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Fig. 1 Extraction of lipid molecules from cell membranes by phosphorene nanosheets
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Fig. 2 Directional insertion of phosphorene nanosheets into membranes
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Fig. 4 Influence of BPQDs on the inhibition of insulin fibrillation aggregation
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Fig. 6 Adsorption of proteins on the surface of phosphorene and their correlation analysis: snatching models'®”

Eo EARWMEBERENITREREXSH: BFREX



-1438- EMUEEEYIEER

Prog. Biochem. Biophys. 2022; 49 (3)

WW ZE R RS AR E o X Rl <5 L (A 202
S AR B ELAE AP — R A B R A
7 R R EARE, B X WW S5 Ha sy
TR BT IR . X RN 1 SRR T

15: _:dYZS,P:{M il
m— ad ) .\
< ; s proe }'ﬂf\“rﬁ}};"}
E 10+ _'~dy2&\’{32 aa "L"'”']Lﬂ { -
<) OB AR L RSN A
ol W f -ﬁ\:fplr,, e paghd
® T —— RMSD 120
~——— : Hbond
16
12

S/(10%A2)

1 1
0 50 100 150 200

t/ns

Hbond number

HAF TR — P F R ARl AERABFILRL
SEMIRE TS, ARBPRIRI i sk &5
JEARIERE, AT,

>

o,
O

R X
\D

IR

(N

S SR, /
o:o:o;g
NOI0\9.9.
/9.3

O
O,
QR

R

®,
8

Q

9,
Q

@,
S
:s

{
R
0:;
.0
0,

f.,
S

A\
N
O
O
(55
O
O
o

@,

)
%

O
®,
RS

Q

=100 ns =180 ns

Fig.7 Adsorption of proteins on the surface of phosphorene and their correlation analysis: failure modes'®”’
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Abstract Phosphorene, a single layer of black phosphorus, has a direct band gap, strong structural and
functional anisotropy, high charge carrier mobility and has made great progress in the fields of biomedicine, drug
delivery, biosensors, and disease diagnosis and treatment. Compared with other nanomaterials, phosphorene has
better biocompatibility and biodegradability, and has a good application prospect in the field of biomedicine.
Although there have been a large number of reports on the biological effects of phosphorene, the details of the
interaction process between phosphorene and biological macromolecules, such as nucleic acids, lipids, and
proteins, still lack systematic research. The dynamic process of the interaction between phosphorene and
biomolecules is currently unobservable experimentally. Molecular simulation has unique advantages in capturing
precise dynamic structures that cannot be obtained in experiments, and is widely used in the fields of
nanomaterials and biology. This article summarizes the latest research progress in the interaction of phosphorene
nanomaterials with biological macromolecules such as proteins, lipid membranes and DNA, based on computer
simulation and experimental methods in recent years. We reviewed the current research on the biological toxicity
of phosphorene and analyzed the problems that need to be solved in the future. It was found that phosphorene
nanomaterials with higher concentrations and larger sizes are more cytotoxic, and different types of cells have
different toxic reactions to phosphorene nanomaterials. Phosphorene nanosheets have both destructive and
inhibitory effects on proteins, depending on with which amino acid residues phosphorene is combined. Research
on the interaction between phosphorene nanosheets and DNA macromolecules is still lacking. Current research
results show that phosphorene nanosheets do not significantly damage DNA macromolecules. Generally speaking,
the biocompatibility of phosphorene is better compared with other nanomaterials, but it also has certain biological
toxicity. Phosphorene could produce biological toxicity in the following ways: (1) extracting phospholipid
molecules from the cell membrane which destroys the integrity of the lipid membrane and weaken the cell
activity; (2) producing reactive oxygen species which makes cells lose their vitality; (3) destroying the structure of
biomolecules which makes them lose their biological functions; (4) snatching the ligand and occupying the active
site which blocks the signal pathway of the signal protein and results in the loss of its function. Everything has
two sides. Phosphorene’s toxicity is harmful to organisms, but it can be used for sterilization and it is also
beneficial to kill cancer cells. Phosphorene nanomaterials are unstable, but they are beneficial to their degradation
in the organism. Phosphorene nanomaterials with weak biotoxicity and easy degradation will become ideal
candidates for nanomedicine. How to effectively reduce the negative effects of phosphorene nanomaterials and
maximize their biomedical functions will be an important issue to be faced in the future. This review will promote
the basic research on the biological effects of phosphorene, and will also push forward the application of
phosphorene nanomaterials in the field of biomedicine.
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