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ABSTRACT: Two-dimensional (2D) nanomaterials have significantly 2D Nanosheets - Proteins Interaction
contributed to recent advances in material sciences and nanotechnology,

owing to their layered structure. Despite their potential as multifunc- ~ Van der Waals’ Hydrogen
tional theranostic agents, the biomedical translation of these materials is forces Rding
limited due to a lack of knowledge and control over their interaction gk .

with complex biological systems. In a biological microenvironment, the ,&)\n i i mwrw
high surface energy of nanomaterials leads to diverse interactions with

biological moieties such as proteins, which play a crucial role in unique Hydrophobic T
physiological processes. These interactions can alter the size, surface interactions interactions
chajlrge, shape, 'and. inte'rfaci:jll compc?sition qf th'e nano'mater'ial, , —— x ¥
ultimately affecting its biological activity and identity. This review QU AtEaations ¥+

critically discusses the possible interactions between proteins and 2D JES

nanomaterials, along with a wide spectrum of analytical techniques that
can be used to study and characterize such interplay. A better understanding of these interactions would help circumvent potential
risks and provide guidance toward the safer design of 2D nanomaterials as a platform technology for various biomedical applications.
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1. INTRODUCTION The exceptionally thin structure of 2D nanomaterials allows
them to respond to external stimulus such as light, which is
being utilized in designing stimuli responsive therapies such as
photothermal therapy, photodynamic therapy, etc.”'”

In order to harness the potential of 2D nanomaterials for
biomedical applications, it is essential to gain a thorough
understanding of their interactions with biomolecules found in
physiological environments."' Predominantly composed of
various proteins, these environments are the arenas where the
critical processes of life unfold. Proteins are essentially the
workhorses of living systems, crucial for maintaining cellular
structure, function, and regulation. When introduced into body
fluids such as blood, a physiological medium, these nanoma-
terials first come into contact with a diverse array of proteins.
Quickly, these proteins bind to the surface of the nanosheets,
forming a coating around them. This phenomenon is known as
“protein corona” formation. The type of protein corona formed
on 2D nanomaterials are dependent on the surface chemistry,
surface charge and hydrophobicity of both nanomaterials and
protein. These interactions eventually dictate various biological
outcome such as cellular internalization, circulation time,

Two-dimensional (2D) nanomaterials have significantly
contributed to recent advances in material sciences and
nanotechnology, owing to their layered structure. The
introduction of the facile graphene synthesis method by
Novoselov and Geim using the scotch tape technique provided
a significant boost in the understanding and utilization of 2D
nanomaterials for a wide range of applications." This led to the
discovery of other 2D materials such as transition metal
dichalcogenides, hexagonal boron nitride, and black phospho-
rus. Over the past decade, the field of 2D nanomaterials has
grown rapidly and exponentially with the discovery of new
materials, associated properties, and a wide range of
applications (Figure 1). 2D nanomaterials are essentially
sheet-like, flat structures where the lateral size is usually larger
than 100 nm and up to a few micrometers, but a thickness of
only of a few atomic layers. These nanomaterials not only are
diverse in their mechanical, optical, and chemical properties
but also exhibit uniqueness in their size, shape, biocompati-
bility, and biodegradability. These properties make them
excellent candidates for different biological applications such as
drug delivery, tissue engineering, imaging, and biosensing.z_6
2D nanomaterials are a few atoms thick which implies that they
have a huge surface area. This attribute makes them
indispensable for applications requiring the highest level of
surface interactions on a small scale. They have high capacity
to adsorb molecules and can even govern or enable triggered v
release which has led to their applications in drug delivery.””

PEAPPLIED, maremiass
sireRrALs

Received: March 30, 2023
Accepted: June 22, 2023
Published: July 24, 2023

© 2023 American Chemical Society https://doi.org/10.1021/acsami.3c04582

v ACS PUbl ications 35753 ACS Appl. Mater. Interfaces 2023, 15, 35753—35787


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shounak+Roy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aastha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaivalya+A.+Deo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kashmira+Dey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akhilesh+K.+Gaharwar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amit+Jaiswal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.3c04582&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c04582?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c04582?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c04582?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c04582?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/15/30?ref=pdf
https://pubs.acs.org/toc/aamick/15/30?ref=pdf
https://pubs.acs.org/toc/aamick/15/30?ref=pdf
https://pubs.acs.org/toc/aamick/15/30?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.3c04582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ACS Applied Materials & Interfaces

EVE

www.acsami.org

A Data obtained from IS| web of science
1200 e
-@--  Number of Publications (total = 5173) ’,/'- 50000
1000 - Number of Citations P
2 140000
£ 800f ol
S 1/
g / {30000
@ 600f .
B o
é s00k- {20000
] ¥ ]
z L
200} '/‘ 110000
e
8 0

Publication Year

SUONEYID JO JaquInN

Publications related to 2D nanomaterials
and protein interaction

Graphene

Graphene oxide
Reduced graphene oxide
Molybdenum disulphide
Tungsten disulphide
Hexagonal boron nitride
Black phosphorous
MXene

2D nanomaterials
and protein interaction

Total = 3023
2010-2021

Figure 1. (A) ISI Web of Science survey for number of publication and number of citations using ‘2D Nanomaterial’ as keyword (obtained until
December 2021). Exponential increase in the field of 2D Nanomaterials as evident from number of publications in past decade (2010—2021). (B)
Publications related to 2D nanomaterials and protein interactions in the past decade (2010—2021). Data obtained from ISI Web of Science using
“2D Nanomaterial” AND “protein” OR “Graphene”, “Graphene oxide”, “Reduced graphene oxide”, “Molybdenum disulfide”, “Tungsten disulfide”,
“Hexagonal boron nitride”, “Black phosphorous”, “MXene” (obtained December 2021).

immune response and clearance. For example, when a 2D
nanomaterials is covered by surface bound proteins, it
enhances the chances of cellular uptake of the nanosheets
and even activates intracellular signaling which aids in the
energy-dependent cellular uptake processes.'”~"> On the other
hand, there can also be a possibility of structural changes being
induced in the proteins upon interaction with 2D nanoma-
terials, which ultimately results in an altered regulation of the
biological function of the protein. Thus, a thorough under-
standing of the effect of the physiological environment on the
2D nanomaterials and vice versa, as well as a deeper knowledge
of the possible interactions with a nanomaterial which a
protein might face, would add a much-needed boost to the
effective development of 2D nanomaterials for biomedical
applications.

The protein-coated 2D nanomaterials may attach to the
external surface of a cell, causing localized perturbations in the
cell membrane. Additionally, they can integrate themselves
into the lipid bilayer of the plasma membrane or translocate
across membranes to access cytoplasmic or endolysosomal
compartments.'®'” The cellular uptake of nanosheets is size-
dependent. Large nanosheets generally undergo phagocytosis
or macropinocytosis, while smaller ones are mainly internalized
via endocytosis, either caveolar or clathrin-mediated.'® These
interactions can influence the cell system in varied ways,
causing either beneficial or detrimental effects. Simulation
studies on graphene and its derivatives have shown direct
interactions with cell membranes, which can lead to cell
damage and subsequent cell death.'” However, other studies
have reported mammalian cell growth following interactions
with graphene.””*'

Similarly, MoS, nanosheets demonstrated cytotoxicity for
cancer cells with minimal impact on normal cell lines, making
them a potential candidate for anticancer systems.'® MXenes,
unless coated with biomolecules like PEG, chitosan, PLGA, or
collagen was found to have cytotoxic effect.”” It was also
reported to be excreted from mice via urine and feces.
However, the elucidation of MXenes interaction with cells is
yet to be explored. hBN and Xenes nanosheets, like other
nanosheets have promising effect in bone scaffolding and

35754

wound healing, although the exact mechanism for the same still
needs to be studied. In general, all 2D nanomaterials interact
with different cells and tissues in a morphology-, size-, and
concentration-dependent manner. For a detailed understand-
ing of interactions of graphene,B hBN,* MoS,,”* MXenes,**
and Xenes™ with biological moieties, we encourage the readers
to refer to some excellent reviews available on this topic.

To evaluate the influence of 2D nanomaterials on the
structure and function of proteins, a comprehensive study and
discussion on such interactions is necessary. Thus, in this
review we concentrate on the families of 2D nanomaterials that
have considerably contributed toward biomedical research in
the past decade. We will discuss about the different interactive
forces responsible for protein-2D nanomaterial interactions
along with the analytical tools that can be used to study such
interactions. A brief overview about the different types of 2D
nanomaterials, e.g., graphene, transition metal dichalcogenides
(TMDCs), 2D monoelemental materials (Xenes), borophene,
phosphorene, etc.is presented. We will discuss about their
structure, surface characteristics, state of hybridization, surface
charges (if present) and functional groups available.”*”*’ The
interactive forces like hydrophobic, electrostatic, vdW forces,
etc., that may exist between proteins and 2D nanomaterials are
elaborated using examples of various proteins like albumin,
chymotrypsin, HRP, etc., and different 2D nanomaterials. The
review also provides a detailed insight on how to study and
characterize these protein-2D nanomaterials complexes and
their interactions using different analytical tools and techniques
like microscopy, spectroscopy, molecular dynamic simulations,
etc. The interaction between 2D nanomaterials and proteins
can be employed for multiple applications including bio-
medical applications such as for drug delivery, bioimaging,
diagnostics, antibacterial, tissue engineering, etc.’7>* Overall,
a comprehensive discussion on the different aspects of
interaction between proteins and 2D nanomaterials and its
surrounding concepts are elucidated in this review.

2. TYPES OF 2D NANOMATERIALS

Discovery of “Graphene - the first modern 2D material” in
2004, led to the era of 2D nanomaterial synthesis and
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Figure 2. Types of 2D nanomaterials. (A) Schematic representation of the atomic framework of graphite, graphene, graphene oxide (GO), and
reduced graphene oxide (RGO). Reproduced with permission from ref 51. Originally published by Dove Medical Press Ltd.”" Electron micrographs
showing the morphology of GO nanosheets. Reproduced with permission from refs 52 and 53. Copyright 2011 Springer Nature and Copyright
2016 National Academy of Sciences. (B) Schematic representation of the atomic framework of TMDCs. Reproduced with permission from 54.
Copyright 2011 Springer Nature. Electron micrographs showing the morphology of molybdenum disulfide nanosheets. Reproduced with
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Figure 2. continued

permission from refs 31 and SS. Copyright 2019 American Chemical Society and Copyright 2019 Frontiers. (C) Schematic representation of the
atomic framework of h-BN. Reproduced with permission from ref 56. Copyright 2012 Royal Society of Chemistry. Electron micrographs showing
the morphology of hexagonal boron nitride nanosheets. Reproduced with permission from refs 57 and 58. Copyright 2017 Springer Nature and
Copyright 2019 Elsevier. (D) Schematic representation of the atomic framework of monolayer Xenes. Reproduced with permission from ref 59.
Copyright 2019 John Wiley and Sons. Electron micrographs showing the morphology of black phosphorus nanosheets. Reproduced with
permission from refs 60 and 61. Copyright 2017 John Wiley and Sons and Copyright 2016 Royal Society of Chemistry. (E) Schematic
representation of the atomic framework of MXenes. Reproduced with permission from ref 62. Copyright 2019 Elsevier. Electron micrographs
showing the morphology of Ti;C, nanosheets. Reproduced with permission from ref 63. Copyright 2020 Springer Nature.

application. Materials having one dimension of nanosize,
resembling a large but thin sheet, are referred as 2D
nanosheets/2D nanomaterials.”> 2D nanosized materials
show novel physicochemical properties as compared to their
bulk counterparts. Atomically thin crystalline 2D nanomaterials
possess covalent bonding and vdW interactions as intralayer
and interlayer bonding, respectively. The presence of limited
atomic layers, large surface area, a surface state free nature,
dangling bond-free surface and high mobility of charge carriers,
are responsible for exceptional properties of 2D nanomaterials
such as high thermal and electrical conductivity, higher optical
resolution, improved chemical interactions and higher
mechanical strength.’*™** These properties could be deployed
for many purposes, such as in chemical/biosensors, electronic
and optoelectronic devices, drug delivery systems, bioimaging,
tissue engineerin§, photothermal catalysis, and energy storage
and conversion.””*” " The following section provides a
brief overview on the different types of 2D nanomaterials that
are extensively explored in the field of biomedical research
(Figure 2).

2.1. Graphene and Its Derivatives Like GO (GO)/
Reduced GO (RGO). Graphene is a carbon based single
layered structure, packed in hexagonal (honeycomb) lattice,
having a bond length of 0.142 nm between two carbon atoms
(Figure 2A). Graphite was exfoliated to single-atom-layer
carbon to form graphene.' Since then, this great discovery has
led to the exploration of various applications of graphene and
its derivatives. Properties of pristine graphene include: (i)
exceptionally high specific surface area of ~2630 m? g~;** (ii)
better intrinsic carrier mobility of ~2 X 1 0> m* v s7%;*° (iii)
superior mechanical strength with Young’ s modulus of ~1. 0
Tpa;*” (iv) optical transmittance of ~97.7%," and (v) very
high thermal conductivity of ~5000 Wm™ K ~.**°% These
exceptional properties make graphene stand out from other
materials. Graphene behaves as a semimetal having zero band
gap because its conduction and valence bands meet at the
Dirac points. The unparalleled thermal conductivity of
graphene can be attributed to its unique band structure that
allows electrons to move at high speeds (about 1/300 the
speed of light). These properties facilitate interaction with a
wide range of molecules.

Chemically, graphene is sp> hybridized, where each carbon
forms covalent bond (¢ bond) with three other carbon atoms
forming a hexagonal array. This leaves one free electron
(forming 7-bond) per carbon atom. The presence of
oxygenated functional group on the surface of GO, results in
a hybrid structure of sp? and sp* hybridized carbon atoms.**
Proteins interact with sp® hybridized graphene, sp’-sp
hybridized GO and RGO and other variants through 7 — 7
electron interactions, hydrophilic or hzdrophobic interactions,
electrostatic and vdW interactions.”>™*® It is utmost important
to understand the concept of various interactions between

graphene and proteins; to utilize them for various applications.
Graphene and its derivatives have been extensively used in
chemical/biosensors, as catalysts, in nanoelectronics, energy
storage and nanomedicine applications such as drug and
nucleic acid delivery, phototherapy and bioimaging.

Surface functionalization of graphene (with epoxide,
carboxyl, and hydroxyl) leads to the formation of variants
like GO or RGO. The enriched surface functionalities provide
GO and RGO with good aqueous solubility, unlike pristine
graphene that show limited aqueous solubility.”” The surface
functionalization widens the spectra of physical and chemical
interactions. It provides plenty of reaction sites to link these
2D nanomaterials with small molecules, peptides, enzymes,
proteins, polymers, bacteria, cells, nucleic acids, carbohydrates,
other biomolecules, and organic/inor§anic molecules through
noncovalent or covalent bin<:ling.‘7’70’71 Interactions of
graphene, GO, and rGO nanosheets with different proteins
have been discussed further in the subsequent section of the
article.

2.2. 2D Transition Metal Dichalcogenides (TMDCs).
TMDC s are the 2D materials of type MX,, where M represents
a transition metal atom (Mo, W, etc.) and X represents a
chalcogen atom (S, Se, or Te), e.g, MoS,, WS,, WSe,, etc. It
has a hexagonal lattice structure with 3-fold symmetry. Two
layers of chalcogen sandwich a metal layer through covalent
bonding, whereas weak vdW forces stacks the nanosheet layer
(Figure 2B). The vdW forces is also responsible for interaction
with other molecules. TMDCs are atomically thin semi-
conductors. After graphene, it is the most studied and
researched class of 2D nanomaterial, because of its remarkable
properties like direct band gap, absence of inversion center in
monolayer crystal, high spin—orbit coupling, photon-con-
ductance, etc.

2D TMDCs (especially MoS, and WS,) are known to
possess great affinity toward biomolecules including proteins.”*
TMDC interacts with proteins by virtue of hydrophobic,
electrostatic interactions and through disulfide bond forma-
tion.>> However, some studies contradict the interaction
through disulfide bond.” Naturally, it lacks hydrogen bonding
(hydrophilic bond), but upon introducing edge defects, it can
show hydrophilic interactions too.”* Further, its tendency to
form composites with various materials like noble metals,
oxides, polymers, biomolecules, etc, makes it a promising
candidate in wide variety of applications.” The applications of
TMDCs mostly include usage in label free biosensors,
photothermal treatment, drug and gene delivery, bioimaging,
transistors, photodetector, electrodes for Li-ion batteries,
supercapacitors for energy storage, ete ¥3776778

2.3. 2D Hexagonal Boron Nitride (hBN). 2D-hBN is an
isomorph of graphene, having a similar hexagonal (honey-
comb) lattice. The lattice has 0.145 nm spacing between
alternating boron and nitrogen atoms. The presence of wide

https://doi.org/10.1021/acsami.3c04582
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Table 1. Nature of Interactions That Occurs between Protein and 2D Nanomaterial

interaction amino acids
type involved key features refs
Ala, Pro, Leu, edepend on the electron density and the geometry between the molecules.
hydrophobic Phe, Val, Ile, e proteins of high molecular weight form better interactions 66,107—110
Gly, Met ® most common interactions between proteins and nanomaterials
® depends entirely on charge of the surface functionalized groups on the nanomaterial and the charge of
the amino acids
electrostatic L}g’s ;\rg, Glo, Zeta potential values act as indicators for binding efficiency. 100,111-115
e Interactions are dependent on the pH of the medium and the ionic strength of the buffer,k most
commonly observed in enzyme-nanomaterial complexes
® mostly observed between aromatic amino acids and nanomaterials.
® occurs due to the huge delocalization of 7-electrons on the surface of the nanomaterials arising due to
n—-n Phe, Trp, Tyr, the aromatic groups present on the surface
. . . 70,115—118
interactions His

® There is a correlation between the polarizability of the aromatic ring and the strength of the

interactions which indicates that with the increase in polarizability the strength of the interactions will
also increase according to the trend His < Phe < Tyr < Trp.

e short ranged in nature
van der Waals Lys, Arg, Glu,

e similar to electrostatic interactions

25,105,106,119—121

36,122—125

(vdWs) Asp
® mostly observed between charged amino acids
o takes place when there is a difference in electronegativity between two atoms
hydrogen Asn, Glu, His, weak interactions
bonding Ser, Thr, Tyr

o type of dipole—dipole interaction

band gap in hBN renders it a white appearance which gives it
an interesting name, “white graphene”.””*" Figure 2C shows
the lattice structure details of hBN nanosheet.®" It has striking
opto-electrical properties,”” mechanical strength,”” and chem-
ical and thermal stability.**° It has strong oxidation resistance
at high temperatures, making it a preferred coating material for
metals preventing from oxidation and corrosion.** hBN acts as
an insulator and have high thermal conductivity, and its
properties and functionalities are easily tunable®® following
strategies like doping, hybridization, substitution, or function-
alization with other materials. Implementation of hBN is
perceived as reusable surface-enhanced Raman spectroscopy
substrates,®® outstanding dielectric substrate for other 2D
nanosheet and for electric field screening.”* hBN also possess
excellent luminescence especially in the deep UV region which
is helpful in bioimaging. In addition to these, hBN have also
been used in detectors, photoelectric devices, and field effect
transistors (FETs) and as nanofillers.”” Besides, studies show
that noncovalent functionalization of hBN with polydopamine
helped in reducing the interfacial thermal barrier and
enhancing the thermal conductivity of BN-containing
composites.gts’gg’89

2.4, 2D-Xenes (Silicene, Germanene, Stanene, Bor-
ophene). Monoelemental classes of 2D nanomaterials,
comprising group III, IV, V, and VI atoms arranged in a
honeycomb lattice (similar to graphene) are referred as 2D-
Xenes (X = Si, Ge, Sn, B, P, Ga, Ge, and so on), for example,
silicene, germanene, stanene, borophene, phosphorene, etc.
Figure 2D represents different models of 2D-Xene nanosheets
in side and top view. 2D-Xenes are synthesized by directly
growing on a substrate, rather than through exfoliation from
bulk material. They can exist as a trivial insulators, semi-
conductors or as semimetals.”’ 2D-Xenes exhibit sp’—sp®
hybridization®””’~** and have buckled hexagonal structures
resulting in overlap of 7-bonding p, orbitals thereby giving rise
to mixed sp’—sp® hybridization.”* The sp*—sp> hybridization
and 7—7* bonding of the 2D-Xene nanosheets allow
interactions like hydrophobic interaction, vdW, etc, with
other molecules including proteins, lipids, etc.

2.5. 2D Metal Carbides and Nitrides (MXenes).
MXenes are emerging class of 2D transition metal carbides,
carbo-nitrides or nitrides having the general formula M,,,,X, (n
= 1-3). They are synthesized by exfoliating their three-
dimensional (3D) MAX phases. MAX have a general formula
of M,,,; AX, (n = 1, 2, and 3), where M is an early d-block
transition metals, A corresponds to main-group sp elements
(predominantly IIIA or IVA), and X can be either or both C
and N atoms, e.g.,, Ti;C,, Ti,C, etc. Figure 2E represents the
side view of structure of Ti,C and Ti;C,. MXenes have
hexagonal structure similar to graphene and are terminated
with F, OH, and O based surface functional groups after
exfoliation. OH/O termination is known to be most stable and
creates a favorable environment for interaction with other
materials. MXenes have large surface area with hydrophilic
nature, allowing efficient adsorption and electrostatic inter-
actions. The metallic conductivity of MXenes combined with
the hydrophilic functional group terminated surfaces make
them behave as “conductive clays”.” MXenes possess high
conductivity, good flexibility,”® and extremely high electro-
magnetic interference (EMI) shielding efficiency which
protects the performance of electronic circuits and prevents
partial or complete data loss. Potential applications of MXenes
includes its usage in substitution of graphene in anode, as
supercapacitors, storage devices, etc. Biological applications of
MXenes include immobilization of enzymes and retaining their
bioactivity and stability, as biosensor to detect various
biomolecules, as antibacterial agents, for bioimaging and
therapeutic applications such as phototherapy and drug
delivery systems. MXene based materials provide excellent
biocompatibility, stable interactions, and good aqueous
solubility and are biodegradable.”” "%

3. NATURE OF INTERACTIONS BETWEEN 2D
NANOMATERIALS AND PROTEINS

When a protein interacts with a nanomaterial there may be
different kinds of forces involved. Hydrophobic, electrostatic,
m—m stacking, vdW’s, and hydrogen bonding are some of the
important noncovalent forces by virtue of which proteins may
interact with nanosheets (Table 1), which can ultimately lead

https://doi.org/10.1021/acsami.3c04582
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to adsorption of the proteins on the surface of the nanosheets.
These interactions can unfold the protein so that it loses its
physicochemical and structural—functional properties or can
alter the structure of the nanosheet. Adsorption is particularly
easier on the nanosheets than any other nanostructure because
of their flat surface and planar structure which provides an
increased surface area for interaction.'”*™'% Proteins consist of
different amino acid residues having different hydrophobicities
and nonuniform charge distributions. These charges vary with
difference in their environmental conditions which in turn
changes the nature of the interactive forces. Proteins consisting
of charged functional groups tend to be more interactive and
easily adsorb on to surfaces.”®”’ The interactive forces between
proteins and nanomaterials depend on several factors which
includes surface charge, polarization, dipole moment, delocal-
ization of m-orbitals, etc.

Adsorption of the protein on the surface of the nanosheets
can be absolutely spontaneous without altering any protein
function else it can be detrimental to both the protein and the
nanosheet.'*® Apart from the different interactions concerning
proteins and nanosheets, interactions between the solvent
molecules and the nanosheets are also important to consider.
Water being the most suitable solvent for biomolecules, the
aqueous insolubility of the nanosheets is a huge obstacle. The
solvent and nanosheets are also responsible in agonizing or
antagonizing protein adsorption on nanosheet surfaces. Also,
the nanomaterial surface may not be perfect. It may have
defects or impurities and different atoms of the surface
functionalities may interact in a different way when present in a
different location. Thus, a thorough understanding of the
nature of the interactive forces between a protein and a
nanosheet is a necessity for any kind of biomedical applications
of nanosheets.

3.1. Hydrophobic Interaction. These interactions are one
of the most dominant interactions observed between proteins
and nanomaterials. Hydrophobic interactions depend on the
electron density and the geometry between the molecules.”® In
general, graphene exhibits hydrophobic behavior due to the
presence of aromatic carbon on its surface.'”’ On the other
hand, GO exhibits a hydrophobic basal plane with hydrophilic
edges. Although hydrophobic in nature, Xenes like phosphor-
ene and silicenes show less hydrophobicity compared to
graphene and its counterparts which was demonstrated
through molecular dynamics simulations on the adsorption
of HP35 on phosphorene.”” Elements like phosphorus,
silicon, and germanium have a lower charge density than
carbon which are directly proportional to the hydrophobicity
of the molecules.'® This explains the lower hydrophobicity of
Xenes in comparison to graphene. Also, phosphorene may be
hydrophobic in nature but can be turned hydrophilic by
oxidation.'* The hydrophobic nature of the nanosheets makes
it insoluble in polar solvents, which is necessary in order to
interact with proteins since most biological solvents are polar.
Graphene also has strong dispersive forces in between the
sheets."”” For solubilizing graphene, various noncovalent
approaches have been employed. It has been observed that
z-rich water-soluble polyelectrolytes can dissolve graphene.
These polyelectrolytes form stable complexes with graphene
with the help of 7—x interactions and subsequently develop
repulsive forces between the graphene-polyelectrolyte com-
plexes which helps them to disperse."”"~">* Recent studies
have found hydrophobic interactions in graphene to be more
effective than z—7 interactions.'*”'%” In some cases, if the

water-soluble conjugating molecule has a hydrophobic region,
then it develops a strong hydrophobic interaction with
graphene, which helps it dissolve. For example, strong
hydrophobic interactions are observed between the graphene
plates and the hydrophobic backbone of heparin, making
graphene solubilize in aqueous media for further use. It has
been observed that protein molecules mostly agglomerate on
the hydrophobic regions and thus the presence of hydrophobic
aromatic groups on the surfaces of the nanosheets enhances
protein binding.67

3.2. Electrostatic Interaction. Electrostatic interactions
depend entirely on the charge present on the interacting
molecules. It utilizes the property of proteins to exhibit
different charge at different pH conditions."'”""" Electrostatic
interactions are useful in the assembly of nanocomposite and
stabilization of nanomaterials. These interactions are mostly
observed between GO and proteins. GO has a large surface
area and is hydrophilic in nature due to the presence of epoxy,
hydroxyl, and carbonyl functional groups which favor its
interactions with other molecules."'”'"® Graphene being
hydrophobic electrostatic interactions are not that common.
However, TMDCs show high conductivity, high char%e density
wave transitions and good biocompatibility.'"”'™* When
exposed to an aqueous hydrophilic environment, stable
aqueous dispersions of TMDC nanosheets can be obtained
because of the presence of electrostatic forces. The main entity
that governs the electrostatic forces is the surface charges
which can be manipulated with the introduction of surfactants.
When a surfactant is introduced in a solution containing
TMDC nanosheets, they loosely bind to their surface and show
characteristic positive or negative charge which not only helps
in dispersing the nanosheets in the aqueous solution but also
help in stabilization of the dispersion.''* It is to be noted that
the electrostatic interactions may be complicated as they are
dependent on the charge of the surface functionalized groups
on the nanomaterial as well as on the interacting protein
molecules. The charge status of these groups on the
nanosheets change with the change in environmental factors
like pH of the medium and its ionic strength. Also, the surface
density of functional groups in 2D nanomaterials like GO
varies with preparation procedure and storage conditions."""
Thus, any change in these factors would yield a completely
different charge which would change the binding affinities as
well as the overall nature of interactions.

3.3. n—x Interactions. 7—n stacking exists between
proteins and sp” hybridized carbon nanomaterials as revealed
by both computational and experimental studies. 7—x
interactions are generally found between proteins containing
a large population of aromatic amino acids which specifically
interact with nanosheets having a huge delocalized 7-electrons
on their surface like graphene and GO.””''*~'"” Nanosheets
like GO exhibits a very good display of 7— interactions due to
its characteristic softness and flexibility because of which it can
adapt its shape according to the aromatic amino acid thus
aiding in stronger protein interactions.''® Alwarappan et al.
observed the existence of strong 7— interactions between the
individual hexagonal cells of the GO basal planes and glucose
oxidase.'”” When comparing with other short-ranged forces,
the average m—m stacking distance is a bit higher than the
vdW’s radius. It has been observed that the aromatic rings of
the amino acids aligns in parallel with the plane of the
substrates during 7—7 interactions.''” Graphene surfaces are
mostly planar aromatic and form the best binding interactions
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with aromatic or amide groups in protein side chains.
Quantum chemical calculations too revealed that binding of
aromatic amino acids through 7—7 interactions are favored on
a planar surfaces.''® Moreover, the surface of these nanoma-
terials does not have any form of curvature which favors these
interactions.'*>'"” Recently conducted simulations reveal that
proteins adsorbed on the graphene surface have lost their
secondary or tertiary structure. Upon superposition of the
protein structures before and after attachment to graphene
shows that the main change in protein conformation was due
to changes in the alpha-helices of the protein. These
interactions are so strong that the aromatic amino acids lie
flat on the surface of the nanomaterial. This phenomenon is
responsible for deformation of the helices present in the
proteins. There is a correlation between the polarizability of
the aromatic ring and the strength of the interactions which
indicates that with the increase in polarizability, the strength of
the interactions will also increase according to the trend His <
Phe < Tyr < Trp."'¢

3.4. van der Waals (vdW) Interactions. vdW’s
interactions are a type of intermolecular interactions which
are short-ranged and nonspecific in nature and mainly depend
on the molecular surface area, electron charge density, and the
dipole moment of the interacting molecule.® These are weak
forces which decrease drastically with the increase in distance
between the interacting molecules.””'*>'*"'*> These forces
come into being when neighboring molecules come so close to
one another that they can influence each other’s surrounding
electron clouds. Thus, they require a larger interacting area to
establish a successful binding between a protein and nanoma-
terial. It has been observed that vdW forces have energy
ranging from 0.5 to 1 kcal/mol and are short-range forces
when compared to other molecular forces.'”” The layered
nanosheets themselves are interconnected using vdW forces as
these forces play a very important role in stacking the
nanosheets together. Although short-ranged in nature, vdW
forces can quickly reassemble graphene into irreversible
agglomerate or even assemble graphene sheet into graphite
owing to its large surface area. During association of these
nanosheets with different proteins, when two atoms come very
close to one another, they repel each other. Consequently, this
prevents any kind of imperfect fit between the molecules, in
the presence of any kind of steric hindrance, as they are
energetically very expensive. Thus, in case of determination of
macromolecular specificity, vdW repulsive forces play a crucial
role."*” When a protein molecule comes near the surface of a
nanosheet, the charged amino acid residues like Lys, Arg, Glu,
and Asp present in the protein play an important role in
establishing the interactive force with the electron-rich regions
of the nanosheets through vdW forces.

The vdW parameters are usually used to characterize
interactions between nonpolar and z-electron rich molecules.
Thus, graphene like nanosheets with a huge delocalization of
m-electrons are a perfect fit for study of vdW forces. These
forces also aid interactions between #-electrons and cations. It
was observed through quantum mechanical studies that the
vdW parameters enhances the interactions between both short-
ranged cation—7 interactions as well as long ranged dispersion
interactions observed between graphene and ionic liquids.

In case of TMDCs like MoS,, both molybdenum and sulfur
have huge surface charge densities which are more than
carbon. Thus, vdW forces are stronger in TMDCs compared to
graphene. For Xenes such as selenene, their structure seems to

be composed of 0D atomic rings and 1D helical atomic chain.
The Se—Se bond length is 2.4 A within the rings and about 3.1
A between nearby chains. Thus, vdW forces are the most
dominating forces in these kinds of nanosheets.

3.5. Hydrogen Bonding. Hydrogen bonding is a kind of
noncovalent interaction categorized under dipole—dipole
interactions which is usually found between atoms with high
electronegativity differences. Usually, this kind of bonding
takes place in the presence of hydrogen atom linked to a very
electronegative atom. The electron cloud of H atom gets
decentralized due to attraction by the electronegative atom,
thereby putting a partial positive charge on the hydrogen atom,
which then attracts lone pair of electrons on other atoms thus
forming hydrogen bonds. Amino acid residues such as Asn,
Glu, His, Ser, Thr, and Tyr mostly participate in hydrogen
bonding with nanosheet surfaces. The presence of these bonds
have been traced in many nanosheets while interacting with
proteins. Since proteins are organic molecules they have
abundant —CH groups and amine groups which can easily
form hydrogen bonds, for example they can interact with the
Sulfur atom in the MoS, nanosheets and often 7-electrons to
form 7—S interactions."”* The most common hydrogen bonds
found are NH---S and CH---S. They differ from the
conventional OH---O hydrogen bonds, but they play a role
in dispersion and electrostatic interactions in the molecular
stabilization.

The hydrogen bonds play a major role in formation of the
network of hexagonal BN nanosheets.'”’ The presence of
hydrogen bonds in BN has been reported in the presence of
surface functionalities such as those containing hydroxyl
groups.

4. ANALYTICAL METHODS FOR EVALUATION OF 2D
NANOMATERIAL—-PROTEIN INTERACTIONS

When a 2D nanomaterial interacts with protein, several changes may
occur in the protein structure and the nanosheet surface. The
interactions can affect the surface chemistry, orientation, structure,
and activity of both nanosheet and protein. These changes could
either enhance the activity of proteins or disrupt its structure; it might
be useful or detrimental. There might be strong binding, weak
interaction, or the protein might not get adsorbed at all. The analysis
of these changes allows us to understand the impact of interactions, so
both qualitative analysis and quantification of the change is important.
Various techniques are employed to get an insight of these
interactions which help us to distinguish between the beneficial and
nonbeneficial nanosheet—protein interactions. It also helps us to
eliminate or find alternatives of the nonbeneficial interactions, know
the exact location of interaction, nature of bond, possible change in
protein structure, etc. In the following section, we provide a detailed
discussion on the different analytical techniques that are regularly
used to study the interactions of proteins with 2D materials (Table 2),
by taking relevant examples from literature to explain them.'>*~"*®
4.1. Microscopic Techniques. 4.1.1. Atomic Force Microscopy
(AFM). AFM is a high-resolution, scanning probe microscopic
technique which can provide information about surface topology of
the nanomaterial/nanocomposite and local properties like surface
thickness, height, friction, or magnetism based on the interaction
between the sharp tip of cantilever probe and the material
surface."®®'% In addition, it enables determination of the properties
of adsorbed protein (elasticity, Young’s modulus, etc.), and the effects
of interaction between protein and nanosheet (protein folding and
unfolding, agglomeration, etc.). However, the depth of field of view in
AFM is dependent on the cantilever shape-size and the piezoelectric
probe moving it.'”°~"”> AFM has been used widely to characterize the
nanosheet and for verification of protein adsorption on the surface of
nanosheets. The attachment of a biomolecule on the surface of 2D

https://doi.org/10.1021/acsami.3c04582
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Figure 3. Microscopy tools to study 2D Nanomaterial—protein interactions. (A) Atomic force microscopy (AFM): Schematic showing AFM setup
for probing nanosheet—protein interactions. Attachment of a biomolecule (protein) on the surface of 2D nanomaterials results in increase in the
thickness of the nanosheets which can be monitored using AFM. AFM images of rGO obtained before and after incubating with FBS. Reproduced
with permission from ref 139. Copyright 2015 American Chemical Society. (B) Transmission electron microscopy (TEM): TEM can be used to
obtain high-resolution images of nanosheets before and after protein binding/interaction. The presence of an external system (protein) on the
nanosheet surface can be revealed from the visual observation of the micrographs. TEM micrographs obtained on incubating GO with HRP and
H,0, for 0—20 days. Reproduced with permission from ref 147. Copyright 2011 American Chemical Society. (C) Scanning electron microscopy
(SEM): SEM uses a focused beam of electrons that scans over the surface of a sample and creates the image of the surface of sample giving the
topological information. SEM images of MoS, NSs before and after lysozyme exfoliation. Reproduced with permission from ref 176. Copyright

2020 John Wiley and Sons.

nanomaterials results in increase in the thickness of the nanosheet
sample which can be clearly monitored using AFM (Figure 3A). The
information regarding adsorption of blood plasma proteins, i.e.
albumin, Fg, globulin on graphene, or the adsorption/immobilization
of enzymes on various nanosheets has been obtained through AFM
image analysis."**

Jokar et al."** analyzed the surface thickness and shape of GO and
PEG functionalized albumin- GO complex using AFM. The change in
thickness of GO samples from thin (~12 nm) to thick (~S0 nm) in
the absence and presence of PEGylated-albumin, respectively,
indicated the adsorption of PEGylated-albumin on the surface of

GO. Similarly, another study Zhezhu et al.'* also determined the

morphology of BSA and GO complex using AFM imaging. They
observed increase in thickness of nanosheet after BSA adsorption.
AFM was also used to analyze the enzyme immobilization potential of
GO. Due to the presence of large surface area, GO showed adsorption
of HRP, which was evident from the topology and thickness
difference of the nanosheets as observed from AFM images."”” Liu
et al."*” had studied the adsorption of BSA onto GO, RGO, and metal
nanoparticle (NP)-conjugated RGOs by measuring the thickness of
different samples. The AFM images showed increase in thickness from
GO to NP-bound GO and BSA-GO complex to BSA-NP-GO

https://doi.org/10.1021/acsami.3c04582
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Figure 4. Scattering techniques to study 2D nanomaterial—protein interaction. Dynamic light scattering or DLS yields valuable information about
size and size distribution profile of small particles in solution or suspensions. Comparison of DLS spectra of pristine nanosheets and protein—
nanosheet complex shows an increase in size of the complex due to the adsorption of proteins on nanosheet surface. Zeta potential measures the
charge present on the surface of particles. Interaction of nanosheets with proteins results in a change of the net surface charge of the protein—

nanosheet complex which can be detected using zeta potential analysis.

complexes, indicating adsorption of protein on different GO-based
nanosheets. Yu Chong et al.'* studied the interaction of GO with
abundant plasma proteins, i.e., BSA, BFG, Ig, and Tf. They visualized
the adsorption of plasma proteins on GO by observing the AFM
images, which demonstrated a characteristic change in its thickness.
Wei et al.'"*” used AFM images to examine the change in surface
morphology of GO and rGO on interaction with FBS. They observed
thickness change from ~1 nm of pristine GO to ~2 nm for FBS-
bound GO monolayer. However, rGO was seen as particles instead of
sheet-like structure and FBS coating around the rGO particles showed
altered height-width profile. Figure 3A shows change in height of rGO
from 0.57 to 12.55 nm (red label), indicating adsorption of FBS. The
adsorption of peptidle GAMHLPWHMGTL (a dodecamer peptide)
on the planar surface of graphene via 77—z interactions was
demonstrated by difference in height thickness before and after
adsorption using AFM by Katoch et al."** In a GO-based biosensing
platform, AFM was employed by Haung et al.'*® to determine the
adsorption of antibody IgG on GO surface. The AFM showed the
change of thickness of sheets from 1 nm for naive GO to 10 nm for
IgG-bound GO. Duan et al."*' and Hu et al."** did a similar study and
examined the thickness of GO in FBS (serum)-free medium and in
varying concentration of FBS-containing medium. The AFM images
revealed the thickness of GO in FBS free media was 1.5 nm, while the
thickness varied from 2.5 to 4.5 nm with increase in FBS
concentration (1—10%). All these results demonstrate that increase
in thickness of nanosheets on interaction with protein indicates

adsorption of proteins on the nanosheet surface and forms a
characteristic feature of protein—2D nanomaterial interaction which
can be easily monitored using AFM analysis.

4.1.2. Electron Microscopy. Electron microscopy (EM) is used to
obtain high-resolution images by utilizing a beam of high accelerating
electrons as source of illumination. Magnification of 10,000,000 times
can be achieved with a resolution of 50 pm.'”* It is thus widely used
to obtain high-resolution images of various biological and non-
biological samples like cells, tissues, nanoparticles, etc. EM is usually
used to characterize the structure, topology, morphology, and or
composition of the sample. EM can also be used to visualize the
adsorption of proteins on nanosheet by comparing the images of
native nanosheet before and after interaction with proteins. EM is
broadly classified into two main types: (1) transmission EM (TEM)
and (2) scanning EM (SEM). TEM is analogous to conventional
compound light microscope, and the image in TEM is formed by the
transmitted electron from a thin section of sample. In SEM the image
is created by the secondary electron generated from the specimen
when impinged with a beam of electron. SEM and TEM are most
widely used EM techniques and can be employed to reveal
information about the protein and 2D nanomaterial interactions.

In TEM, the electrons are focused on an ultrathin sample and the
electrons transmitted through the specimen are used to project the
image. TEM is employed to obtain high-resolution images using
electrons accelerated between 40—200 kV potential. However, TEM
analysis needs an ultrathin dried sample."”* The TEM micrographs
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have been extensively used to obtain and compare high-resolution
images of pristine nanosheet and after protein adsorption (Figure 3B).
The presence of external system (protein) on the nanosheet surface
can be revealed from the visual observation of the micrographs. In
addition to it, TEM has been widely employed to observe interaction
of protein—nanosheet complexes with cell and cell membrane. TEM
micrographs revealed the difference in morphology of pristine GO
nanosheet structure and that of nanosheet surface after interacting
with BSA."® Jokar et al.'* analyzed the surface of GO and PEG
functionalized albumin (APC) using TEM. The resultant TEM
micrograph showed that the surface modification of GO nanosheet
occurred in the presence of APC; the surface changes from thin to a
thicker layer and agglomeration occurs due to adsorption of APC on
GO forming APC-GO complex. In addition, Kotchey et al."*” studied
the oxidation of GO and RGO by HRP using TEM micrographs taken
on different days (0—20 days) in a periodic fashion. The TEM images
(Figure 3B) revealed that HRP is capable of oxidizing GO. A typical
flat-sheet characteristic of GO was observed on the zeroth day,
followed by some wrinkling on the fifth day and the formation of
holes on the eighth day which continued to enlarge with passing days.
By 20th day, small oxidized GO flakes were seen. In contrast, TEM
micrograph of the RGO study showed no further oxidation on
interaction with HRP, thus indicating HRP oxidizes GO but not
RGO. In a similar study to understand mitigation of cytotoxicity of
nanosheets using protein corona, Hu et al.'*" observed and compared
the TEM images to know the impact of pristine GO and FBS coated
GO on the cell membrane integrity and found that FBS coated GO
showed reduced disintegration of cell membrane as compared to
pristine GO nanosheets. Han et al."*” investigated the internalization
of borophene nanosheets (B NS) and plasma protein bound
borophene nanosheet (B NS-corona) using TEM and its impact on
cell surface. It was observed from TEM images that both bare B NS
and B NS-corona were phagocytosed via endocytosis into the
macrophages and accumulated as irregular aggregates in the lysosome
dispersed in the entire cytoplasm of the cell. Thus, TEM plays a major
role for visualization of ultrathin protein—nanosheet complex and
their cellular interactions.

SEM uses a focused beam of electrons that scans over the surface of
a sample and interacts with the electrons in the sample to produce
signals in the form of back-scattered electron (BSE), secondary
electrons, X-rays, and light rays (cathodoluminescence). Standard
SEM usually uses BSE and secondary electrons for image formation;
having resolution of 1 nm and magnification of the sample up to
500000 times. Electrons create the image of the surface of sample
giving the topological information. Besides, it can be used for 3D view
of the exteriors of object using photogrammetry, photometric stereo,
and inverse reconstruction.'”> SEM has been used widely to observe
the presence of protein on the nanosheet surfaces (Figure 3C).
Baimanov et al.'*® visualized the images and observed the size
distribution of MoS, nanosheet (NSs) upon interaction with four
abundant proteins of blood plasma, i.e.,, HSA, Tf, Fg, and IgG using
SEM. The SEM data analysis revealed increase in length-width
distribution profile of the NSs from 154—137 nm to 160—141 nm for
NSs-HSA, 196—171 nm for NSs-Tf, 324—276 nm for NSs-Fg, and
317-236 nm for IgG, which clearly demonstrated protein corona
formation. Hence, EM provides a fair idea of protein adsorption on
nanosheet by allowing visualization of the nanosheet surface.

4.2. Scattering Techniques. 4.2.1. Dynamic Light Scattering
(DLS). DLS also referred to as photon correlation spectroscopy (PCS)
is a scattering technique that helps in estimation of hydrodynamic size
and size distribution profile of particles. DLS measurement is
attributed to Brownian motion of the particles, resulting in time-
dependent fluctuations in the scattering intensity.'”” Small particles
collide with each other in a solution or suspension resulting in energy
transfer among particles. The energy transferred is more or less
constant, further inducing particle movement. Thus, it results in faster
movement of smaller particles as compared to larger ones.'”®

DLS yields valuable information like size and size distribution
profile of small particles in solution or suspensions. It also helps in
determining the diffusion coeflicient. The size distribution of the

particles is represented as polydispersity index (PDI). The
comparison of multiangle DLS spectra of pristine nanosheet and
free proteins with that of protein—nanosheet complex is another way
of studying the nanomaterial—protein interactions. As the protein gets
adsorbed on the nanosheet surface, there will be an increase in size of
the nanosheets, resulting in lowering of their movement speed (Figure
4). This provides information about change in mean hydrodynamic
size, size distribution profile, and the diffusion coefficient.

DLS has been extensively used to measure the hydrodynamic size
of nanosheets and protein—nanosheet complexes. Wei et al.'*’
observed the change in hydrodynamic size of GO and RGO after
adsorption of FBS on their surface. The DLS study showed significant
increase in size of the nanosheets after protein adsorption; however,
the results were not in agreement with the AFM and zeta potential
measurements, indicating that the increase in size is not just due to
protein adsorption but also due to aggregation around the nanosheets.
Rozmystowska-Wojciechowska et al.'>” studied the comparative
surface property changes in MXenes Ti,C and Ti;C, on interaction
with lysozyme. Time-resolved DLS technique revealed that the
concentration of lysozyme have a significant impact on the
hydrodynamic size of the nanosheets. Ti;C, displayed a maximum
hydrodynamic diameter of 1059 nm at 1:3 ratio (Ti;C,/Lysozyme),
while Ti,C displayed a maximum diameter of 648 nm at 1:2 ratio
(Ti,C/Lysozyme). Similarly, DLS study revealed that the hydro-
dynamic size of borophene nanosheet (B NS) increased from 318.6 +
2.3 nm to 393.5 + 5.9 nm upon interaction with plasma protein
indicating the adsorption of proteins on to B NS surface leading to the
formation of protein corona around B NS."*

4.2.2. Zeta Potential ({-Potential). {-Potential is the measure of
magnitude of charge present on the surface of particles. Both
nanosheets and proteins have certain charge on their surfaces which
help in their interaction and results in change in the zeta potential
after complex formation (Figure 4). It gives information about the net
surface charge on the protein—nanosheet complex which is also
responsible for stability estimation of the protein—nanosheet
complex.'”” The measurement also gives an idea of dispersion,
aggregation, or flocculation state and thus can be applied to study
protein—nanosheet interaction."*>'** The higher value of zeta
potential above +60 mV indicates excellent stability, whereas a
value below +30 mV shows the tendency to aggregate.'®" It has to be
noted here that the zeta potential values are dependent on the pH and
ionic strength of the dispersing medium which can affect the net
charge present either on 2D nanomaterials or on proteins and can
thus influence interactions between the two.

The measurements of zeta potential are widely used to check the
aggregation profile of protein adsorbed nanosheets. Mostly the
adsorption of proteins onto the surface of 2D nanomaterials decreases
the zeta potential of the bare 2D nanomaterials (Figure 4, Table 3)
thereby reducing the aqueous dispersibility of the material. Han et
al.'* compared the interaction of plasma proteins with three
nanosheets, i, borophene (B NS), phosphorene (BP NS), and
graphene (GR NS). Zeta potential values of the nanosheets showed
the presence of negative charge on all the three nanosheets; however,
on interaction with plasma proteins, the NSs showed reduction in
their negative value. Ti;C, and Ti,C nanosheets have negative zeta
potential but when equal concentration of positively charged
lysozyme protein was introduced, a drastic shift to positive value
was observed. This change in zeta potential value indicates that
electrostatic interaction occurred between the lysozyme and MXene
nanosheets. The study on the aggregation behavior of the nanosheets
upon interaction with proteins is important while considering
biological applications of these nanosheets as it may affect the
biocompatibility and fate of these nanosheets and thereby directly
influence the efficiency of the intended application.

4.3. Spectroscopic Techniques. 4.3.1. Ultraviolet and Visible
Light Spectroscopy (UV—Vis Spectroscopy). The interaction between
protein and 2D nanomaterial can lead to change in absorption spectra
of either protein or pristine nanosheet. UV—vis absorption spectros-
copy works on the principle of excitation of electrons present in the
ground state to a higher energy excited state by absorbing ultraviolet
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Table 3. Change in Zeta Potential of 2D Nanomaterials
before and after Interacting with Proteins

zeta potential of 2D
nanomaterial (mV)

before after
2D nanomaterial protein interaction interaction references
GO =33 —-15
RGO (20 min) EFBS —14 -10 139
RGO (120 min) —-15 -13
HSA -19.3
Tf -9.2
MoS, -36.8 145
Fg =72
IsG +10.6
GO (in water) —48.8 —40.3
i BSA 150
GO (m cell culture —104 998
media)
borophene —24 —-12.5
graphene blood plasma -19 -8 149
proteins
phosphorene —18 -7
GO BSA -33.3 —18.3 182
Ti,C, | —24 +0.5 o
Ti,C ysozyme -2 +4 :

or visible light. This absorption process causes the 7z electrons or
nonbonding electrons (n-electrons) to get excited to higher
antibonding molecular orbitals with the possibility of 7—z*, n—7%,
6—0c*, and n—c* transitions.'$>71%°

Proteins have three types of chromophores that are relevant for
UV/vis spectroscopic measurements: peptide bonds (amide bond)
having intense peak at 190 nm due to the 7—7* and the weaker one at
210—220 nm arising from n—z*transitions; certain amino acid side
chains, mainly tryptophan (strong peak at 280 nm), phenylalanine
(weak peak at 257 nm), and tyrosine (intense peak at 274 nm); and
certain prosthetic groups (having peaks near ~420, 450, and 480 nm)
and coenzymes, e.g, porphyrin groups such as in heme (having
transition near ~400 nm).'®* The interaction of proteins with
nanosheets may change the spectral features in the absorption
spectrum of proteins and thus these signatures can act as an indicator
for the interaction between the protein and nanosheets. Zhezhu et
al."*® utilized the technique of UV—vis spectroscopy to study the
interaction of BSA with GO nanosheets. They examined the effect of
increasing concentration of GO on the absorption spectra of BSA and
found that with increasing concentration of GO, there was a red shift
in the absorption maxima (4,,,,) of BSA thereby indicating strong
interaction between BSA and GO (Figure SA-ii). Zhang et al.’®
observed the interaction of BSA (Figure SA-iii) and BHb with black
phosphorene nanosheet (BP NSs), where they used UV—vis spectra
to study the change in protein adsorption in the presence of
phosphorene as compared to free proteins. Both the proteins have
characteristic peak at 212 and 278 nm, corresponding to the n—z*
transition of C=0 and the 7—z* transitions of the aromatic residues
of the proteins. An additional peak (soret band) was observed in BHb
at 410 nm owing to d—z* transition between heme complex and the
iron component of BHb. In the presence of BP NSs, the characteristic
absorption peak 278 nm of both the proteins showed a slight increase
in absorption wavelength; however, no such change was observed for
the Soret band at 410 nm indicating heme group did not get affected.
The change in A, implied interaction between proteins and
nanosheet have occurred, and the nanosheet had enhanced the
extension of the peptide chain and altered the hydrophobicity around
aromatic residues of protein. Han et al."** analyzed the adsorption of
plasma proteins on borophene nanosheet (B NS). UV—vis spectra
showed the presence of additional peaks in the protein—B NS
complex in comparison to native B NS spectra indicating the
interaction and adsorption of protein on the borophene nanosheet.
Thus, it can be stated that either the presence of UV-—vis light
absorption peak corresponding to proteins in the protein—nanosheet

complex or the alteration in absorption spectra of proteins on
interaction with the nanosheets helps to demonstrate the interaction
between the proteins and the nanosheets.

4.3.2. Fluorescence Spectroscopy. Analysis of relative intensities
and wavelength of emitted light through fluorescence spectroscopy
can provide useful information to study the interactions between
proteins and nanosheets."*® The change in fluorescence intensity is
utilized to analyze 2D nanomaterial and protein interactions. The
fluorophore could be intrinsically present, or material could be
extrinsically labeled with a fluorophore. An advantage of using this
technique is that protein possess intrinsic fluorophores due to the
presence of certain amino acids, ie. tryptophan, tyrosine, and
phenylalanine. Either or both, the protein or the nanosheet could also
be labeled with a fluorophore for better understanding of the
interaction between them. Mechanisms like quenching and
fluorescence resonance energy transfer (FRET) enable to understand
the molecular interactions between a 2D material and a protein.'®®

Quenching is the process that leads to a decrease in fluorescence
intensity of a fluorophore. There are many molecular interactions that
results in quenching of the fluorophore. Proteins usually possess
intrinsic fluorescence which is quenched by nanosheets on its
adsorption (Figure SB-i). Thus, the quenching of protein’s
fluorescence indicates proximity/binding of protein to the nano-
sheet.'"®” On the other hand, FRET is based on the phenomenon of
radiation-less transfer of energy from a donor (fluorophore) to a
acceptor (chromophore) through long-range dipole—dipole inter-
actions.'®® The spectral overlap between the donor’s emission and
acceptor’s absorption greatly influences the sensitivity of the process.
Also, the separation distance between the donor and the acceptor
which tylpically lies in the range of 1—10 nm affects the energy transfer
process."*” This makes FRET an extremely useful technique to study
molecular interactions.'”’

Li et al.”®* analyzed the interaction of GO with amino acids,
peptides and proteins. A strong decrement in the fluorescence
intensity of tryptophan on interaction with GO (after eliminating the
inner filter effect) indicated adsorption of Trp or Tyr via 7—x
interaction or hydrophobic interaction on GO. Quenching effect was
seen to be directly proportional to the concentration of GO and
independent of temperature. The effect of pH on change in
fluorescence intensity was also studied to verify electrostatic
interactions. The quenching efficiency was found to decrease at
basic pH (pH ~ 9) as compared to a pH of 5.6 which indicated
presence of electrostatic interaction, as GO and Trp were both
negatively charged. A decrease in quenching efficiency in the presence
of Pluronic F127 (triblock co)polymer, that shows strong hydrophobic
interaction with graphene'”’ and GO)'”* indicated the strong
hydrophobic interaction of GO sheets with Trp and Try. The
fluorescence of Tyr in peptides AS40 or hIAPP was quenched on
interaction with GO, indicating presence of noncovalent interactions.
Similarly, strong quenching was also seen on interaction of BSA and
HSA with GO. The difference in quenching efficiency between
different peptides or proteins can arise due to the variation in
structural configuration. This study on the interaction of peptides and
proteins with GO showed good quenching efficiency of GO and thus
indicated strong interaction.

Arun et al."*® examined the interaction of BSA with graphene,
MoS, and WS, in a concentration-dependent manner (0.1—0.7 mL of
BSA decreased with increasing concentration of 2D nanomaterials. A
similar pattern was observed with all the three nanosheets. The
average fluorescence lifetime (FL) of natural BSA is around 6.41 ns,
which varied between the range of 6.08—5.55 ns with increasing
graphene concentration, between 6.39 and 5.62 ns with increasing
MoS, concentration and for WS,, the range of 6.26—5.44 ns was
observed. They also calculated energy transfer efficiency from BSA to
individual nanosheets using steady state fluorescence spectra and
observed the energy transfer efficiency to be in the range of 27—89%
for different nanosheet at different concentrations. Similarly, the
interaction of BHb'*® and PEG-functionalized Albumin'*® with GO
resulted in quenching of fluorescence of the respective proteins. The
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Figure S. Spectroscopy tools to study 2D nanomaterial—protein interaction. (A) UV—vis spectroscopy: (i) Schematic representation showing

change in UV—vis spectra of proteins upon interaction with nanosheets.

Interaction of proteins with increasing concentrations of nanosheets results

in a shift in protein absorbance along with an increase in absorbance intensity. (ii) Effect of increasing GO concentration on the absorbance of BSA.
Reproduced with permission from ref 136. Copyright 2019 Elsevier. (iii) Effect of BP NPs on the absorbance of BSA. Reproduced with permission
from ref 157. Copyright 2020 Elsevier. (B) Fluorescence spectroscopy: (i) Schematic representation showing change in fluorescence spectra of
proteins upon interaction with nanosheets. Interaction of proteins with increasing concentrations of nanosheets results in fluorescence quenching of
proteins in a concentration-dependent manner. Fluorescence spectra of BSA in absence and presence of different quantities of (ii) graphene and
(iii) MoS,. Reproduced with permission from ref 158. Copyright 2017 Royal Society of Chemistry. (iv) Fluorescence quenching of BHb by BP
NPs. Reproduced with permission from ref 157. Copyright 2020 Elsevier. (C) Infrared spectroscopy: (i) Schematic representation showing change
in IR spectra of protein—nanosheet complex. Interaction of proteins with nanosheets can lead to formation of new bonds which can appear in IR
spectra as new peaks or disappearance of an existing peak. (i) ATR-FTIR spectra of GOx, OVA, and GOx-OVA after removal of unbound OVA.
Reproduced with permission from ref 161. Copyright 2016 American Chemical Society. (iii) The FTIR spectra of HSA, Fg, Tf, and IgG before and

after interaction with NSs. Reproduced with permission from ref 145.

Copyright 2020 American Chemical Society.

nature of interaction was considered mainly to be vdW, hydrophobic,
and electrostatic binding. Further, Zhezhu et al."*® and Mu et al."™*°
studied separately the interaction of BSA with GO. Both the studies
showed that GO quenches the intrinsic fluorescence of BSA,

indicating possible interaction between both the molecules.

Additionally, FRET based assays are an important component of
2D nanosheet based biosensors and has been widely employed for the
same. Zhang et al."> designed a biosensor using a dye-labeled peptide
(donor) and GO (quencher) for protease monitoring. Peptide
(donor) interacts with basal plane of GO via aromatic and
hydrophobic residues forming 7—n stacking and forms electrostatic
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Figure 6. (A) Circular dichroism spectroscopy as an aid to study nanosheet—protein interactions. CD spectroscopy helps to deduce the
conformation and secondary structure of proteins. Schematic representation of a CD spectra for (i) normal protein and (ii) nanosheet—protein
complex showing the different secondary structures. Comparison between the two CD spectra reveals a change in the secondary structure of the
protein upon interacting with the surface of nanosheet. (iii) Far-UV absorption CD spectra of insulin in PBS in the presence of G and GO.
Reproduced with permission from ref 200. Copyright 2011 American Chemical Society. (B) Isothermal titration calorimetry as a tool to study
nanosheet—protein interactions. (i) ITC allows thermodynamic characterization of nanosheet—protein interaction by providing information about

GO samples. Reproduced with permission from ref 153. Copyright 2020 Royal Society of Chemistry.

bonds with charged and polar residues present at the edges. The
interaction between both led to FRET and the fluorescence of peptide
got quenched. In the presence of desired protease, dye-labeled peptide
dissociated from GO nanosheet (due to hydrolysis), and thus the
fluorescence was recovered. The extent of regained fluorescence
intensity indicated the presence of protease and its concentration.

Wei et al."*? examined the interaction of FBS with GO and RGO
(of varying degree) by measuring the quenching efficiency of the
nanosheets. The results showed that quenching efficiency increased
with increase in concentration of nanosheets, while quenching
decreased with increase in reduction of GO to RGO. GO showed
maximum quenching of FBS followed by RGO (20 min reduction
treatment time). RGO nanosheets that were subjected to 120 min
reduction time showed least quenching as compared to the other two.
The overall results indicated that FBS showed the highest binding
affinity with GO, followed by RGO (20 min) and least binding affinity
with RGO (120 min) which is due to decrease in the hydrophilicity
on increased reduction of GO/RGO.

De et al."*” investigated the change in secondary structure of
chymotrypsin (ChT) after adsorption on GO surface using
fluorescence spectroscopy. The results represented that the free
ChT has a characteristic fluorescence emission peak at 334 nm, and
for the denatured ChT the peak is red-shifted to 352 nm which is
attributed to the hydrophobic environment or strong electrostatic
interactions of Trp residues with the aqueous environment. The ChT-
GO complex showed a fluorescence emission peak similar to that of
natural ChT and over a time period of 24 h, both the control (free
ChT) and ChT-GO showed only a slight red-shift that could be
attributed to protein aging and not complexation with GO. This
showed that secondary structure of protein (ChT) remained intact
even after adsorption on GO nanosheet surface. Yao et al.'®® used
fluorescence spectrometry to not only analyze the interaction between
protein (trypsin) and GO, but also the impact of thermal treatment
(70°) of the complex and PEGylation of GO sheet on the stability of
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the secondary structure of protein in trypsin-GO complex.
Fluorescence spectra showed that the characteristic fluorescence
emission peak of trypsin at 343 nm got red-shifted to 358 nm on
thermal denaturation. The fluorescence spectra of trypsin incubated
with GO and GO-PEG-1 showed similar emission peak before and
after thermal treatment indicating that the nanosheets can efficiently
protect trypsin’s structure during thermal treatment. However, the
adsorption of trypsin on a highly PEGylated GO nanosheet, i.e.,, GO-
PEG-2.5 and GO-PEG-S, do not protect protein from denaturation at
higher temperature. A red-shift in the emission spectra of trypsin was
seen upon thermal treatment as compared to that at room
temperature in case of high PEGylated GO.

Zhang et al"”’ studied the interaction of Xenes nanosheet
phosphorene (BP NSs) with two common bovine proteins, albumin
(BSA), and BHb. They observed the quenching of the fluorescence
(from Try at 295 nm) of proteins in the presence of BP NSs (Figure
SB-iv). They further revealed that BP NSs was able to quench 25.7%
fluorescence of BSA and 48.5% of the BHDb; this difference suggests
that both the proteins have different binding affinity for the
nanosheet. Hydrophobic interaction was thought to be responsible
for interaction of BP NSs with BSA and BHb.

4.3.3. Infrared Spectroscopy (IR Spectroscopy). IR spectroscopy is
a linear vibrational spectroscopy that measures the stretching and
bending vibrations of the bonds present in molecules."”* The
demonstration of interaction is done by examining spectral bands,
which allows molecular characterization, identification, and functional
group analysis of the sample. This technique can be used to analyze
the interaction between 2D nanomaterials and proteins, through the
identification of functional groups and matching it with the fingerprint
regions. The IR spectra of the pristine nanosheet and protein are
compared with the protein—nanosheet complex after interaction to
identify the presence of additional peaks indicating new bond
formation and absence of existing peaks indicating deletion/alteration
of original bond present in the protein or nanosheet (Figure SC-i).
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The FTIR technique can be used in conjugation with other
(spectroscopic or microscopic) techniques to provide better under-
standing of the molecular interactions.

Li et al.'® investigated the change in secondary structure of
ovalbumin on adsorption onto GO using FTIR. The FTIR spectra of
OVA-GO complex, Figure SC-ii, showed peaks of both free OVA and
GO indicating interaction between both, but the absence/reduced
intensity of some peaks of OVA in complex indicated denaturation of
the protein structure, which was further confirmed using CD spectra.
The change in secondary structure of blood plasma proteins on
interaction and adsorption on the TMDC based MoS, nanosheets
was examined by Baimanov et al.'*® using CD and FTIR
spectroscopy. Figure S5C-iii represents a slight shift in the peak
position of the protein amide A band of the blood proteins upon
interaction with MoS, nanosheet. This indicates interaction between
C—N group of proteins and the NSs leading to stretching of the N—H
peak. Further, peak shifts for C=0O stretching, C—O stretching, and
C—N stretching along with N—H bending were also observed. The
changes in both the amide I and II bands is indicative of secondary
structure and conformational change in protein arising from
interactions with nanosheets. Thus, FTIR, indicates the impact of
2D nanomaterials—proteins interactions on the secondary structure of
proteins.

4.3.4. X-ray Photoelectron Spectroscopy (XPS). XPS is a surface
analysis technique that examines core levels of elements using soft X-
ray (200—2000 eV) radiations. Every element has a characteristic
binding energy associated with a particular atomic orbital. Each and
every element, except hydrogen and helium (insensitive to XPS),
shows a distinct set of characteristic peaks in XPS. The chemical state
of the atom can affect the shape and binding energy of the peak. Thus,
XPS also helps in knowing the chemical bonding. The advantages of
XPS include its chemical sensitivity and its suitability for solid surface
investigation.'”> XPS helps in determining the empirical formula,
elemental composition, and chemical and electronic state of the
elements within the material.'"*® XPS also helps in measuring what
elements are bounded to the subject matter. This property of XPS is
used to characterize the interaction between protein and 2D
nanomaterials. It has a high sensitivity of few nanometers and can
identity and quantify elements present within 1—12 nm of the
nanosheet surface. Paynter et al.'”” showed that XPS can be used to
determine the thickness and coverage of protein adsorption on
nanosheet surface. It provides information that whether the protein is
absorbed in patches or in continuous form in real time. In the study of
MoS, NSs—blood protein complexes, the characterization of nano-
sheet—protein complex was done using XPS by Didar et al.'** which
showed strong shift of the Mo 3d peak from 5/2 to 3/2 indicated the
adsorption of two proteins, IgG and Fg, on the MoS, nanosheet.
Thus, the change in peaks of XPS spectra can be used to understand
the interaction between protein and 2D nanomaterials.

4.3.5. Circular Dichroism (CD Spectroscopy). Molecules with
molecular asymmetry show differential absorption of right- and left-
handed circularly polarized light. This property of differential light
absorption is referred to as circular dichroism (CD), which makes it a
robust analytical technique to determine the conformation and
secondary structure of proteins. In a typical CD spectrum, the peptide
bond present in the protein backbone gives a characteristic band in
the far-UV region (178—260 nm), whereas aromatic amino acid side
chains and prosthetic groups of the protein shows CD bands in the
near UV (350—260 nm) and visible regions (400—700 nm).
Secondary structure of the proteins, like a-helix, f-sheet, and random
coil have their characteristic CD spectra in UV/vis region."”® CD
spectra could partially help in determining the change in the structural
conformation of the protein on interacting with a nanosheet. If the
protein—nanosheet complex shows spectra similar to the native
protein, then it could be inferred that protein structure is not
disrupted; in case of altered spectra, there may be change in protein
conformation which may affect the function of the protein (Figure
6A-i i), 4019

Chong et al."** studied interaction of bovine fibrinogen (BFG), Ig,
Tf, and BSA with graphene based nanosheets. The CD spectra of BSA

and Tf showed drastic structural rearrangement from reduced a-
helical to enhanced f-sheet just after S min of incubation with GO,
however no further significant alteration was observed after 60 min.
While the CD spectra of Ig and BFG showed change as a function of
time, ie., the altered spectra observed after S min incubation was
again changed after 60 min. This changed CD spectra of proteins
suggests the conformational changes in the protein structure on
interaction with GO. Similarly, the interaction of spontaneously
adsorbed ovalbumin (OVA) on GO nanosheet demonstrated
reduction in negative band at 222 nm corresponding to a helix of
OVA with increase in GO concentration, indicating denaturation of
OVA upon adsorption on GO nanosheet. In another study, Lee et
al.”® inferred that secondary structure of insulin got altered on
interaction with graphene by reducing a-helix content because of
strong 77— interaction, whereas due to the moderate hydrogen and
electrostatic bonding the conformation of the insulin retained on GO
surface irrespective of the adsorption time (Figure 6A-iii). Over time,
the conformation of insulin kept denaturing on adsorption onto
graphene, while GO had no deteriorating impact on insulin’s
secondary structure.

4.4. Isothermal Titration Calorimetry (ITC). ITC is a useful
technique to study interactions between two molecules by
determining the thermodynamic parameters of the interactions in
solution. ITC exploits the fact that when different molecules interact,
the reaction is either endothermic or exothermic. It directly measures
the heat involved in the interaction, using a sensitive calorimeter. The
progressive titration of the protein (ligand) into the nanosheet
solution (sample cell) allows the sensitive calorimeter to take a
measurement, thereby providing information regarding thermody-
namic characterization like stoichiometry, binding affinity, dissocia-
tion constant, association constant, and binding enthalpy, that too
without the need of reporter labels, e.g., chromophores and
fluorophores.”®" The knowledge of thermodynamic parameters
helps to estimate the interaction between protein and nanosheet.
The information on enthalpy (AH) and entropy (AS) can reveal the
interaction involved. Positive enthalpy (AH > 0) and positive entropy
(AS > 0) reflect the presence of hydrophobic interactions, whereas
negative enthalpy (AH < 0) and negative entropy (AS < 0) are
indicative of vdW forces or hydrogen bonding. Also, negative enthalpy
(AH < 0) and positive entropy (AS > 0) reveal the presence of
electrostatic force. ITC was employed by Shahid et al.">* to quantify
the interaction of ubiquitin with GO of varying oxidation degrees.
of varying oxidation degrees. The proteins upon interacting with the
surface of GO sheets underwent a fast dynamic exchange with the free
proteins in solution. The results showed that the K4 values were in the
micromolar range, which indicated low binding of ubiquitin onto GO
nanosurface on account of weak electrostatic forces between them.

4.5. Molecular Dynamic Simulation. MD simulation provides
theoretical insights about protein—nanosheet interactions by analyz-
ing molecular (microscopic) level changes and understanding its
impact at macromolecular level. It provides detail about dynamic
changes as a function of time, and the real time analysis helps in
monitoring each detail about how the protein is getting adsorbed on
the nanosheet. Being a computational model, it helps in analyzing the
impact of different parameters in a controlled way that might
otherwise not be possible with the actual experimental setup. The
results obtained from MD simulations are also validated using
experimental setup: Generally, an experiment is first simulated using
different nanosheets for different proteins at various physiochemical
conditions, then the most favorable complex in terms of energy and
stability is selected. The study can be controlled by altering/
removing/adding different functional groups present on protein and
nanosheet, thus enabling the understanding of the role of each of
these functional groups in the interaction between protein and
nanosheet. Utilizing MD simulation, we can know the protein folding
and unfolding, conformational change in both systems, energy
changes, type of interaction, stability of the complex, impact of
internal and external factors, etc., and all these could be validated by
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unit of proteins in presence and absence of GO nanosheets. (b—e) Initial and the final conformation of each protein monomers in presence and
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Hlustration of GO inserting into the dimer. Reproduced with permission from ref 163. Copyright 2016 American Institute of Physics. (C) In each
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experiment or taken into consideration while designing an experiment
involving both grotems and nanosheets.””> 7%

Feng et al."®® investigated the interaction between GO nanosheets
and HIV-1 IN homodimer structure using all atom MD simulations
(Figure 7A,B). The simulation was mainly performed to investigate
the impact of graphene based nanosheets on protein (HIV-1)
structure upon interactions. The experiments were done on a protein-
alone system, a protein with graphene system, a protein with 10%
oxidized GO system, and a protein with 25% oxidized GO system.
Parameters analyzed with their results were as follows: (i)
Dissociation of protein dimer: Nanosheets were able to dissociate
the monomeric units of HIV-1 IN homodimer by integrating itself
through hydrophobic interactions. Steric hindrance and attractive
force between oxidized group of GO nanosheets and protein residues
provided an unfavorable environment for dissociation. (ii) Degree of
oxidation: The distances between monomeric units increased on
moving from pristine graphene to 10% GO and further to 25% GO
system. These reasons were also responsible for slower insertion of
GO sheets (increasing time with higher oxidation) than pristine
graphene. Another reason responsible might be higher thickness of
GO nanosheets. (iii) Time-dependent interaction energy: vdW
interaction between each monomeric unit and nanosheet was found
to be higher than the interaction between both the monomeric units
themselves. The observation determined the vital role of vdW
interaction in insertion of nanosheets. (iv) Impact on monomeric
structure: Time-dependent root mean-square deviations (RMSDs)
were calculated. The results showed that nanosheets had no impact
on the monomeric structures, and its stability was maintained. The
results obtained showed that pristine graphene could have more
adverse effect on protein dimer than GO, because of strong
hydrophobicity and comparatively less thickness and more flexibility.
In another model, Luan et al.'®* studied the cytotoxicity caused by
interference of graphene disrupting the protein—protein interaction
(PPI). They measured the time-dependent contact areas, time-
dependent interaction energy, and time-dependent root mean-square
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deviations (RMSDs) of PPI both in presence and absence of
graphene. The MD results of their study showed that graphene
inserted into the protein—protein dimer disrupts the PP Insertion of
graphene can destabilize the hydrophobic interaction of the PPI and
the complex of the proteins can be broken. The flatness and the
strong hydrophobicity of graphene are responsible for the reduced
vdW potential energy between graphene and the PPI. However,
graphene is the least responsible for any energetic change and did not
hamper the hydrophilic interactions. Conclusively, if graphene enters
a cell, then it may disrupt the hydrophobic interaction of the PPI,
which may directly or indirectly affect the functionality or mortality of
the cell.

MD simulation was also used to study the interaction of GO and
RGO with blood plasma proteins (BSA, BFG, Ig, and Tf) by Chong et
al."** The results showed that the binding affinity of the concerned
proteins on both GO and RGO ranked in the order (BFG > Ig > Tf >
BSA). The results revealed that the binding was mainly due to
enhanced surface area of the nanosheets because of flat surface.
Protein adsorption occurred through strong 7—7 stacking interactions
between the aromatic residues of the protein and GO/RGO
nanosheet surface. Xiao et al.”’ explored the interaction of MoS,
and WS, with f-Gal-D308C, f-Glu, and HLD-A141C as model
proteins. The results showed that HLD-A141C gets adsorbed on the
TMDC nanosheet without any significant conformational change
while the other two proteins did not show substantial adsorption.
Figure 7C shows MD simulation of interaction between HLD-A141C
and MoS,. The results obtained were similar for both the TMDC
nanosheets, i.e., MoS, and WS, for all the three model proteins. As all
three proteins had a unique surface-exposed cysteine, difference in
adsorption pattern indicates that the force responsible for interaction
is majorly hydrophobic and no disulfide bond is formed between the
thiol group of cystelne residue and the sulfur of TMDC. In another
study, Xiao et al.'"” studied the interaction of alpha helical peptide, a
peptide of cecropin, and melittin on MoS, through MD simulation.
Their results showed that charged group on N terminus are required
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for the “standing up” position of the peptide on MoS, surface.
Charged group on the C terminus helps in leading the peptide to lay
down on MoS, which was also validated by optical microscopy and
SEG spectroscopy. Yao et al.'®” investigated the interaction of trypsin
with GO through MD simulations which revealed that trypsin was
adsorbed through its cationic and hydrophilic amino acids onto GO
surface; the active site of trypsin gets covered by GO which remain
stabilized at high temperature. Positively charged residues of trypsin
forms strong electrostatic bonding, whereas the neutral residues show
strong vdW interactions with GO. The active site interacts with
nanosheets and thus prevents conformational denaturation of protein
at higher temperatures. Thus, the analysis of protein and nanosheet
interaction can be theoretically estimated using MD simulation at
varied conditions.

Recently, Bisht et al.>’° have extensively studied the interaction of
MoS, nanosheets with SARS-CoV-2 Spike protein, its human receptor
ACE2, and the receptor—ligand complex Spike—ACE2. It was
observed that MoS, nanosheet binds strongly to Spike, ACE2, and
the complex structure. Interestingly, along with other binding sites,
MoS, nanosheets bind stably with the receptor binding domain
(RBD) and especially the receptor binding motif (RBM) region of the
Spike protein, as well as to the Spike-interacting region (hotspot
amino acid region) of the ACE2 receptor. Moreover, these nanosheets
also exhibited binding to the glycosylated spike protein of SARS CoV-
2 and its variants: kappa and delta. The flat surface of MoS, nanosheet
with sulfur atoms interacted directly with amino acids via hydrogen

bonding and van der Waals interaction, whereas the Mo atoms at the
edge of the sheets interacted with the amino acids to a lesser extent
through electrostatic interactions. It was further observed that upon
interaction, the receptor binding motif (RBM) region of RBD
underwent considerable secondary structure changes, which might
influence the receptor—ligand interaction. To further investigate the
impact of MoS, binding on the Spike—ACE2 protein complex, two
systems were considered which involved the stable structure of the
Spike—ACE2 complex and another system which involved a
nanosheet—RBD complex bound to ACE2. The binding of MoS,
exhibited maximum solvent accessibility and less stability of the
protein—protein complex as compared to the crystal structure. The
molecular mechanics with generalized Born and surface area solvation
(MM/GBSA) analysis reported that the binding of MoS, also
influenced the interaction energies between the key interacting amino
acids of the Spike—ACE2 complex, especially when the MoS,
nanosheet binds to the motif region of the complex, which results
in destabilization of the Spike—ACE2 complex. Finally, the dewetting
analysis revealed the quick adsorption of all the protein systems on
the MoS, nanosheet, especially the nanosheet—RBD complex with
ACE2, supporting the observation of strong and stable adherence of
the nanosheet on RBD, thereby leading to weak interactions with
ACE2 receptor. Thus, MD simulation analysis helped to unravel the
nature of interactions between 2D MoS, and SARS-CoV-2 viral
proteins, along with its receptor ACE2, and also opened up a
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possibility to further explore the potential of this material as an
antiviral nanoagent.

4.6. Some other Analytical Techniques. Besides the various
techniques discussed above, other analytical techniques like Raman
spectroscopy, XRD, etc., are also used to study the interaction of
proteins with nanosheets. Some of these techniques have been
mentioned below briefly.

4.6.1. Raman Spectroscopy. Raman Spectroscopy is an inelastic
scattering based analytical technique which enables understanding
about chemical structure, crystallinity, and molecular interactions. It
provides structural imprints to identify molecules and relies upon the
interaction of light with the chemical bonds within a material.**”
Kukkar et al.'*¢ designed a MoS, based biosensor for detection of
BSA, where they employed Raman Spectra to analyze the presence of
BSA on MoS, surface. The presence of additional peaks, besides Ezg1
and Agl, at 1600 and 2800 cm™' (originating due to tyrosine ring
stretching and aliphatic and amide vibrations respectively) confirmed
the presence of BSA. Zhezhu et al'*® used Raman spectra to
understand BSA adsorption on GO surface. They found that intensity
of Raman spectra of free BSA decreased on binding with GO
nanosheet, thus confirming interaction between BSA and GO. Lu et
al'*® decorated RGO with Plactoglobulin and studied GO, RGO,
and BLG-RGO Raman spectra to distinguish the ordered and
disordered structure of graphene. In order to determine the defects
and the sp? domain size, the intensity ratio of D and G band (Ip/Ig)
was quantified and was found to be 1.37 for RGO while that for BLG-
RGO it was 1.29. The decreased value of (Ip/I;) ratio of BLG-RGO
than RGO is indicative of evolution of sp® to sp? structure of RGO.
Thus, Raman spectroscopy can also be a useful tool for chemical
analysis and to identify molecular interactions between a nanosheet
and a protein.

4.6.2. X-ray Diffraction (XRD). XRD is an analytical technique that
is used to reveal structural information, mainly crystal structure and
chemical composition. It is based on the fact that every crystal has a
distinct 3D diffraction pattern, and it takes into account the
constructive interference of monochromatic X-rays of the incident
beam and a crystalline sample. Thus, this technique can be used to
characterize the interaction between protein and nanosheet. Shicun et
al”%® used XRD patterns to analyze the interaction between soya
protein isolate (SPI) and poly dopamine functionalized GO (PDG).
They observed that the pristine SPI showed two peaks at around 26 =
9.2° and 20.1° representing the & helix and f sheet conformations of
the protein. On adsorption of SPI to PDG, the a helix peak shifted to
lower angle indicating denaturation in the a helix structure of the
protein, thus exhibiting reduced degree of crystallinity and showing
strong cross-linking between SPI and PDG.

5. 2D NANOMATERIAL-PROTEIN INTERACTIONS:
CASE STUDIES

5.1. Proteins Interacting with Graphene-Based 2D
Nanomaterials. 5.1.1. Chymotrypsin. Sun et al.'® explored
the interaction of the enzyme chymotrypsin with carbon based
nanosheets, ie. graphene and GO using MD simulation.
Chymotrypsin is a serine protease which is synthesized in the
pancreas in an inactive form, chymotrypsinogen. This inactive
form gets converted into the active enzyme chymotrypsin in
the small intestine by another enzyme trypsin. The active
chymotrypsin acts as a digestive enzyme and cleaves the C-
terminal amino acid residues of peptides. Sun et al. found that
the position and conformation of the S1 pocket which
determines the efficiency and specificity of the enzyme is
important for enzymatic activity. MD simulations revealed that
ChT gets adsorbed on graphene and GO with different
curvature and contact areas. The most important role is played
by the hydrophobic residues of the protein, viz., isoleucine,
valine, proline, and alanine, during interaction with graphene.
The aromatic amino residues are responsible for the z—x

stacking and CH—r interactions with graphene surface. During
such interactions, the SI pocket of the enzymes, however,
remains far away from the graphene surface, allowing only
weaker interaction and thus the enzymatic activity remain
intact. In contrary, while interacting with GO, the main region
of enzyme interacting is the o helix domain which forms the
anchoring point after being brought closer to the GO surface
by the cationic residues. The hydrophilic amino acid residues
especially lysine and arginine interact with the oxidized region
of GO. The epoxide or carbonyl groups present on GO surface
forms strong hydrogen bonds with these hydrophilic residues.
Subsequently, the active site of ChT also gets adsorbed on the
GO surface leading to large deformation of the binding site of
the substrate. Figure 8A-i shows the active site of the enzyme
interacts with GO and prevents its interaction with the
substrate. The main amino acids responsible for its catalytic
activity (histidine, aspartic acid, and serine) are directly
adsorbed onto the GO surface (Figure 8A-ii). Further, a ring
of positively charged amino acids are formed around the active
site. which interacts with anionic groups of GO leading to
deformation of the active site and inhibiting its enzymatic
activity. The average RMSD of the residues in the active sites
of the enzyme (Figure 8A-iii) clearly depicted that enzyme
activity was significantly affected by immobilization on GO
than on graphene. These results corroborated the experimental
results (Figure 8B) which showed that the ChT enzymatic
activity gets inhibited in the presence of GO in a
concentration-dependent manner.

5.1.2. HRP and Lysozymes. Zhang et al."*” investigated the
use of GO nanosheets as substrates for immobilization of
enzymes such as horse radish peroxidase and lysozymes. They
observed that the presence of numerous oxygen containing
functional groups on the surface of GO nanosheets were
sufficient to immobilize the enzymes on the nanosheet surfaces
without any surface modification or coupling agents. While
studying the nature of such interactions which made the
enzyme immobilization possible, they found out the role of
electrostatic interactions in formation of noncovalent linkages
between the positively charged amino acid residues of the
enzymes and the negatively charged carboxyl groups, among
the many oxygen containing surface functionalities present on
the surface of GO. It was further noted that the pH of the
medium played a very important role in the interaction
between the enzymes and the nanosheets, since the charge of
the amino acid residues changes with change in pH. HRP
enzyme, having its isoelectric point at pH 7.2, exhibits a net
positive charge below this pH and a net negative charge above
it. Similarly, lysozyme exhibits a net positive charge below pH
10.3 and net negative charge above it. Therefore, considering
the fact that GO is negatively charged in aqueous solution in
the entire pH range 4—11, it will form strong electrostatic
interactions with HRP in an acidic pH range, while it will repel
HRP at basic pH. For lysozyme too, strong interaction was
observed with GO at pH lower than 10.3. Both HRP and
lysozyme showed high loading onto the surface of GO at pH
7.0. The high enzyme loadings revealed the exceptional
potential of GO to act as a solid substrate for enzyme
immobilization. Apart from electrostatic interactions, the
involvement of hydrogen bonding between the negatively
charged oxygen containing surface functionalities of GO and
basic residues of the enzyme was also observed. However, it
was also noted that the electrostatic immobilization of the
enzymes onto the GO surface resulted in a decrease in the
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enzymatic activity of the immobilized enzymes in comparison
to free enzyme. The authors believed that such a decrease in
biological activity of the enzymes was due to conformational
changes induced in the enzyme structure by its binding to GO.
On the other hand, Zhang et al?® demonstrated that in
addition to electrostatic interactions and hydrogen bonding,
hydrophobic interactions also contribute significantly toward
immobilization of enzymes on GO. Experiments with chemi-
cally reduced GO (CRGO), having a comparatively lesser
amount of oxygen containing functional groups than GO and
hence a lesser possibility of electrostatic interactions, showed
remarkable higher loading of enzymes such as HRP and oxalate
oxidase onto its surface. This was mainly due to the
hydrophobic interaction between the enzymes and the
CRGO. Also, the stability and enzymatic activity of CRGO—
enzyme conjugates was higher than GO—enzyme.

5.1.3. Heparin. Graphene is hydrophobic in nature. Strong
dispersive forces exist in between the graphene plates which
make it insoluble in an aqueous environment. Studies
conducted by Lee et al.”® showed that highly stable aqueous
dispersion of chemically reduced graphene can be produced
through noncovalent interactions with heparin. Physiological
stabilization of graphene can be done through noncovalent
methods where various z-rich water-soluble polyelectrolytes
successfully produce stable graphene dispersion using 7—x
interactions with graphene nanosheets and polyelectrolytes.
Heparin is rich in sulfonate, a group which gives it a very high
negative surface charge density, and also it has a relatively
hydrophobic cellulose backbone. Thus, the interaction
between heparin and graphene nanosheets mostly take place
through hydrophobic interactions between graphene nano-
sheets and the heparin backbone, and the presence of negative
charge on the graphene—heparin conjugate stabilizes them in
aqueous medium through charge repulsion. The formed
graphene—heparin conjugate was also found to retain its
biological activity and demonstrated ~30-fold increase in
anticoagulant activity in comparison to GO, thereby validating
the fact that the heparin molecules after attaching to the
surface of graphene nanosheets retained their biological
activity.

5.1.4. Hemoglobin. Interactions of hemoglobin (Hb), a
blood protein, with carbon nanosheets can shed light on how
such nanosheets are expected to behave under in vivo
conditions and also provide more information related to
biocompatibility, bioavailability and toxicity of such nano-
sheets. Studies carried out by Wang et al. on the interactions of
GO (GO) with BHb have revealed some key information on
how the structural and functional properties of Hb gets altered
through binding interactions with GO."'** It was observed that
binding of Hb on the surface of GO nanosheets had serious
consequences on the structural integrity of the bounded Hb
molecule. CD spectroscopy revealed that the binding
interactions caused a decrease in a helix content of Hb
along with an increase in random coil and beta sheets. This
indicates that the secondary structure of the Hb molecule
suffered major damages. The spectra also showed an unfolding
of the peptide strand taking place as a result of interaction with
GO, which was further supported by UV—vis spectroscopic
studies. The UV—vis spectroscopic results further revealed that
in addition to reduction in the o helix content of the Hb
molecule and loosening of the skeleton of the molecule,
interactions of GO with Hb also caused exposure of the heme
group and aromatic amino acid residues of Hb to the aqueous

environment, thereby clearly ascertaining the event of protein
unfolding taking place. Temperature-dependent studies dem-
onstrated the effect of GO on the thermal stability of Hb which
showed that in the presence of GO, the Hb molecule was more
prone toward thermal denaturation. GO was also found to
inhibit nonenzymatic glycosylation of Hb. Computational
modeling studies showed that two binding modes, i.e., insert
binding mode and surface binding mode existed for the
interaction of BHb with GO. In both the binding modes,
hydrophobic interaction was the main driving force. However,
other forces like hydrogen bonding, electrostatic bonding, and
m—m stacking also contributed toward the adsorption of Hb
onto GO surface.

5.1.5. Plasma Proteins. Interaction of graphene-based
nanosheets with plasma proteins is of great importance for
various biological and biomedical applications, like bioimaging,
drug delivery, diagnosis, etc. Kenry et al.'** observed the
interaction of abundant plasma proteins like albumin, globulin,
and Fg with GO of different lateral size. The interaction of
some abundant plasma proteins in discussed below, where we
will see how different proteins have different adsorption
behavior with nanosheets.

5.1.5.1. Albumin. Ding et al.”'® conducted conformational
studies, on the various types of interactions of human serum
albumin (HSA) using differently functionalized GO such as
GO, GO—COOH, GO—polyethylenimine (PEI) and GO—CS.
They found that nanosheets readily interact with HSA and the
binding affinity was found to be highest for GO and lowest for
GO—PEIL The interacting forces between HSA and the
nanosheets may include hydrophobic interactions, electrostatic
interactions, hydrogen bonding and 7—7 stacking interactions.
Hydrogen bonds are formed when positively charged amino
acids residues like arginine and lysine interact with the
negatively charged surface functionalities of GO such as the
epoxy groups on the GO surface. GO—COOH interacts with
HSA using hydrogen bonds as the dominant driving force
between the carboxyl group and the positively charged amino
acids since the carboxyl groups block the epoxy groups. A
positive change in entropy was detected in ITC during the
study of interactions with GO—PEI and GO—CS which
indicates the role of hydrophobic interactions in binding with
HSA. The results also indicate that the binding mechanism
starts off with initial hydrophobic interactions which exposes
the inner structure of HSA to the GO nanosheets. HSA shows
the strongest hydrophobicity when it is at its isoelectric point.
Zeta potential studies confirm the presence of strong
electrostatic forces when HSA and GO interact, the interaction
being strongest at a pH between 4.0—9.0. Efficient fluorescence
quenching was also observed at a lower pH. Increase in
quenching indicates more interactions between HSA and GO.
At a lower pH, HSA is positively charged and hence a stronger
interaction with the negatively charged GO surface is exhibited
which is responsible for the quenching process.

In another study conducted by Kenry et al,'** the effect of
size of GO nanosheets on its interaction with plasma proteins
like albumin was extensively studied. They found that albumin
exhibited highly consistent adsorption behavior at lower
concentrations. Increase of adsorption of the albumin was
observed with increase in size of the nanosheets. Thus, GO
having the largest lateral size showed lowest absorption of free
albumin and the GO nanosheet having the smallest size
showed the maximum absorbance for free albumin. Fur-
thermore, fluorescence studies revealed that albumin produced
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Figure 9. Structural dynamics of HP3S on MoS, surface. Reproduced with permission from ref 162. Copyright 2016 Springer Nature. (A) Time
profile of native contact Q of HP3S (black) and heavy atom contact number between HP3$ side chains and MoS, (red). (B, C) Hydrogen bond
and « helix ratios of HP3S adsorbed onto MoS,, as a function of time. (D) Representation of simulation trajectory of important intermediate

structures of HP33.

the largest red-shift as compared to other blood proteins,
irrespective of the size of the nanosheets. In the presence of
GO nanosheets with a smaller lateral size distribution, albumin
showed an exponential decrease of its fluorescence intensity
ratio. This confirmed the presence of both dynamic and static
quenching. Besides quenching, the interaction of albumin with
GO also resulted in conformational change of the albumin
structure.

5.1.5.2. Fibrinogen (Fg). On studying the adsorption of
fibrinogen (Fg) with different sizes of GO, the outcomes
observed were reverse in comparison to that obtained for
albumin."** At lower concentrations of Fg, adsorption process
is independent of the lateral size of the nanosheets. At a higher
concentration, all the nanosheets exhibit maximum adsorption
of Fg. But when exposed to the nanosheet with a larger lateral
size distribution, there was lesser adsorption. This lower
adsorption can be due to saturation of the loading capacity of
the nanosheet surface. The lateral size-dependent adsorption of
Fg started at a specific concentration of 10 mg/mL. After
reaching this specific concentration, the adsorption of Fg
increases with decrease in lateral size. The red-shift of Fg
molecule in fluorescence emission studies was unique because
it showed an increase in the red-shift with increase in lateral
size. The characteristic red-shift trends in Fg may indicate an
increase in the polarity and hydrophobicity of the local
environment of the emission active elements. In the presence
of GO nanosheets with large surface area, Fg showed a linear
trend in its fluorescence intensity ratio, indicating dynamic
quenching. However, the comparison of fluorescence quench-
ing studies of Fg under the influence of GO sheets with

different lateral size distribution showed an exponential trend
with the decrease in the lateral size of the nanosheets, thereby
also indicating the presence of static quenching. Thus, the
quenching observed is a result of both static and dynamic
quenching. Similar to albumin, conformational change was also
observed in case of Fg on interaction with GO.

5.1.5.3. Globulin. Unlike albumin and Fg, globulin did not
show any significant trend of adsorption with respect to size of
GO nanosheet.'** The GO nanosheets of different lateral size
distributions showed maximum globulin adsorption at low
concentration of the protein molecule. However, at higher
globulin concentrations, some amount of free globulin
absorbance was detected. Highest adsorption of the molecule
occurred in nanosheets with the highest lateral size distribution
and vice versa. The red-shift in fluorescence spectra of globulin
was more or less similar to that of albumin, regardless of lateral
size distribution of nanosheets. The fluorescence intensity ratio
of globulin also had an exponential trend similar to albumin.
Thus, globulin also exhibited both static and dynamic
quenching.

5.2. Proteins Interacting with TMDCs. 5.2.1. HP35. To
gain a deeper understanding about the biocompatibility of
TMDCs such as MoS,, Gu et al."®* studied the interactions
between the villin headpiece (HP3S) protein and MoS,
nanosheet using all-atom molecular dynamics simulations.
The simulations showed that interactions between HP3S$
protein and MoS, nanosheets severely affected the con-
formation of HP3S native folds, leading to its denaturation.
Most of the alpha helical structure of HP35 faced a significant
damage due to strong dispersive interactions with MoS,
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surface. HP35 loses its native contact with the nanomaterial
rather quickly due to the degradation of its initial contact areas,
which are the residues from the second and third alpha helices
in the structure of HP3S (Figure 9). The initial contact was
made by the amino acid residues present in the second a helix,
which turned out to have high proportion of hydrophobic
aliphatic and aromatic residues, indicating that hydrophobic
interaction was the main driving force in the initial adsorption/
anchorage process. The second helix contains the highest
proportion of hydrophobic residues which is why it is the first
to be adsorbed. The interaction between the initial amino acid
residues induced contacts of neighboring residues such as Leu
and Arg to settle down on the nanosheet surface, thereby
anchoring the helix onto the surface of the nanosheets. This in
turn led to some N-terminal residues to come in contact with
the nanosheets as well. The residue Trp-64 required further
stabilizing; thus, a large conformational change occurred in the
indole side chain which induced adsorption toward the C-
terminal region. This triggered the third & helix to settle down
on the nanosheet’s surface. The system reached its energy
minimum when the Phe-76 in the C-terminal settled on the
nanosheet. After that, a few more changes continued taking
place until the minimum was reached. Hydrophobic
interactions during initial adsorption may be the driving
force for protein—nanomaterial binding, but protein also favors
interaction with nanomaterials through electrostatic and
dispersive vdW energies. vdW’s forces were found to be
dominant in the adsorption kinetics of HP35. It was observed
that most of the residues such as Arg-SS, Phe-58, Trp-64, Lys-
70, Lys-71, and Phe-76, which made up the second and third
helix of the protein and contributed toward the adsorption of
the protein on the nanosheet surface had vdW’s energies less
than —20 kcal/mol, thereby showing the key contribution of
vdW’s forces in mediating this interaction. In addition to this,
the presence of basic residues such as Arg-5S, Lys-70, and Lys-
71 in this same interacting group also sheds light on the
possible involvement of polar interactions too during the
binding process. Arg-55 was found to play a crucial role in
tethering the protein to the surface of the nanosheets. It was
observed that this residue was the one holding on to the
second helix while it was being denatured. Thus, the
interaction between the model HP3S protein and MoS,
nanosheets provides a peek into the molecular origin of
potential nanotoxicity of this material and further establishes
the need for developing better surface functionalizing
chemistries to modulate the behavior of these nanomaterials
with biomacromolecules such as proteins, lipids and DNA.
5.2.2. Plasma Proteins. Interaction of plasma proteins with
TMDCs nanosheets is important for understanding the
mechanism of action and immune response generated by
nanosheet in vivo. Baimanov et al.'*® investigated the
interaction of MoS, nanosheets (NSs) with blood plasma
proteins and studied their cellular uptake. The dissociation
constants obtained from the four proteins adsorbed on MoS,
nanosheet represented the different binding affinities of these
proteins. ITC spectra and ITC thermogram of HSA, IgG, and
Tf showed much higher binding affinities toward MoS, as
compared to Fg. The relation between thermodynamic
parameters (entropy and enthalpy) and the interaction type
were utilized to study the type of interaction of MoS, with
HSA, 1gG, Fg, and Tf. The negative values of AH and AS
revealed that the predominant interactions responsible for
interaction of MoS, with HSA, IgG, Fg, and Tf were vdW’s

force and hydrogen binding. TEM micrographs were utilized
to reveal the presence of plasma proteins on the MoS,
nanosheet surface and observe the cellular uptake of the
protein adsorbed nanosheets in a periodic manner. The
internalization of NSs—protein complexes in lysosome of the
cells enhanced with time, and different NSs—protein
complexes showed different uptake. Both bare NS and NS-
corona were phagocytosed via endocytosis into the macro-
phages and accumulated as irregular aggregates in the lysosome
dispersed in the entire cytoplasm of the cell. Understanding the
fate of NS—protein complex is important for various
applications like drug delivery, photothermal treatment, etc.
Interaction of various blood plasma proteins with TMDCs is
discussed in below.

5.2.2.1. Albumin. Albumin is one of the most important
plasma proteins; its interaction with MoS, nanosheets is
because of transfer of electrons. Baimanov et al.'** in their
study found that MoS, nanosheets can adsorb large amount of
plasma proteins, with maximum adsorption of HSA. HSA
showed higher binding affinity and low dissociation for MoS,
nanosheets. The interaction of HSA with nanosheet resulted in
decrease in the a helix content and an increment of the
random coil content in comparison to free HSA, which
suggests that NS induced denaturation and unfolding in HSA.
Further, it is found that HSA on adsorption on the MoS,
surface acts like electron donors. This was validated from the
fluorescence quenching studies, conducted by Zhang et al."**
that showed when the concentration of MoS, nanosheets in
the solution was high, the intrinsic fluorescence of HSA was
quenched by 60%.The intrinsic fluorescence of HSA is due to
presence of aromatic amino acid residues like tryptophan and
tyrosine. The transfer of electrons from aromatic tryptophan
amino acid of HSA neutralizes the negative charge on the
surface of MoS, nanosheets, and this electron transfer was the
main reason for the quenching of fluorescence observed. This
kind of an arrangement can be very useful when detecting the
presence or absence of foreign molecules or ions. The
fluorescence intensity or lifetimes are affected by the addition
of the probe molecules and thus the BSA-TMDC composites
can act as efficient fluorescent turn ON/OFF sensors.

5.2.2.2. Transferrin (Tf). Another plasma protein, transferrin
(Tf),"* showed good binding affinity toward MoS, nanosheets
and was adsorbed in moderately good amount. The interaction
of Tf with MoS, nanosheets caused some conformational
change of Tf, with decreased a helix content and enhanced
random coils. It was also found that Tf coated NS showed less
immune response and successfully camouflaged NS, which
makes it a promising candidate for in vivo biological
applications like drug delivery.

5.2.2.3. Fibrinogen. Fg was the least adsorbed protein on
the MoS, nanosheets in comparison to albumin, Tf, and
IgG."" It was observed that it has the highest dissociation rate
and the weakest affinity toward the nanosheet. Though,
protein quantification assays showed that it has the most mass
adsorbed onto the surface of the nanosheets, but the binding
affinity of the protein molecules was significantly low. A
significant alteration in Fg structure was observed on
adsorption with decrease in @ helix content from along with
an increase in the B sheet content. Hydrogen and vdW
noncovalent bonding is thought to be responsible for Fg
adsorption on MoS, nanosheets.

5.2.2.4. IgG. Immunoglobulin (IgG) adsorbs on to the
surface of the MoS, nanosheets by virtue of vdW forces and
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Figure 10. MD simulation study of the interactions between HP3S and Phosphorene nanosheets. (A) Native structure of HP3S. Simulated
representation of contact residues of HP3$ along with their contact configurations adsorbed onto phosphorene. (B) For the four configurations, the
interface area (i), mean distance between HP3S and phosphorene (i), and the RMSD of HP3S adsorbed onto phosphorene (iii), was studied as a
function of time. (C) Averaged RMSD (i) and number of residues in the a-helix structure (ii) of the four contact configurations of HP35 adsorbed
onto the graphene and phosphorene as a function of time. Reproduced with permission from ref 127. Copyright 2015 Elsevier.

hydrogen bonding.'** IgG showed similar binding affinity and
dissociation constant as that of albumin and Tf. As it possesses
largest amount of beta sheets compared to the other proteins
investigated, it did not undergo any significant change of
conformation, even after adsorption on the nanosheets. This
example suggests that the shape of the protein and the f sheet
content of the protein may play an important role in
adsorption of the protein on the nanosheets.

5.3. Proteins Interacting with Xenes. 5.3.1. HP35.
Zhang et al.'?’ investigated the interaction between villin
headpiece of HP3S protein with phosphorene and graphene
using MD simulations. HP35 has five aromatic sites, i.e., F06,
F10, F17, W23, and F35; out of which W23 and F35 were
involved in interaction with phosphorene and F10, W23, and
F35 were actively involved in interaction with graphene. It was
revealed that phosphorene caused less disruption to the HP35
structure than graphene (Figure 10). In order to check the
damages caused to the secondary structures of HP3S, the
number of residues present in the alpha helical structures of
HP3S$ adsorbed onto phosphorene were analyzed. The authors
report that only a part of the third a helix got converted to 3,y-
helix and that the remaining part lost the a helix content, while
the other two helices retained their  helix structure, indicating
that severe damage was not done. Investigations to understand
the reason for the less disruptive nature of phosphorene
revealed that the surface morphology of the nanosheet and

35776

type of interactive forces between the nanosheet and the
protein played key roles in determining the outcome of this
interaction. It was observed that the presence of a puckered
“valley” morphology of phosphorene resulted in weaker
interactions with HP3S, which significantly reduced the
disruption of the native HP3S conformation. This finding
further shed light on the strong protein disruptive nature of
graphene, which possesses a flat surface and thus interacts
more strongly with protein/peptide residues. The results
showed that 7—x stacking and hydrophobic interactions were
responsible for absorption of HP35 on nanosheets surface.
Also, the dispersive (vdW) forces between phosphorene and
HP35 were found to be very weak. This is again a direct
consequence of modification of nanosheet surface morphology
through “puckering” which attenuated the dispersive inter-
actions between the two. Overall, the nondisruptive nature of
phosphorene toward proteins makes this 2D material more
biocompatible and less toxic as compared to graphene and has
the potential to emerge as a better alternative to graphene for
future biomedical applications.

5.3.2. Hemoglobin. Understanding the behavior of nano-
sheets with blood proteins is an important aspect of evaluating
its toxicity and biocompatibility. Interaction of black
phosphorus nanosheets with hemoglobin protein has revealed
the effect of this type of nanosheet on the structure and
function of hemoglobin."”” The intrinsic fluorescence of
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hemoglobin was found to get quenched greatly upon binding
with BP nanosheets, thereby showing that the nanosheet
interacted directly with the protein. Forces such as vdW,
hydrophobic, and electron transfer between the BP nanosheet
surface and hemoglobin contributed toward the binding of
hemoglobin with BP nanosheets. As a result of this binding
interaction, the BP nanosheets caused extension of peptide
chain and altered hydrophobicity around the aromatic amino
acid residues of hemoglobin. However, BP nanosheets did not
cause any conformational distortion to the heme moiety. CD
spectroscopic studies revealed that the protein did not lose its
native secondary structure and retained its structure in the
main a-helix form. However, binding of hemoglobin to BP
nanosheets altered the tertiary structure of the protein, as a
result of which bilirubin binding to hemoglobin was
compromised.

5.4. Proteins Interacting with MXenes. 5.4.1. Tyrosi-
nase. Wu et al.” studied immobilization of the enzyme
tyrosinase on graphene-like MXene-Ti,C; nanosheets and
utilized this 2D material—protein interaction to develop an
ultrasensitive electrochemical biosensor for detection of
phenol. The large surface area of the nanosheets coupled
with the presence of OH groups on the surface helped in
attachment of the protein molecules on the surface of the
nanosheets. The 2D nanomaterials were not only efficient in
entrapping the enzyme but also retained their bioactivities,
stability, and facilitated transport of enzyme substrate and
products. FTIR studies of the secondary structure of the
immobilized tyrosinase enzyme showed two vibrational bands
of amide I and II. The amide I band arises from stretching of
the carbonyl functional group of the peptide linkage in the
protein backbone. The amide II band is due the combination
of N—H and C—N stretching. A slight shift in the amide I band
indicated the binding interactions between the enzyme and the
nanosheets. Electrostatic interactions and hydrogen bonding
between the enzyme and OH-terminated nanosheets were
found to be the main forces acting between them. The
excellent metallic conductivity of the MXene nanosheets
coupled with its biocompatibility and good aqueous stability
prompted the researchers to explore it as a matrix for
immobilizing tyrosinase for fabrication of a biosensor. The
MXene-based tyrosinase biosensor was highly efficient and
sensitive in detecting very low concentrations of phenol in a
short period of time. The biosensor could sense the analyte
from 0.05 to 15.5 yumol L™2.It demonstrated a detection limit
as low as 12 nmol L™" and a sensitivity of 414.4 mA M. The
biosensing approach was also found to be reproducible, stable,
and able to detect phenol in real water samples.

5.4.2. Horse Radish Peroxidase (HRP). The excellent
electrical conductivity of MXene nanosheets was also exploited
by Bao-kai et al.”'" for fabricating an electrochemical biosensor
for detection of H,0,. MXene was used as the ideal substrate
for immobilization of the enzyme HRP, a heme-containing
enzyme which is widely used for catalyzing the oxidation of
different kinds of substrates. The presence of vertical junction
structure in MXene nanosheets improved HRP immobilization
and showed better charge transfer properties. FTIR spectra of
MXenes did not demonstrate any peak, but on the other hand
HRP exhibited peaks at 2961, 1647, 1541, and 1080 cm™". The
presence of all the major bands corresponding to HRP in the
HRP-immobilized MXene sample established that no major
damage was incurred on the protein. The MXene-HRP
biosensor showed good electrochemical behaviors and electro-

catalytic activity toward reduction of H,0O,. The biosensor
demonstrated good analytical performance over a linear range
from 5 ymol-L™! to 1.650 mmol-L™" and a low detection limit
of 0.74 umol-L™". The biosensing approach was also found to
be reproducible, stable, and useful for detection of trace level
of H,0, in both solid and liquid food products.

5.5. Protein Interacting with hBN. Interaction of insulin,
an important metabolic hormone, with hexagonal boron nitride
(BNNS) along with graphene monoxide (GMONS) and
silicon carbide (SiCNS) nanosheets was studied by Atabay et
al.'® They studied various parameters and analyzed the
interaction of insulin with nanosheets. It was observed that
with decrease in distance between insulin and nanosheet, there
was enhancement in the interaction energy. The RMSD values
were taken to study the stability of insulin on nanosheet
surfaces. The results indicated that the structure of insulin was
retained upon adsorption on the nanosheet surface. It was
observed that insulin got adsorbed and immobilized through
C-termini residues of chains A and B on BNNS, while the N-
termini residues of chains A and B and C-termini residues of
chain B were involved in interaction with GMONS. It can be
said that role of vdW interaction was higher than the
electrostatic interaction in total interaction energy. However,
in BNNS, electrostatic bonding contributed more as compared
to other nanosheets, owing to more polarity of BNNS. Solvent-
accessible surface area (SASA) analysis was done to study the
conformational study of insulin in different solvents, i.e., with
water and after adsorption on nanosheets. It was inferred that
the Phe—Phe binding, 7—n stacking, and Cys—Cys sulfur
bridge were important for adsorption and immobilization of
insulin on BNNS and GMONS.

6. 2D NANOMATERIAL—PROTEIN INTERACTIONS:
CONFORMATIONAL CHANGES AND
DENATURATION

The adsorption of proteins onto 2D nanomaterials can have
significant implications for disease development, primarily
through the conformational changes in secondary structure or
denaturation. Among the diseases extensively studied in
relation to nanosheets is Alzheimer’s disease (AD). A critical
step in AD involves the polymerization of amyloid-f peptide
(Ap) into amyloid fibrils with a p-sheet structure. The
interaction between 2D nanomaterials and the monomeric
peptide Af plays a crucial role in either promoting or
inhibiting the proliferation of AD. Yang et al. investigated the
interaction of graphene and GO with Af peptide and amyloid
fibrils.”'* The findings of their research demonstrated that
graphene was able to dissolve preformed amyloid fibrils and
inhibit the polymerization of the peptide. This effect was
attributed to the sp® carbon of graphene, which attracted
peptides from the amyloid fibrils, resulting in a strong
dispersion. Furthermore, the interaction was enhanced by
7—m stacking between the aromatic residues of the peptide and
graphene. The primary molecular mechanisms responsible for
inhibiting AD included the penetration, insertion, and
extraction of monomers from the fibrils. The findings obtained
from AFM and thioflavin fluorescence assays demonstrated
that both graphene and graphene oxide (GO) effectively
disintegrated and cleared amyloid fibrils through their
interaction with the monomer unit. Molecular dynamic studies
were conducted, revealing that the interaction energy between
the fibril and graphene decreased over time, while the contact
area between the peptide and graphene increased. These
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observations suggest that graphene holds potential as an
inhibitor of AD. The simulation results align with the
experimental findings, indicating their potential usefulness in
predicting the impact of 2D nanomaterial interactions with
proteins in disease progression. Similarly, Li et al. demon-
strated application of WS, for inhibition of AD.”"’ The
absorption of Af40 monomer onto WS, nanosheets is
facilitated by van der Waals and electrostatic interactions,
effectively preventing its aggregation. Additionally, when near-
infrared (NIR) light is applied to preformed Af aggregates in
the presence of WS,, they dissociate due to the photothermal
capability of WS,. The impact of WS, was evaluated using
AFM, revealing the presence of 1 um sized fibrils in the
absence of WS,, while no fibrils or aggregates were observed in
its presence. CD spectra analysis indicated that the random
coil structure of the monomer was retained in the presence of
WS,, whereas in the absence of WS,, an increased f-sheet
structure characteristic of fibrils was observed. ATR-FTIR
spectroscopy further supported these findings, as the absence
of a nanosheet showed the presence of amyloid fibrils, while a
broader band between 1640 and 1645 cm™ indicated a
disordered conformation of the monomeric peptide in the
presence of WS,. Thus, WS, can also serve as an inhibitor of
Alzheimer’s disease (AD) by interacting with the monomeric
peptide.

Further, Yan et al. comprehensively studied the impact of
graphene nanosheet interaction with spike protein of SARS-
CoV-2 using molecular dynamics.”'* The investigation
indicated that in case of both wild type (WT) and omicron
variant, graphene gets inserted in the pocket composed of N-
terminal domain (NTD) and receptor binding site (RBD) of
the spike protein in closed state, leading to their unavailability
to bind angiotensin-converting enzyme 2 (ACE2) and thus
inhibiting chances of infection. However, in open state spike
protein, graphene fails to bind with RBD and allows RBD to
interact with ACE-2, thus promoting infection which was
found to be more detrimental in the case of omicron variant.
Bisht et al. employed atomistic simulation and molecular
docking to investigate the interaction between MoS, nanosheet
and RBD of spike protein of SARS-CoV-2.”°° Their study
revealed that MoS, strongly binds to RBD via hydrogen, van
der Waals and electrostatic bond, leading to conformation
change of spike protein. This in turn leads to destabilizing of
RBD-ACE2 interactions, thereby making it a potential antiviral
candidate for battling COVID-19.

Wau et al. analyzed the impact of MoS, nanosheet interaction
with human islet amyloid peptide (hIAPP).”'® Fibrillation of
hIAPP is related to degenerative type 2 diabetes. Their
experimental and modeling results showed that MoS, nano-
sheet strongly interacts with monomer, dimer, and fibrils of
hIAPP via van der Waals interactions. The binding is strong
enough to retain the amyloid fibril structure in its own form,
and also promoted fibrillation of peptide. The results suggested
that MoS, nanosheets can lead to proliferation of amyloid
fibril-based disease like type 2 diabetes on interacting with
hIAPP and other amyloid fibrils. Based on the above-
mentioned examples, it can be inferred that the interaction
between nanosheets and proteins can exhibit both inhibitory
and proliferative effects on disease outcomes, depending on the
nature of the interaction. The analytical techniques discussed
in this review, such as microscopy and spectroscopic
techniques, provide valuable means to study these interactions.
Additionally, theoretical investigations employing molecular

dynamics simulations can be utilized to predict and analyze the
influence of nanosheets on proteins in the context of disease
progression.

7. 2D NANOMATERIAL FOR PROTEIN
IDENTIFICATION AND SENSING

In the preceding discussions, we explored the intricate ways in
which 2D nanomaterials interact with proteins. These
interactions, which can be thoroughly examined and
deciphered using various analytical tools, hold significant
promise for applications in protein identification and sensing,
Wu et al. developed an electrochemical immunosensor for
detection of two biomarkers of cervical cancer, i.e.,
carcinoembryonic antigen (CEA) and squamous cell carcino-
ma antiégen (SCCA), using tetraethylene pentaamine modified
rGO.”'® The modified rGO sheets were used to immobilize
primary antibody (Ab,), whereas two secondary antibodies
(Ab,) and different redox probes (neutral red and thionine)
were loaded onto Au@mesoporous carbon CMK-3 nano-
particles for fabricating the immunosensor. The presence of
respective biomarkers resulted in a peak current change of the
redox probes which was detected as a signal. The
immunosensor had a wide linear range, low detection limit,
good reproducibility, and stability. A highly sensitive, label-free
biosensing platform was developed by Singh et al. for detecting
the cancer biomarker carcinoembryonic antigen (CEA) using
graphene on a Cu substrate as the sensor platform and
electrochemical impedance spectroscopy (EIS) as the sensing
technique.”’” The biosensor showed excellent sensitivity and
specificity toward CEA with a linear response in the
physiological range of 1.0-25.0 ng/mL, the sensitivity of
563.4 Q ng”' mL cm™? and the limit of detection (LOD) of
0.23 ng/mL. Jin et al. also developed a graphene based
electrochemical biosensor for CEA detection comprising of
HRP, magnetic beads and AuNP that achieved a limit of
detection of S ng/mL.218 An ultrasensitive electrochemical
immunosensor was developed by Wang et al. to detect lung
cancer biomarkers by employing reversible addition—fragmen-
tation chain-transfer (RAFT) polymerization as a tool for
signal amplification.”’” A GO coated GCE electrode was used
as the sensor base onto which primary antibody (Ab,) against
the lung cancer biomarker CYFRA21—1 was immobilized. The
secondary antibody against CYFRA21—1 conjugated with a
chain transfer agent and used as the detection probe. In the
presence of the biomarker, a sandwich-like immunocomplex
was generated connected to many monomers via RAFT
polymerization. It was observed that presence of GO and
RAFT polymerization together contributed in improving the
analytical performance of the biosensor.

Cao designed a nanocomplex consisting of graphene, MoS,,
AuNP, chitosan, and HRP which were assembled on a glassy
carbon electrode (GCE) for detection of DNA.>*’ The
biosensor could detect DNA with a high selectivity and at
concentrations as low as 2.2 X 10™"° M. Haung et al. prepared
an electrochemical sensor based on cysteine assisted
graphene—MoS, composite.””’ The sensor could detect
various biomolecules including ascorbic acid, L-tryptophan,
dopamine, and acetaminophen, with a low detection limit of
2.0 X 107® M (for acetaminophen). This sensor is a perfect
example of 2D material-based sensors for protein detection.
Wu et al. synthesized reduced MoS, that can selectively
interact with dopamine in a mixture of ascorbic acid, uric acid,
and dopamine owing to the electrostatic interaction between
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positively charged dopamine and negatively charged GCE-
APTES-rMoS,.”** Dopamine detection has also been done by
Su et al,, where they used gold nanoparticles decorated MoS,
as biosensor.””’ Zhao et al. demonstrated a “turn-on”
fluorescence biosensor based on fluorescently labeled protein
aptamers and MoS, nanosheets for the rapid and precise
detection of carcinoembryonic antigen (CEA) protein.”** The
CEA aptamer probe can be adsorbed on the surface of nearby
MoS, nanosheets via the van der Waals force, leading to energy
transfer by FRET and quenching of the aptamer probe’s
fluorescence signal. Due to the aptamer probe’s capacity to
dissociate from MoS, nanosheets with binding-induced
conformation change, the fluorescence signal was recovered
while CEA protein was still present. The remarkable quenching
efficiency of the MoS, nanosheets and their ability to
differentiate between aptamers and aptamer/protein enabled
the rapid and highly sensitive detection of the CEA protein
biomarker. Kong et al. also designed an aptamer functionalized
MoS, based biosensor for early detection of PSA with
significantly low value of 0.2 ng/mL as detection limit.”*®
Another study by Wang et al. employed the drain current of
MoS, nanosheets for detection of PSA, with a picomolar
detection limit.”*

In addition to graphene-based materials and TMDCs, the
newly emerging MXene family of 2D nanomaterials have also
been explored for designing biosensors. Wu et al. designed a
SPR biosensor that incorporates an N-Ti;C,-MXene nano-
sheet-modified sensing platform as well as a signal enhancer
made of N-Ti;C,-MXene, hollow gold nanoparticles
(HGNPs), and staphylococcal protein A (SPA) complexes.””’
A hydrophilic, biocompatible nanoplatform consisting of
ultrathin Ti;C,-MXene nanosheets functionalized with amino-
silane was used to covalently immobilize the monoclonal anti-
CEA capture antibody (Abl). The polyclonal anti-CEA
detection antibody (Ab2) was immobilized on N-Ti;C,-
MXene/HGNPs nanohybrids. The binding of CEA and
subsequent formation of the sandwiched Ab2-conjugated
SPA/HGNPs/N-Ti;C,-MXene nanocomplex on the SPR
chip resulted in the generation of a response signal. The
constructed N-Ti;C,-MXene-based SPR biosensor demonstra-
ted a linear detection range of 0.001—1000 pM for CEA with a
detection limit of 0.15 fM.

Xenes, such as black phosphorus or phosphorene, have also
been exploited for designing biosensors. Gold nanoparticle-
decorated phosphorene demonstrated excellent 4-nitrophenol
(4-NP)-reduction catalytic activity, providing a colorimetric
signal output from yellow 4-NP to colorless 4-aminophenol (4-
AP), enabling the detection of the carcinoembryonic antigen
biomarker as a highly selective and sensitive colorimetric
method in the clinical samples obtained from breast and colon
cancer patients.228

8. ENVIRONMENTAL IMPACT OF 2D
NANOMATERIALS

2D nanomaterials have extensive applications across various
industries and research fields. However, these nanomaterials
often have a tendency to aggregate and form nontoxic bulk
counterparts over time when released into the environment.
The entry of these materials into the environment can occur
through air, water, or soil. The environmental impact of
graphene derivatives is contingent upon their behavior and
transformations within the surrounding media. While graphene
derivatives can persist in the air for extended periods, factors

such as sunlight or strong forces can induce aggre§ation,
reduction, or structural degradation of the nanosheets.”*”**° In
soil, graphene can be decomposed by soil microbiota, for
instance, a study reported oxidation of graphene and mitigation
of carbon content of rGO on interaction with Phanerochaetes
chrysosporium.”>" Tt has the ability to fix heavy metals in soil
like Cr with surface complexation and electrostatic interaction,
besides the redox and biological decomposition occurring in
the soil. Cumulative effect of all these factors on graphene
nanosheets is also seen in aquatic environment, where sunlight,
pollutants, microorganisms, and minerals can interact. These
interactions can lead to removal of toxic substances by
conversion to less toxic forms or accumulation of heavy metals
by adsorption or transformation in nanosheets into colloids,
aggerates, other chemical forms. Wang et al. and Cao et al. in
separate studies found that graphene nanosheet enhanced
arsenite (As) accumulation and thus its toxicity by increasing
its bioavailability.”>>**> The accumulated As altered the
metabolism of the aquatic organism like zebrafish. The impact
of pollutants like zinc and cadmium in the presence of GO was
studied on the freshwater fish Geophagus iporangensis, and an
alteration in the metabolic rate and route of the fish was
observed.”** Graphene and its derivatives can also mitigate to
higher food levels, thus more research is required in analyzing
the fate of nanosheets in the environment.

Similarly, TMDCs are also environmentally less detrimental
owing to their chemical stability in ambient environment. The
absence of dangling bonds in the terminating chalcogen atoms
makes them more stable. TMDCs are not prone to oxidation
in normal environmental conditions unless extreme conditions
like heat or strong oxidation are applied.”*> However, Wang et
al. showed that in aqueous media they are prone to oxidation
which results in release of soluble molybdenum and sulfur
species.”*® This is also accompanied by release of protons
which contributes toward further destabilization of the
nanosheets leading to degradation. The degradation of MoS,
was also found to be pH-dependent, with higher oxidation
kinetics reaching at higher pH.*** Chemically exfoliated MoS,
nanosheets showed rapid oxidation in environmental media
with a half-life of 30 days, whereas ultrasonically exfoliated
nanosheets showed slow oxidation. Experiments carried out in
biological media demonstrated that MoS, nanosheets did not
show long-term persistence in living systems and oxic natural
waters. MoS, leads to the formation of molybdenum oxide
(MoO;,) at high temperature of 340 °C, with oxidation starting
at defect sites.””’ In the case of WSe,, the oxidation initiates
from edges and grows inward at comparable temperature.”*®
The oxidation rate is temperature-dependent, with less
oxidation occurring at low temperatures, having negligible
impact at 200 °C.

MZXenes have the potential to remove heavy metals from the
aquatic environment by adsorption.”* It may enter the
environment via agricultural applications, packaging, cosmetics,
and biomedicines. Bury et al. studied the role of MXenes in
bioremediation, by removal of various gaseous and organic
pollutants.”*>**' To date, studies have indicated the toxicity of
MZXenes toward bacteria and cancer cells, while no adverse
effects on normal human cells have been reported. As a
relatively new class of 2D nanomaterials, there is limited
research on the long-term environmental effects of MXenes.
However, available literature suggests that MXenes could
potentially impact aquatic organisms, and in the case of
terrestrial organisms, the respiratory and digestive tracts appear
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to be more susceptible to these effects.”*” It should be noted
that comprehensive investigations on the environmental fate of
hBN and Xenes are currently lacking in the existing scientific
literature. In summary, it can be concluded that 2D
nanomaterials undergo changes in their structure, morphology,
and surface properties when exposed to the environment. The
long-term behavior of these nanomaterials in the environment
is influenced by various factors, including physicochemical
parameters such as pH, temperature, surface functionalization,
and exposure to sunlight. Additionally, natural environmental
factors such as chemicals, pollutants, and organisms also play a
role in determining whether the ultimate outcome is
detrimental or safe.

9. CONCLUSION

The emergence of 2D nanomaterials has been a boon to the
field of nanotechnology. Once thought to be unstable in the
free form, these nanosheets are now finding applications in
wide spectra of fields including optics, electronics, chemical,
biotechnology and biomedical. Different types of 2D nanoma-
terials are available now, like carbon-based graphene, GO
(GO), and reduced graphene based (RGO); TMDCs like
MoS, and WS,; Xenes, MXenes, and hexagonal boron nitride.
Out of these, carbon based and TMDCs are most explored
nanosheets in the field of biomedical research. The hexagonal
structure, large surface area, sp> and sp’ hybridization, and
single-atom-thin sheet favors the binding of proteins to these
nanosheets. Albumin (BSA and HSA) tend to adsorb on both
graphene-based and TMDC nanosheets, without much impact
on its secondary structure. Other plasma proteins like Fg,
globulin, etc,, get adsorbed with varying tendency on the
nanosheets. Enzymatic activity of trypsin and chymotrypsin
can be inhibited by adsorption on graphene and GO, besides
graphene prevents thermal denaturation of trypsin. After
studying interaction of different proteins with 2D nanomateri-
als, we can say that majority of the proteins get adsorbed on
nanosheets through a combination of different forces such as
nm—n stacking, hydrophobic bonding, hydrophilic bonding,
electrostatic interactions, and vdW forces. Some other forces
can also be involved, like disulfide bonds in the case of
interaction with TMDCs and functionalization of nanosheets
with molecules like PEG, and can favor covalent bonding
(functionalized nanosheets not discussed).

Analysis of protein adsorption on nanosheet and character-
ization of the nature of interaction can be done through
various analytical techniques: for example, microscopic
techniques like AFM, SEM, and TEM can be explored to
image the protein bound nanosheets; hydrodynamic sizes and
surface potential can be measured using DLS and zeta
potential; and concentration-dependent measurement can be
done through various spectroscopic techniques like UV—vis
and fluorescence spectroscopy. Proteins have intrinsic
fluorescence due to the presence of tryptophan, tyrosine, and
phenylalanine residues that gets quenched on adsorption onto
nanosheet, and energy transfer from protein to nanosheet or
vice versa takes place on adsorption. These quenching and
FRET approaches can be utilized using fluorescence spectros-
copy to give information about the protein—nanosheet
interaction. As the protein adsorbs on nanosheet, there are
chances of conformational changes and protein denaturation.
Any change in secondary structure of proteins can be estimated
using FT-IR and CD spectroscopy. The interactions at buried
surfaces can be examined using SFG spectra; chemical and
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elemental analysis can be done using XPS, EDX, XRD, and
Raman spectroscopy. Important thermodynamic parameters of
the interactions like binding association, dissociation constants,
and enthalpies can be measured using ITC techniques. Further
study of the interactions at atomic level or the ones not
possible experimentally can be theoretically studied using
modeling. MD simulation can be used to study theoretical
model of proteins and nanosheets to obtain important
information like nature of interaction, time-dependent contact
area, time-dependent energy change, and many other
parameters.

With the help of these techniques, we can understand the
impact of adsorption on protein activity, which further helps to
determine the compatibility of these nanosheets. Despite many
advantages, there are few shortcomings especially when
biological applications are considered. As the protein gets
adsorbed on the nanosheet, its binding site may get affected,
secondary structure may be altered, and activity can be
changed. This may cause toxicity when introduced in the living
system. Besides this, there is a lack of standardized quality
evaluation system of 2D nanomaterials established by an
official organization or committee, which can ensure
reproduction of results in different laboratories. Further, the
lack of long-term in vivo studies regarding the fate of
nanosheets in biosystem is itself a big limitation.”*”*** Some
nanosheets may induce cytotoxicity, which may get mitigated
or enhanced by the adsorption of proteins. There has been a
tremendous debate on the impact of protein bound nanosheet
on toxicity, with some research showing that proteins help in
mitigating the toxicological effect that would have been there
when nascent nanosheets are used, while others establishing
that protein adsorption enhance the toxicity or generate
stronger immune response against the nanosheets. Future
studies should take into consideration the effect of 2D material
size, composition and surface properties on different biological
entities, such as proteins to better understand the biological
consequences and nanotoxicity of this class of material.
Conclusively, we can say that 2D nanomaterials provide a
compatible surface for protein adsorption, where proteins
adsorb through various interactions, and the outcome of such
interactions are different for different types of proteins as well
as nanosheets, which ultimately decide the fate of these
nanomaterials in the context of biomedical applications.
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