a layered pack-
ing of peptide triple helices [13]. Specifically, in order to assemble
triple helices into 2D structures instead of fibrillary morphologies,
NSI and NSII peptides were designed by incorporating structural
features that promote selective interactions between triple helices.
The high-level control over the assembly of nanosheets from NSI
and NSII peptides indicates that sequence-defined molecules offer
advantages as building blocks for building 2D nanomaterials with
tunable surface chemistry and functional complexity. Further-
more, by designing peptides with different lengths and terminal
functionalities, theywere able to tune thenanosheet thickness (Fig.
4) [13].

However, due to their complex folding between backbones,
the rational design and controlled synthesis of peptide assem-
blies is still underdeveloped, and the prediction of peptide self-
assembly represents a formidable challenge. Therefore, though a
large amount of 1D structures, such as nanofibers andnanoribbons,
have been self-assembled [30], free-standing 2D nanomaterials
based on peptides are rare [33], and the principles that govern
their self-assembly into 2D materials are unknown. Besides the
complexity of backbone folding of proteins and peptides, materials
assembled from proteins or peptides often have challenges in
technological applications owing to their poor chemical, thermal
and biological stabilities [35].

2.4. Peptoid-based 2D nanomaterials

2Dnanomaterials assembled frompeptoids (poly-N-substituted
glycine) are a type of newly-developed 2D materials that exhibit
unique structural features and attractive properties. Peptoids are
sequence-defined synthetic molecules that mimic both the struc-
ture and function of peptides and proteins, and bridge the gap
between biopolymers and synthetic polymers [36]. They can be
cheaply and easily synthesized and have large side-chain diversity.
Furthermore, peptoids are biocompatible and show great promise
for protein-like molecular recognition. Moreover, in contrast to
peptides and proteins, they are highly thermally and chemically
stable and offer the unique simplicity for self-assembly and tuning
functions because they lack intra- and inter-molecular backbone
hydrogen bonds [1,16,37,38]. Therefore, comparing to other types
of sequence-defined 2Dnanomaterials, those assembled frompep-
toids are much easier to synthesize and exhibit higher chemical

and thermal stabilities, and their surface chemistry and interior
core can be more easily tuned by changing peptoid side-chain
chemistry [1,16].

2.4.1. Approaches to assembly of peptoid-based 2D nanomaterials
Two distinct approaches have been reported to assemble pep-

toids into 2D nanomaterials, depending on the structural features
of peptoids:

(a) Assembly of nanosheets through an interface-assisted com-
pression.

The assembly of amphiphilic peptoids into 2D nanosheets
was first reported by Nam et al. in 2010; peptoids used in that
study consist of alternating polar and nonpolar residues [39].
During the assembly process, soluble amphiphilic peptoids first
present as globule structures, they then reach to the water–air
or water–oil interface to exhibit an extended form [40] before
they are compressed to form an ordered monolayers—a critical
step for nanosheet formation [1,39,41]. Fig. 5 shows the assem-
bly pathways of (NpeNce)7-(NpeNae)7 [Npe = N-(2-phenethyl)
glycine (Npe), Nce = N-(2-carboxyethyl) glycine, and Nae = N-(2-
aminoethyl) glycine] at the water–oil (Fig. 5(a)) [41] andwater–air
(Fig. 5(b)) [42] interfaces. Peptoids gather together at the interfaces
with the hydrophilic Nce- and Nae-groups in the aqueous phase
and the hydrophobic Npe-groups in the oil or air phases. They then
align laterally at the interfaces to form ordered monolayers inter-
mediates (Fig. 5(c)). During the assembly of these nanosheets, the
hydrophobic interactions contribute significantly to sheet stability.
The ordering of peptoids within nanosheets is determined largely
during the monolayer formation. The monolayer formation rate
is temperature dependent and increasing temperature accelerates
the monolayer formation [43].

(b) Through a solvent-induced, spontaneous crystallization pro-
cess.

By designing amphiphilic, lipid-like peptoids containing aro-
matic hydrophobic domains, we recently reported a facile solvent-
induced crystallization approach to assembly of highly crystalline
membrane-mimetic 2D nanomaterials (Fig. 6) [16,17]. In this case,
the well-dissolved amphiphilic peptoids were first presented in
solution as amorphous particles, theywere then slowly crystallized
to form elongated nanoribbons (Fig. 7(a)) as intermediates before
they finally transformed into highly crystalline nanomembranes
(Fig. 7(b)). The transformation of amorphous particles into highly
crystalline nanomembranes was also confirmed by X-ray diffrac-
tion (XRD) data (Fig. 7(c)).
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Fig. 5. Assembly of 28-mer peptoids into 2D nanosheets. (a) Schemes showing that the peptoid (NpeNce)7-(NpeNae)7 is trapped at the water–oil (a) and water–air interface
(b). (c) The scheme showing the lateral alignment of amphiphilic peptoids at the interfaces before they are compressed to form bilayer nanosheets. AFM images of nanosheets
formed through the water–oil (hexane) interface (d) or the water–air interface (e) [41,42].

Fig. 6. (a) Structures of five membrane-forming peptoids and the scheme showing the assembly of these peptoids into 2D nanomembranes. (b) AFM image of Pep-1
nanomembranes, the inset is an optical image showing the gel-like material that contains a large amount of free-standing nanomembranes. (c) X-ray diffraction (XRD)
data of nanomembranes assembled from Pep-1–Pep-5, showing that they are all highly crystalline and have similar structures [16].

During this assembly process, the presence of collective hy-
drophobic interactions (e.g. π-π interactions) contributes signif-
icantly to the formation of nanomembranes with high chemical
and thermal stabilities [16]. Once the aromatic hydrophobic do-
main (N4−Clpe)6 [N-[2-(4-chlorophenyl)ethyl]glycine] remains, a
number of functional groups can be attached at the N-termini of
membrane-forming peptoids (Fig. 6(a)) to generate membrane-
mimetic 2D nanomaterials, in which lipid-like peptoids packed in
an interdigitatedway along both x- and y directions to form a lipid-
membrane-like structure consisting of a hydrophobic interior and
two polar faces (Fig. 6(a)). AFM data revealed that these peptoid-
based 2D nanomaterials had straight edges (Fig. 6(b)) and exhib-
ited a thickness in the range of 3.5–4 nm [16]. XRD data showed
that nanomembranes assembled from Pep-1 to Pep-5 are highly
crystalline and all exhibit similar structures (Fig. 6(c)), highlighting
the potential of these 2D nanomembranes in tuning surface chem-
istry. There are several advantages about this type of the peptoid-
based 2D nanomaterial system. First, the formation process is not
limited in the use of the water–air or water–oil interface. Second,
the peptoid building blocks are only 12–13mer long, which make

these 2D nanomaterials easy to synthesizewith low cost. Third, the
direct crystallization approach allows introduction of functional
objects through the co-crystallization approach (vide infra).

2.4.2. Tuning the surface chemistry and interior core of peptoid-based
2D nanomaterials

Due to the easy synthesis of peptoids, the surface chemistry and
interior core of peptoids-based 2D nanomaterials can be precisely
modified and tuned.

(a) Tuning surface chemistry of peptoid-based 2D nanomaterials.
Surface chemistry of peptoid-based 2D nanomaterials can be

tuned by either changing the design of polar and nonpolar do-
mains of peptoids or peptoid side-chain chemistry. For example,
Zuckermann et al. demonstrated the assembly of giant nanosheets
by mixing the negatively charged 36mer (Nce–Npe)18 and pos-
itively charged 36mer (Nae–Npe)18 in a molar ratio of 1:1 (Fig.
8) [39] The surface of these resulting nanosheets has a block
charge array formed by alternating positively charged Nae and
negatively charged Nce residues (Fig. 8(a)). These nanosheets are
giant in size The edge dimension of these nanosheets can reach



158 P. Mu et al. / Nano-Structures & Nano-Objects 15 (2018) 153–166

Fig. 7. (a and b) TEM images showing the anisotropic formation of peptoid-3
nanomembranes, in which both spherical particles and nanoribbonswere observed
after about one day (a); while well-defined 2D nanomembranes were formed after
about two days (b). (c) XRD data of pre-assembled pep-4 powder and assembled
membranes showing the transformation of amorphous aggregates into crystalline
nanomaterials during the membrane formation process [16].

tens to hundreds of micrometers, as indicated by the fluorescent
image of free-floating nanosheets stained with Nile Red dyes in
aqueous solution (Fig. 8(d)). Later they further designed peptoids
that contain both Nae and Nce groups and assembled nanosheets
that exhibited a similar structure but a different surface chemistry
(e.g. patterning of Nae and Nce groups) (Fig. 8(b)) compared to
those assembled frommixed sequences [44]. Two-fold amphiphilic
periodicity was used to design peptoids with charged residues
alternatively positive and negative (alternating patterning) (Fig.
8(b)), or with charges segregated in positive and negative halves of
the molecules (block patterning) (Fig. 8(c)). Both peptoids assem-
bled into nanosheets, in which those with the alternating charges
remained stable up to 20% acetonitrile, whereas sheets with the
block pattern surface displayed greater robustness remaining sta-
ble up to 30% acetonitrile.

Tuning surface chemistry was also achieved for the
crystallization-induced 2D nanomembrane system, in which once
the hydrophobic domains (N4−Clpe)6 remained, many varia-
tions can be applied to synthesize nanomembranes with tun-
able surface chemistry but exhibiting similar framework struc-
tures. For example, three peptoid sequences, as shown in
Fig. 9, have the same (N4−Clpe)6 hydrophobic blocks but with
different hydrophilic groups, Nce3, Nte3 [Nte = N-2-(2-(2-
methoxyethoxy)ethoxy)ethylglycine] and (NceNae)3, respectively.
All the three peptoid sequences assembled into 2D nanomem-
branes but exhibiting different surface chemistries [16].

(b) Tuning the interior core of peptoid-based 2D nanomaterials.
Because the ordering of hydrophobic domains is the key to

forming and stabilizing peptoid-based 2D nanostructures, the in-
terior core of this type of 2D materials can be adjusted by either
modifying the hydrophobic side chains or introducing functional

Fig. 8. (a) Structures of negatively charged (Nce–Npe)18 and positively charged (Nae–Npe)18 and their assembly into 2D nanosheets with a mixing ratio of 1:1 [39]. (b)
Structure of alternating charge (Nae–Npe–Nce–Npe)9 and its assembly into 2D nanosheets. (Red: negatively charged; Blue: positively charged. (c) Structure of block charge
(Nae–Npe)9-(Nce–Npe)9 and its assembly into 2D nanosheets [44]. (d) Fluorescence image of giant nanosheets assembled from (Nce–Npe)18 and (Nae–Npe)18 with themolar
ratio of 1:1; Nile Red dye was used to stain these free-floating nanosheets in aqueous solution [39]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 9. Structures of three peptoid sequences (Top) and AFM images of their related nanomembranes (bottom) [16].

Fig. 10. Structures of peptoid sequences and fluorescence images of the Nile red stained nanosheets assembled from (a) 12mer peptoid Nae–Nbpe–Nae–Npe–Nae–Nbpe–
Nce–Npe–Nce–Nbpe–Nce–Npe, and from (b) 16mer peptoid (Nae-N3mpe)4-(Nce-N3mpe)4 [45]. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.).

groups around the hydrophobic cores. For example, to assemble
interface-induced nanosheets using shorter peptoid sequences,
Robertson et al. [45] designed two peptoid sequences (Fig. 10(a)
and (b)) with more hydrophobic side chains comparing to those
reported previously [39,44]. As shown in Fig. 10, nanosheets with
different interior coreswere assembled from these 12-mer and 16-
mer peptoids [45].

We recently demonstrated that 2D membranes from Pep-2
tolerated the incorporation of a wide range of functional objects
as peptoid side chains (Scheme 1) and kept their overall structural
framework intact [16]. The hydrophilic monomer Nte and the
hydrophobic and electron-rich monomer Npyr (Scheme 1) were
used as model objects to demonstrate the tolerance of incorpo-
rating highly hydrophilic and hydrophobic residues. Both resulting
peptoids 13-Nte–Pep-2 (Nte is at the N-terminus of the peptoid as

the 13th side chain) and 1-Npyr–Pep-2 (Npyr is located at the C-
terminus as the 1st side chain) formed 2Dmembranes. XRD studies
confirmed that they have similar and highly-crystalline structures
(Fig. 11). Because Ntyr monomer (Scheme 1) mimics tyrosine—a
redox-active residue significant for electron transfer during pho-
tosynthesis in nature [46] — We further demonstrated the suc-
cessful incorporation of Ntyr at a number of locations to build
2D membranes with similar structures (Fig. 11). Some other func-
tional objects (Scheme 1), such as Ntrp that mimics tryptophan—
a redox-active residue that facilitates electron transfer [47], the
azo-containing UV-responsive [48] Nazo monomer, and Nhis that
mimics histidine—a residue significant for carbonic anhydrases
to capture CO2 [49], were also incorporated into assembled 2D
nanomembranes using the same strategy. The consistency of all
resulting structures suggests this peptoid assembly is robust to
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Fig. 11. Highly crystalline 2D membranes assembled from peptoids containing functional objects. (a) AFM image of one 2D membrane from 1-Npyr–Pep-2. (b). XRD data of
membranes assembled from 1-Npyr–Pep-2, 1,8-(Ntyr)2-Pep-2 or 13-Nte–Pep-2. They all exhibit similar XRD patterns, showing structural similarity [16].

Scheme 1. Membrane-forming peptoids containing a wide range of functional
objects as side chains [16].

tolerate the addition of model molecules and functional objects,
resulting in nanomembranes with tunable interior cores.

2.4.3. Unique properties of peptoid-based membrane-mimetic 2D
nanomaterials
2.4.3.1. The ability to self-repair. Because the structure of peptoid
nanomembranes is similar to the packing of lipid bilayer, we re-
cently demonstrated that these nanomembranes have the ability
to self-repair [16,17]. To test that, we first deposited free-standing
2D nanomembranes on mica substrates and then created defects
along three-different directions using AFM tips. By adding under-
supersaturated free peptoid aqueous solutions and imaging the
defects-containing peptoidmembranes using in situ AFM, wewere
able to observe the self-repair of peptoid membranes in real time.
Interestingly, the self-repairing process is anisotropic. As shown in
Fig. 12, membranes exhibited the fastest repair rate along the x-
direction [16].

To systematically investigate the repairing ability of peptoid
nanomembranes and their repair mechanism, we performed self-
repairing experiments for a range of substrates and solution condi-
tions [17]. Our results demonstrated that peptoid membranes can
self-repair on both positively and negatively charged hydrophilic
surfaces, orwithout the support of surfaces.Membrane repair rates
are anisotropic. Membrane repairs in either direction and during
either stage of repair could be altered by changing the peptoid con-
centration or the solution pH. In specific, the free-standing mem-
branes were deposited on substrates comprised of either atomi-
cally flat hydrophilic mica with positively or negatively charged
surfaces, or highly ordered pyrolytic graphite (HOPG), which is

hydrophobic. After creating defects on these as-deposited mem-
branes using AFM tips with a vertical load greater than ≈10 nN,
solutions containing peptoids inmonomeric formwere introduced
to the AFM fluid cell to monitor the repair process in real time. We
found defects-containing Pep-3 membranes fully repaired within
40 min after they were exposed to 10 × 10−6 M Pep-3 solutions
at pH 2.6. Under this condition, the repair along the x-direction
was faster than along the y-direction. When solution pH was in-
creased to 4.3, Pep-3 repair rates dropped significantly and two
distinct phases of repair were observed along both the x- and y-
directions. The repair during the first stage was an order of magni-
tude slower than during the second stage. Because the COOHgroup
side chains probably have different charge stateswhen the solution
was changed from pH2.6 to pH4.3, we reasoned that the slower
repair rateswere due to the inter-monomer electrostatic repulsion.
When the mica surface was changed to positively charged, repair
rates along both x- and y-directions were increased. While repair
rates only increased slightly, the repair rate during the first stage
along the x-direction increased by over 400%.We reasoned that the
electrostatic attraction between the COO− group and the positively
charged surface contributed significantly to the observed increase
repair rate [17].

By depositing a stack of two Pep-3 membranes onto a HOPG
surface (Fig. 13), though the first layer of membranes directly
contacted with the HOPG surface could not be repaired possibly
due to a major change in conformation, we observed the repair
of the second layer of defects-containing membrane that has no
direct contacts to the HOPG surface, both at pH 2.6 and pH 4.3.
These results demonstrated that the self-repair of peptoid mem-
branes could happen in bulk solution—i.e., in the absence of a
substrate [17].

2.4.3.2. Incorporation of bulky functional objects through a co-
crystallizationmethod. Because the peptoid nanomembraneswere
formed through a solvent-induced crystallization process, this sys-
tem has the unique co-assembly capability in introducing bulky
functional objects, in which the related peptoids were mixed with
membrane-forming sequences in the early stage of the crystalliza-
tion process. As shown in Fig. 14, Ncd–Pep-2 itself only assem-
bled into one-dimensional (1D) nanoribbons (Fig. 14(b)). When it
was mixed with membrane-forming Pep-2 in an 1:4 molar ratio,
the resulting mixture led to the formation of only 2D nanomem-
branes (Fig. 14(c)). XRD data confirmed that these resulting Ncd-
containing membranes had the same framework structures of
Pep-2 nanomembranes. By varying the molar ratios of Ncd–Pep-2
and Pep-2, we further demonstrated the capability of tuning the
density of Ncd residues within nanomembranes [16].
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Fig. 12. Pep-3membrane self-repairs. (a–c) In situAFM images showing the anisotropic self-repair of onemembranewithmechanically-induced defects, inwhichmembrane
exhibited the most rapid repair along the x-direction [16].

Fig. 13. (a–c) In-situ AFM images showing the self-repair of peptoid membranes in the absence of a substrate, in which a stack of two Pep-3 membranes were deposited
on the HOPG surface and defects along x- and y-directions were introduced using AFM tips. The repairing results demonstrated the successful repair of the upper Pep-3
membranes [17].

Fig. 14. Introducing bulky functional objects through co-crystallization. (a) Chemi-
cal structure of twopeptoid sequences, Pep-2 andNcd–Pep-2. (b) TEM image of self-
assembled Ncd–Pep-2 nanoribbons. (c) SEM image of 2Dmembrane co-crystallized
from Pep-2 and Ncd–Pep-2 (molar ratio: 1:4) [16].

2.4.3.3. Nanoscale patterning of functional objects within 2D
nanomembranes. Because nanomembrane synthesis is driven by
the interactions between phenyl rings within the hydrophobic
core [16], we demonstrated that the repair of defect-containing
nanomembranes using peptoids that possess identical hydropho-
bic domains but have functional objects at the hydrophilic block.
As a result of such repairing process, we were able to achieve
the nanoscale patterning of functional objects within nanomem-
branes [16,17]. For example, as shown in Fig. 15, when Pep-3
nanomembranes with cross-like defects were mixed with NHS-
Rhodamine-labeled Pep-3, we demonstrated the nanoscale pat-
terning of Rhodamine dye molecules within peptoid nanomem-
branes [16]. Similarly, we were able to achieve nano-patterning
of a wide range of functional objects within peptoid nanomem-
branes [16,17].

2.4.3.4. Peptoid nanomembranes exhibit high stability and salt-
induced thickness variations. Due to the enhanced packing among
hydrophobic domains, peptoid-based nanomembranes survived
from heating and within organic solvents [16]. As shown in Fig. 16,

Fig. 15. (a) Structure of NHS-Rhodamine–Pep-3. (b) The repair of defect-containing Pep-3 nanomembranes with NHS-Rhodamine–Pep-3 created the cross-like patterning
of Rhodamine dye molecules within one Pep-3 nanomembrane [16].
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AFM results show these 2D nanomembranes are highly stable and
exhibit almost no changes after being placed in a mixture of water
and organic solvents, or even in pure organic solvents (e.g., EtOH
or CH3CN). We found that they also survived after heating to 60 ◦C
overnight in water (Fig. 16(a)), being immersed in 10× PBS buffer
solution for 3 h (Fig. 16(b)), in pure ethanol for 6 h (Fig. 16(c)), or
in 1.0 M Tris–HCl buffer solution for 3 h (Fig. 16(d)).

Another unique feature of these nanomembranes is the ability
to undergo thickness variations upon salt concentration changes,
behaving like cell membranes. As shown in Fig. 16(e), when Pep-3
membranes were exposed to the solutions of NaCl or PBS buffer
at different concentrations, peptoid membranes became thicker
when the concentration ofNaCl or PBS increased;membrane thick-
nesses were varied from ∼ 4.2 nm to ∼ 5.4 nm [16].

Taken together, peptoid-based membrane-mimetic 2D nano-
materials exhibit unique features by combining advantages of 2D
nanomaterials (e.g., high surface area) and high side-chain diver-
sity of protein and peptide-basedmaterials.Moreover, they exhibit
a number of properties associated with cell membranes, including
thicknesses in the 3.5–5.6 nm range, spontaneous assembly at
interfaces, thickness variations in response to changes in Na+ con-
centrations, and the ability to self-repair. Furthermore, they are su-
perior to lipid bilayers and other membrane-mimetic 2D nanoma-
terials assembled from lipid analogues because: (1) they are highly
stable, free-standing, and atomically ordered; (2) attaching a broad
range of functional objects at various locations in the peptoid
sequence leaves this basicmembrane structure intact; and (3) they
serve as a robust platform to incorporate and pattern functional
objects through large side-chain diversity and/or co-crystallization
approaches. Given that peptoids are sequence-specific, highly sta-
ble, biocompatible, and exhibit protein-like molecular recogni-
tion, we believe membrane-mimetic 2D nanomaterials represent
a significant step in the development of biomimetic membranes
for applications in water purification, surface coatings, biosensing,
energy conversion, or biocatalysis.

3. Applications of sequence-defined 2D nanomaterials

3.1. As templates to control the formation and assembly of inorganic
crystals.

Due to the unique molecular recognition and tunable surface
chemistry, 2D nanomaterials assembled from sequence-defined
molecules offer advantages as templates to control the forma-
tion and assembly of inorganic crystals. For example, because the
negatively charged C-terminal carboxylate groups are expected
to interact selectively with the positively charged ammonium ion
immobilized on the gold nanoparticles, Jiang et al. used nanosheets
assembled from NSII peptides as templates for the packing of gold
nanoparticles at the surfaces of NSII nanosheets (Fig. 17(a)) [13].
Wang et al. demonstrated the utilization of DNA origami based
nanosheets for templating the organization of plasmonic gold
nanoparticles. Owing to the hexagonal patterns of the DNAorigami
2Dnanostructure, gold nanoparticleswere captured in the intratile
hexagonal cavities at the center of each DNA origami tile, resulting
in the formation of particle assemblies with a highly regular lattice
structure (Fig. 17(b)) [18]. By taking advantages of the protein-
directed reduction of surface-attached Pt2+ into Pt nanoparticles,
Brodin et al. demonstrated that RIDC3 protein nanosheets could
direct the formation of 2D assemblies of dendritic Pt0 nanoparticles
(Fig. 17(c)) at room temperature and 2D assemblies of Pt0 single
particles at 99 ◦C (Fig. 17(d)) [50].

Inspired by the hierarchical structures and enhanced mechan-
ical performance of Nacre, recently, Zuckermann et al. used pep-
toid nanosheets as templates to control the formation of calcium
carbonate materials, in which the amorphous calcium carbonate
particles were grown at the binding sites on both sides of peptoid
nanosheets [51].

3.2. As bio-inspired catalysts

Bio-inspired catalysis is another application of this type of
sequence-defined 2D nanomaterials. For example, Jang and col-
leagues recently developed a type of tyrosine-containing 2D
nanosheets assembled from peptide YYACAYY (Fig. 18(a)). Be-
cause tyrosyl radicals can be generated from tyrosine residues for
catalytic formation of polypyrroles, they deposited both peptide
nanosheets and tyrosine monomers in fluorine-doped tin oxide
(FTO) substrates and applied a potential of 0.9 V versus the normal
hydrogen electrode (NHE). As shown in Fig. 18(b), while there
was almost negligible amount of polypyrrole deposition on the
tyrosine-monomer-deposited FTO substrate, the black polypyrrole
film was deposited continuously for the FTO decorated with pep-
tide nanosheets. These results indicated that peptide nanosheets
were able to produce highly-ordered tyrosyl radicals that were
stable and active in the catalytic reactionmedia wheremonomeric
ones could be easily quenched [52]. This study highlights the
potential of using sequence-defined 2D nanomaterials to precisely
pattern and stabilize catalytic sites for achieving highly effective
catalysis.

3.3. As enhancers in boosting retroviral transduction

Recently, Dai et al. demonstrated the assembly of 2D
nanosheets from KLVFFAK—a key amyloid-forming heptapep-
tide of the Italian familial form of Alzheimer’s Aβ [33]. These
nanosheets contained a major content of antiparallel β-sheets
and featured most of the typical amyloid characteristics. Lysine
residues at the peptide termini localized on the nanosheet surfaces,
resulting in both sides of nanosheets highly positively charged.
Because amyloid fibrils with similar positively charged surfaces
could mediate HIV infection and laboratorial retroviral gene trans-
fer [53], they further tested these amyloid-like nanosheets for viral
infection. Interestingly, these nanosheets significantly enhanced
lentiviral infection of HEK293T cells, and they were much more
effective than the commonly used polybrene enhancer and the
KLVFGAK fibril (Fig. 19), suggesting the nanosheet morphology
is the key. Nanosheets provide surfaces large enough to support
viral attachment, while fibrils are too thin for catching virus [33].
By tuning the surface chemistry of peptide nanosheets while the
‘‘LVFFA’’ core sequences responsible for nanosheet assembly were
remained, they demonstrated that having positively-charged sur-
faces is significant for the enhanced effect on retroviral transduc-
tion [33].

3.4. As antibody-mimetic materials

Sequence-defined 2D materials can be synthesized and engi-
neered as antibody-mimetic materials for molecular recognition,
in which a high density of conformationally constrained loops can
be displayed on both surfaces of free-floating nanosheets [54].
For example, due to the highly stability of peptoid nanosheets,
Zuckermann et al. recently designed loop-containing peptoids and
assembled them into antibody-like nanosheets: sheets decorated
with surface-exposed loop domains [54]. They demonstrated that
chemically diverse loops can be readily displayed at high density
on the nanosheet surfaces. Specifically, peptoid loops and biologi-
cally active peptides were inserted in the middle of the linear pep-
toid sequences, between two amphiphilic sheet-forming domains
(Fig. 20(a)). After compression of these loop-containing peptoids,
the amphiphilic domains were aligned and packed tightly with the
loops stood out on the surfaces (Fig. 20(b)). AFM results confirmed
that the nanosheets assembled from loop-containing peptoids are
thicker and have higher surface roughness than those assembled
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Fig. 16. Peptoid membranes are highly stable and dynamic. (a)–(d) AFM results showing the high stability of peptoid membranes against heating and chemical incubations.
(e) The thickness of Pep-3 nanomembranes increased as the salt concentration increased [16].

Fig. 17. TEM images of (a) peptide nanosheet NSII with gold nanoparticles spread out evenly (scale bar, 200 nm) [13], (b) 30 nm gold nanoparticles deposit on a hexagonal
patterned 2D DNA origami nanosheet [18], (c) & (d) Pt nanoparticles spread out on a 2D RIDC3 protein nanosheet with insets showing (c) the formed dendrites at room
temperature and (d) single particles reduced at 99 ◦C [50].

from non-loop containing sequences. By mixing specific peptide-
loop displaying nanosheets with enzymes Pronase or casein kinase
II (CK2α), they demonstrated these antibody-mimetic nanosheets
were capable of molecular recognition of enzymes. For example,
when these nanosheets were incubated with Pronase, AFM images
(Fig. 20(c)) and mass spectrometry (MS) data confirmed the di-
gestion of peptide loops displayed on nanosheets, demonstrating
the peptide loops are accessible for recognition and cleavage by
proteases. Meanwhile, the nanosheet substrate remains intact,
demonstrating the enzyme stability of peptoid-based 2D nanoma-
terials (Fig. 20(c)) [54].

By inserting AD peptoid 3 (ADP3), a peptoid that was known
to detect AD serum through identifying Aβ42, into the sheet-
forming peptoid [55], Zhu et al. demonstrated the assembly

of 2D nanosheets with ADP3 loops exposed on both surfaces
(Fig. 21(a)) [56]. AFM images showed that these loop-containing
nanosheets weremuch rougher in contrast to those without loops.
While loop-absent nanosheets had a thickness of ∼ 2 nm, those
containing ADP3-loops had a thickness of 5–6 nm (Fig. 21(b)) [56].
After immobilizing these ADP3-loop-displaying nanosheets on the
3D sensor chips, the resulting nanosheet functionalized chipswere
used to detect AD serum through surface plasmon resonance imag-
ing (SPRi). They demonstrated that these ADP loop-containing
nanosheets enhanced the capture efficacy of Aβ42 on the sensor
surface and were able to identify AD sera with high sensitivity. As
shown in Fig. 21(c), ADP3 loop-displaying nanosheets significantly
detected AD sera from the normal ones even at the dilution ratio
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Fig. 18. (a) Structure of peptide YYACAYY. (b) The current density profiles of
YYACAYY nanosheet (red) and tyrosine monomer (blue) deposited on tin oxide
substrates (FTO) substrates during bulk electrolysis at 0.9 V in 0.1MNaCl containing
50 mM pyrrole. After 30 mins of reactions, while almost no polypyrroles were
observed for monomer-deposited FTO, nanosheet-deposited FTO became black and
were covered with polypyrroles [52]. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.).

Fig. 19. (a) Schemes showing the attachment of virus particles on fibrils and
nanosheets with positively-charged surfaces. (b) The retroviral transduction en-
hancing efficiency by using polybrene, KLVFGAK nanofibril, KLVFFAK, and KLVFFAR
nanosheets [33].

of 1:8000— an unprecedented dilution ratio formost of biosensors
(Fig. 21(c)) [56].

4. Summary and outlook

As discussed above, owing to the unique structural features and
properties of 2D nanomaterials assembled from sequence-defined
molecules, there has been considerable interest in development
of this type of 2D nanomaterials. The high-information content

Fig. 20. (a) Schemes showing the compression of a peptoid loop-containing linear
peptoid sequence at air/water interface. (b) Chemical structure of a peptide loop-
containing peptoid sequence. (c) AFM images of one nanosheet assembled from
sequence in (b) before and after protease-induced digestion of peptide loops [54].

of building blocks offer great potential of these sequence-defined
2D nanomaterials in applications varied frommolecular sensing to
biomedicine. In particular, peptoid-based 2D membrane-mimetic
nanomaterials are attractive because they combine the advan-
tages of peptide- and protein-based 2D nanomaterials (e.g. highly
designed diversity and functionalities) and the conventional 2D
nanomaterials (e.g., high chemical and thermal stability). There-
fore, they have a bright future in biotechnology applications. Be-
sides, the co-crystallization approaches and self-repair capabil-
ity make them promising in building artificial membranes for
ion transport and water purification. However, despite significant
progress has beenmade in developing sequence-defined 2D nano-
materials, the synthesis and applications of these 2D nanomate-
rials are still at their early stages, and achieving the predictive
synthesis of this type of materials with controllable functions is
still a big challenge. In fact, scientists are still struggling with es-
tablishing the fundamental principles that underline the assembly
of sequence-definedmolecules into 2Dnanomaterials. Specifically,
themechanism of the self-assembly process and how the sequence
and side chains influence the 2D nanomaterial formation and
materials function are still elusive. Although there is still a long
way to go to fully understand the fundamental principles of the
self-assembly process and how the various side chains affect the
materials stability and self-assembly behavior, advances in both
in situ molecular imaging [16,38,57] and computational simula-
tions [16,38,58,59] offer us opportunities to understand assem-
bly pathways and dynamics and determine physical parameters
(e.g., free energy and kinetic barriers) that control assembly. The
fusion of experimental efforts with extensive computational sim-
ulations will enable the rational design of sequence-defined 2D
nanomaterials with tunable compositions and predictable func-
tions.
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