Journal of Materiomics 9 (2023) 1129—-1140

Contents lists available at ScienceDirect

Journal of Materiomics

journal homepage: www.journals.elsevier.com/journal-of-materiomics/

25 Journal of
~Materiomics
e £V

Research paper

MXene: An efficient hemoperfusion sorbent for the removal of uremic | g

toxins

Check for
updates

Tianyi Wang °, Wei Gu ¢, Lu Yu °, Xin Guo.b, Jian Yang ¢, Xiaoyu Sun ¢, Jun Guan ¢,
Lin Zhou ¢, Chengyin Wang ?, Hang Yao * ", Xiuyun Zhang ¢ ", Guoxiu Wang ™"

2 College of Chemistry and Chemical Engineering, Yangzhou University, Yangzhou, 225000, Jiangsu Province, China
b Centre for Clean Energy Technology, School of Mathematics and Physics, Faculty of Science, University of Technology Sydney, Broadway, Sydney, NSW2007,

Australia

€ Clinical Medical College, Su Bei People's Hospital, Yangzhou University, Yangzhou, 225000, Jiangsu Province, China
d College of Physical Science and Technology, Yangzhou University, Yangzhou, 225000, Jiangsu Province, China

ARTICLE INFO ABSTRACT

Article history:

Received 24 March 2023
Received in revised form

8 June 2023

Accepted 18 June 2023
Available online 7 July 2023

MXene, a family of two-dimensional (2D) transition metal carbides and nitrides have attracted extensive
interests for many biochemical applications, including tumour elimination, biosensors, and magnetic
resonance imaging (MRI). In this article, we firstly discovered that Ti3C;Ty MXene exhibited a highly
efficient adsorption capability as hemoperfusion absorbent towards middle-molecular mass and protein
bound uremic toxins in the end stage of renal disease (ESRD) treatment. Molecular scale investigations

reveal that the high efficiency of MXene for the removal of uremic toxins could be attributed to syner-
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gistic effects of physical/chemical adsorption, electrostatic interaction surface of 2D MXene, and trans-
formation of protein secondary structure. 2D MXene materials could be used as a new hemoperfusion
sorbent with ultrahigh efficiency for removing uremic toxins during the treatment of kidney disease.
© 2023 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the 21st century, chronic kidney disease (CKD) has become
the sixth fastest growing disease in the world [1]. Until now, more
than 850 million people worldwide are suffering from CKD. When
these patients reach the end stage of renal disease (ESRD), their
kidneys only can function at 10%—15% of the normal capacity [2]. To
prolong their life spans, most ESRD patients normally have two
options: one is continuous renal replacement therapy (CRRT), and
another is kidney transplantation [3]. However, only extremely
limited number of patients have precious opportunities to receive
kidney transplant surgery because of scarcity source of replace-
ment kidney, biological incompatibility and the prohibitive cost [3].
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Thus, CRRT has to be the only choice for most ESRD patients.

To date, modern CRRT can be classified into two methods: he-
modialysis and hemoperfusion [4]. Hemodialysis has been widely
known as using semipermeable membranes contained in the
dialysate column to remove small molecular weight harmful sub-
stances such as urea, uric acid and creatine [5]. The modern he-
modialysis technology has met the strict requirements for the
clearance of most small molecular harmful substances. However,
except for small molecular mass harmful substances (more than 90
kinds of common toxins have been recognized in blood of ESRD
patients), middle molecular mass molecules (between 500 and
1,200 Da, such as indole sulphate) and protein bound toxic content
(B2-microglobulin etc.) are also detrimental to the health of ESRD
patients [6]. Owing to large molecular mass, these two kinds of
toxic content cannot cross the pores of the semipermeable mem-
brane, thus cannot be removed by hemodialysis.

Hemoperfusion has been widely regarded as a complementary
technique to overcome the shortcomings of hemodialysis in clinical
treatment, which can directly remove toxins in blood by using
absorbent materials [7]. Unlike hemodialysis, hemoperfusion uses
special absorbent to directly adsorb toxins in the blood. In most
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clinical treatments, hemoperfusion and hemodialysis are employed
together in series. Hemoperfusion is especially very important for
patients suffering from acute hemotatoxicosis. For most uremic
patients, even when maintaining dialysis at a frequency for 1-3
times a week, they still need hemoperfusion therapy for several
times per year. For the treatment of novel coronavirus (COVID-19)
patients, hemoperfusion is also considered as an irreplaceable and
effective approach to eliminate inflammatory factors such as
interleukin-6 (a kind of protein bound toxin) and alleviate “cyto-
kine storm” during the rescue of severe COVID-19 patients [8].

At present, the common commercial hemoperfusion absorbents
are usually made of active carbon (AC) and resin. However, these
traditional absorbents have low removal efficiency, which cannot
meet the rapidly increasing demands for the treatment of ESRD
patients [9]. Therefore, it is imperative to develop new hemo-
perfusion adsorbents with high efficiency and broad-spectrum
adsorption function towards all kinds of toxins (e.g. small-,
middle-molecular weight and protein bound toxins). MXenes, a
new type of two-dimensional transition metal carbides, carboni-
trides and nitrides, have attracted extensive interests in diverse
domains [9] such as electrochemistry [10], biochemistry [11] and
electronics [12] etc. MXenes represent by a general formula of
M. 1X;Tx (n = 1-3), where M is an early transition metal, X is
carbon and/or nitrogen, and Tx denotes the hydroxyl/oxy/fluoride
surface terminations [13]. The physico-chemical properties and
surface functional groups of MXenes are tunable by varying their
precursor MAX compositions and the type of etching (hydrofluoric
acid concentration and/or mixed acid composition), which endows
the derived MXenes with abundant physical and chemical charac-
teristics [14]. Particularly, the functionalization of surfaces not only
enables MXenes to be hydrophilic, but also empowers MXenes with
superior adsorption capability to various chemical molecules [15].
Their unique 2D ceramic packaging structure makes MXene the
first to be well applied in energy storage and electrochemistry
[16—18]. Previously, the MXene has become an ideal in various
domains, such as CO, capture [19], toxic NH3 gas adsorption [20],
water purification [21], and even radioactive pollutant removal
[22]. This is mainly due to the large specific surface area and
abundant surface polar functional groups of MXene. Recently,
Meng et al. have demonstrated the positive effects of MXenes for
adsorbing urea, which is one kind of small molecular weight toxins
from kidney disease patients’ waste dialysate [23]. However, there
is still no efficient absorbent for removing middle-molecular
weight and protein-bound toxins, hindering the effective treat-
ment for patients suffering from kidney failure.

According to our previous research, we found that MXene has
excellent removal ability towards interleukin 6 (IL-6) [24] and
bilirubin [25], herein, for the first time, we systematically analyze
Ti3C,Tx MXene as an adsorbent in hemoperfusion for three kinds of
common uremic toxins (e.g., small-; middle-molecular weight toxin
and protein bound toxin) We especially focus on its removal
capability towards middle-molecular weight and protein-bound
toxins. High resolution transmission electron microscopy (HR-
TEM) and X-ray photoelectron spectroscopy (XPS) were employed
cooperatively to illustrate details of toxin adsorption process.
MXene absorbent can efficiently remove toxins in real blood of
ESRD patients without breaking balance of positive blood compo-
sition, which has been confirmed by analyses using Roche Auto-
matic Biochemical Immunoanalyzer.

2. Experimental section
2.1. Preparation of MXene adsorbent

Ti3AlC, with a particle size of <38 pm was synthesized according
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to the previous report [13]. Then, 3 g of as-prepared Ti3AIC; powder
was etched in a mixture of 3 g lithium fluoride (LiF, Alfa Aesar) and
30 mL 9 mol/L hydrochloric acid (HCl, Fisher Scientific) at ~35 °C for
24 h to extract the Al atoms and obtain multilayered Ti3C,Ty sus-
pension. The obtained suspension was repeatedly rinsed with
distilled water and centrifuged (3,500 r/min) until the pH of the
supernatant was higher than 5.

2.2. Preparation of PAN electrospinning membrane

In a typical electrospinning procedure of PAN membrane, a so-
lution of 9% (in volume) PAN powder (MW150,000, Macklin,
Shanghai) in N, N-Dimethylformamide (DMF) (AR, Macklin,
Shanghai) was prepared in the temperature of 37 °C. After stirred
for 10 h, the solution was allowed to stand for 10 min. The fiber was
spun at an electric field of 20.00 kV with a feeding rate of 0.1 mm/
min from a 23-gauge needle (SS—2535H, Yongkang, Shanghai). An
Al foil was employed as a collector and the distance between needle
and collector was 15 cm. Spinning temperature was maintained at
25-30 °C and the humidity was kept at 45%—50%. After the spin-
ning, the interlayer was exfoliated from the collector and heated in
a vacuum oven at 100 °C for 6 h.

2.3. Adsorption experiment

Lysozyme (Biotechnology grade, Macklin, Shanghai, China);
Vitamin B-12 (98%, Macklin, Shanghai, China). MXene adsorption
experiments of both lysozyme and vitamin B-12 were all carried
out from aqueous solution under ambient temperature. MXene
adsorbent of 5 different qualities (2.0, 4.0, 8.0, 16.0 mg and 32.0 mg)
was added into 4 mL lysozyme solution. The solution was centri-
fuged for 10 min at 10,000 r/min and then, the solution stood for
peace. UV—visible—near infrared absorption spectrometer (Cary
5000, Varian, USA) was used to monitor the concentration of the
lysozyme and VB-12. The adsorption experiment to B-micro-
globulin was conducted in Northern Jiangsu hospital, Yangzhou,
China. The concentration of f-microglobulin and other components
in real blood was characterized by an Automatic biochemical im-
mune analyzer (Cobas 8000, Roche Diagnostics GmbH, Germany)
while the collection of blood samples was approved by patients.

2.4. Characterizations

After adsorption of toxin molecules on MXene was character-
ized by Fourier Transform Infrared Spectrometer (FTIR) (Nicolet
6700 Spectrometer), Circular dichroism spectra (J-810, JASCO
Company, Japan), Nuclear magnetic resonance (NMR) (AVANCE
600, Bruker, Germany), X-ray photoelectron spectroscopy (XPS)
(ESCALAB250Xi, and ThermoFisher Scientific, USA). The MXene/
lysozyme mixed solution was centrifugal for 10 min at 10,000 r/
min. The sediment was freeze dried before SEM characterization.
High resolution transmission electron microscopy (HR-TEM) was
operated at 300 kV electron microscope (Tecnai G2 F30 S-TWIN,
FEI). The low concentrated MXene@LYZ solution was dropped on
the copper mesh (400) and dried for 10 min before the character-
ization. CD spectra of lysozyme were collected on a Jasco spec-
tropolarimeter, model 810, with a quartz cell of 10 mm path length
for near-UV. The concentration of lysozyme was 20—40 pmol/L in
the solution of deionized water. To prevent CD intensity from
changing with temperature, it is necessary to use cooling water
(flow rate 2.0 L/min) for the light source (Xe light).

2.5. DFT calculation

All the calculations were performed in the framework of spin
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polarized DFT as implemented in the Vienna ab-initio Simulation
Package (VASP) [26]. The exchange-correlation potentials were
treated by the generalized gradient approximation (GGA) param-
eterized by Perdew, Burke and Ernzerholf (PBE) [27,28]. The inter-
action between valence electrons and ion cores was described by
the projected augmented wave (PAW) method [29], and DFT-D2
method [30] considering van der Waals (vdW) interaction was
adopted for the TM-Cgp systems. The electronic wave functions
were expanded in a plane-wave basis with a cutoff energy of
400 eV. The vacuum region between wires was set to 15 A and the
reciprocal space was sampled by 1 x 1 x 1 grid meshes using the
Monkhorst-Pack scheme for geometry optimization [31]. All the
atoms were fully relaxed until the Hellmann-Feynman force on
each atom was less than 0.01 eV/A.

2.6. In vivo whole blood perfusion

The animal study was approved by the Ethics Committee for
Experimental Animals of Yangzhou University (Yangzhou China),
and the work was in compliance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals (NIH
Publications No. 8023, revised 1978). The process was carried out at
a stable temperature of 38.8 °C, with a flow rate of 30 mL/min for
30 min. The vivo whole blood perfusion experiment was carried out
in college of Veterinary Medicine Yangzhou University.

3. Results and discussion
3.1. Ti3C,T, MXene nanosheets preparation and characterizations

Ti3C,Tx MXene nanosheets were prepared by exfoliating Ti,AlC;
MAX phase precursors via a conventional acid-etching procedure
using hydrofluoric acid to remove Al layer [11]. The morphology of
the as-prepared MXene material was characterized by scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM). As shown in Fig. 1a, just after the etching process, these
pristine MXene nanosheets emerge as an accordion-like super-
posed aggregation. These multilayer MXene nanosheets were fur-
therly exfoliated via sonication process, centrifuged at high speed
and washed for several times to obtain a few-layered pure TizC,Ty
dispersions in deionized water (as shown in the inset of Fig. 1b and
Fig. S1). The TEM image reveals that the exfoliated MXene nano-
sheets is ultrathin in thickness with a large lateral size, which en-
dows MXene with abundant active sites for toxin adsorption
(Fig. S2).

The high-resolution TEM (HR-TEM) image demonstrates the
atomic structure of as-synthesized MXene material, in which three
layers of Ti atoms can be clearly identified with an interlayer dis-
tance of 1.5 nm (Fig. 1c). The (001) peak in the XRD pattern cor-
responding to Ti3C;Ty nanosheet became broader and shifted to
lower angles, which is consistent with the HR-TEM results (Fig. S3).
The energy-dispersive X-ray spectroscopy (EDS) mapping identifies
the elementary composition of MXene nanosheets with C, Ti, O and
F (Fig. S4). The external chemistries of TizC,Ty MXene were char-
acterized by the XPS analysis, demonstrating that the MXene sur-
faces are mainly terminated with hydrophobic (—F) and,
hydrophilic (—OH, =0) functional groups (see details in Fig. S5).
Fig. 1d illustrates the designed hemoperfusion process using
MXene adsorbent to remove uremic toxins. The strong physical and
chemical adsorption abilities contributed from abundant functional
groups on MXene surface can effectively immobilize toxin mole-
cules. The high efficiency removal performance can guarantee pu-
rified blood reinjected the patient's body with low uremic toxin
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concentration. Density functional theory calculations (DFT) were
performed to identity the adsorption properties of Ti3C,Ty MXene
towards the typical protein bound toxins. Here, lysozyme (LYZ) was
chosen as a representative protein bound toxins because of its
similar chemical and physical properties to other toxins in patients’
blood (Table S1) [32]. In order to reduce the computational
complexity, we selected three characteristic amino acid segments
of LYZ, which are denoted as Fragment A, B and C, respectively (as
shown in Fig. S6). The nine possible interactions (3 x 3) between
the three LYZ segments and Ti3C,Ty MXenes with three possible
surface terminations (—OH, —O—, or —F) were simulated and
quantified by the adsorption binding energies (Ep) (Fig. 2). Gener-
ally, MXene showed excellent adsorption ability to LYZ and the
computed binding energies vary from -9.86 to -1.46 eV depending
on MXene structures and the target LYZ segments. Although
the —O— and —OH terminated MXenes show strong adsorption
strength for the LYZ toxin, the most stable adsorption combination
are from the —F terminated MXene with binding energies of -9.86,
-9.38 eV and -8.6 eV to A, B and C segments, respectively. Since the
F- group consists of about 1/2 of all terminal groups (calculated
from the result of XPS), it can significantly improve the adsorption
capacity of MXene absorbents to protein bound toxins. Further-
more, we investigated the charge density differences (CDD) be-
tween various toxin segments and functionalized TizC,Ty surfaces.
As shown in Fig. 2j, the —O— terminated MXene has the largest
charge transfer (1.18 e—0.45 e). While the —OH terminated MXene
has the lowest values (0.09 e — 0.03 e). Such significant CDDs be-
tween the Ti3C,Ty surface and various LYZ segments could
contribute the strong interaction between MXene and toxin
segments.

3.2. Ti3CyTy MXene adsorptions performances

To validate the theoretical calculations, we examined the
adsorption capability of Ti3C,Ty MXene for removing the middle-
molecular weight toxins and protein-bound toxins from aqueous
solution. In addition to the LYZ toxin, we also chose vitamin B-12
(VB12, with a molecular weight of 1355 Da) as a representative of
the middle-molecular weight toxins (Fig. S7 shows its molecular
structure). Due to the same molecular weight and similar chemical
composition, VB12 is appointed as a representative substance for
evaluating new hemoperfusion absorbents [30].
Ultraviolet—Visible (UV) spectroscopy was used to quantitatively
detect the decrease of concentration of LYZ and VB12. Other typical
toxins, such as urea and uric acid, were also analyzed by a Roche
Automatic Biochemical Immunoanalyzer (Fig. S8). Commercial
activated carbon (AC) sorbent (coconut shell carbon), which has
been widely applied as clinical hemoperfusion absorbent, was also
used as a reference absorbent for comparison (Fig. S9). Fig. 3a
shows the curve of VB12 and LYZ concentration with time of
adsorption. When 2 mg MXene nanosheets were added into 4 mL
VB12 solution (201.7 mg/L) at the temperature of 37 °C, the con-
centration of VB12 decreased rapidly to 122.6 mg/L in 30 min and
then reached 90.3 mg/L after 3 h. In contrast, the concentration of
VB12 only decreased to 171.1 mg/L after 3 h when using AC as the
adsorbent. The Ti3C;Ty MXene also displays superior removal
capability for LYZ toxin. As shown in Fig. 3b, when 2 mg of MXene
powders were mixed with LYZ aqueous dispersion, the concen-
tration of LYZ dropped from 40.00 mg/L to 27.65 mg/L in 30 min and
attained 21.60 mg/L after 3 h, while the concentration of LYZ treated
with AC sorbent only attained 29.75 mg/L by the AC. To achieve a
quantitative comparison between removal abilities of two absor-
bent, adsorption capacity q was quantified and calculated by the
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Fig. 1. (a) SEM image of Ti3C,Ty MXene material after etching by HF. (b) TEM image of few-layer Ti3C,Ty MXene material after delamination. The inset is a digital photograph of an
aqueous dispersions of few-layer Ti3C,Ty, which shows the typical Tyndall effect. (c) HR-TEM image of Ti3C,Ty MXene and the corresponding atomic model. (d) Schematic illus-
tration of the hemoperfusion therapy process and mechanism by using the 2D MXene adsorbent.

formula below:

q= (ct —co)V
Mads

(1)

where ¢, and c; are the solute concentrations in the original solu-
tion and after a time t, respectively. V is the volume of solution and
Ma,gs stands for the mass of sorbent. As showed in Fig. 3¢, MXene
showed a high VB12 adsorption capacity above 200 mg/g in mono-
toxin solution and 120.1 mg/g in the mixed solution. However, in a
sharp contrast, the adsorption capacity of AC (Dy = 0.8 mm, specific
surface area is 800 m?/g) to VB12 is only half of that of MXene in a
mixed solution even in a mono toxin solution (61.2 mg/g). Besides
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to VB12, MXene also exhibited nearly double adsorption capacity
(36.8 mg/g) than that of AC (20.5 mg/g) in mono toxin solution and
almost triple in mixed toxin solution. The decreased performance
in mixed solutions can be ascribed to the adsorption competition
mechanism. Even compared with another commercial adsorbent,
resin (Dy = 205 nm, Polydispersity index from cumulant fitting is
0.041, Average hydrodynamic diameter is 215 nm), MXene is still
advantageous to toxin absorption (resin only achieved an adsorp-
tion ability of 13.3 mg/g, which is just one-third of the value of the
MXene) [33]. Fig. 3e and f illustrate adsorption capacity of MXene
and AC towards two typical small molecular weight toxins (urea
and uric acid) in mono- and mix-toxin aqueous. Compared with AC,
the adsorption capacity of MXene is higher than that of AC by more
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Fig. 2. Schematic illustration and computation on the interactions between Ti3;C,T, MXene and LYZ segments. Blue, yellow and green sectors represent binding energies between
(a—c) —F, (d—f) —O— and (g—i) —OH terminated MXene and three different LYZ segments A, B and C, respectively. The area of sectors corresponds to the strength of the binding
energies they represent. (j) Bader charges for protein segments A, B and C with MXene terminated by three different functional groups.

50% in both solutions, which confirm a higher efficient removal
efficiency for small molecular weight toxins. However, this excel-
lent adsorption capability is dwarfed when compared with that of
middle molecular mass and protein bound toxins. These results
demonstrate the advances of Ti3C;Ty MXene for absorbing small
molecular mass, middle molecular mass, or protein bound toxins
compared with conventional AC and resin absorbents [34,35]. We
further examined the correlations between the quantity of absor-
bents and the removal efficiencies by adjusting the adsorbent mass
loadings. Fig. 3g shows the removal efficiencies of MXene and AC to
VB12 and LYZ when the mass loadings increased from4 gto 10 g. In
general, the adsorption capacities have been improved along with
the increasing amounts of adsorbents. However, the growth of ef-
ficiencies when using MXene is much faster compared to using AC.
Particularly, the remove efficiency gap between employing MXene
and AC enlarged with the increase of absorbent loading. When the
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loading mass was 2.0 g, the removal efficiencies of MXene to VB12
and lysozyme were both close to 99%. While AC only achieved 57.4%
and 43.7%, respectively. Furthermore, the adsorption rate of MXene
for uric acid, VB12 and LYZ is much higher than that of AC, reflecting
by the higher slopes in Fig. 3d-f. For clinical hemoperfusion, the
adsorption rate is critically important to the therapeutic effect
because blood usually only stays in the hemoperfusion column for a
short time [34]. To simulate a realistic hemoperfusion process, we
employed 3D printing technology to assemble a mini-module of
the hemoperfusion column (Fig. 3h). 150 mg MXene/AC absorbent
was tightly compacted on a polyacrylonitrile (PAN) membrane to
prevent sorbent materials from escaping in the mini column. When
the syringe was slowly propelled, the VB12 solution flowed through
the hemoperfusion column model. Fig. 3i displays the conforma-
tional architecture of the hemoperfusion column. The extremely
obvious colour contrast revealed the excellent adsorbing ability of
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column. (j) Comparison of purified VB12 solution through mini hemoperfusion Column containing AC and MXene absorbent.

MXene. Fig. 3j shows the VB12 solution after the absorption of AC
and MXene, clearly indicating that MXene has much stronger
adsorption ability than that of AC.

3.3. Adsorption mechanism of MXene towards toxins

To unravel the mechanism underpinning the highly efficient
adsorption performance of MXene towards toxins, we performed
systematic investigations on the adsorbent before and after
adsorbing toxin molecules. Fig. 4a shows that MXene nanosheets
were covered by a thick layer of coral-like LYZ when immersed in
low concentration LYZ solution (0.01 g/L) for 3 min. When magnify
the bridge section between LYZ and MXene, it can be found that LYZ
inclined to attach to the edge of MXene with large curvature
(Fig. 4b). Additionally, the adsorbed LYZ is more convergent and
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integrated into small spheres (Fig. 4c). Fig. 4d illustrates the border
lines between the adsorbed LYZ and MXene nanosheet. Obviously,
the adsorption of LYZ at both edges of the MXene nanosheet is
much higher than that in the middle region. However, when the
concentration was increased, the adsorption behaviour is quite
different. As shown in Fig. 4e, when MXene absorbents were
immersed in high concentration LYZ solution (0.15 g/L), they were
instantaneously grafted by numerous LYZ “grapes” (clots), referred
to as the “Cooperative effect.” These clot spheres with an average
diameter of 100 nm are self-induced aggregation of LYZ (Fig. 4f and
g), which is consistent with the previous observations [35]. Upon
immersed in an environment with abundant protein, the nano-
particles’ (NPs) surfaces will rapidly be covered by successive sets of
protein, forming a so-called “protein corona” [36]. Nevertheless,
the density of these clots at the edge of MXene flakes are still much
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Fig. 4. Postmortem analysis for the MXene after adsorbed toxins. STEM and HR-TEM characterizations of MXene absorbent after immersed in (a—d) low concentrated (0.01 g/L) and
(e—h) high concentrated (0.15 g/L) LYZ solution. (i and j) C1s XPS spectrum of MXene before and after adsorbing urea, uric acid, VB12 and LYZ. (k and 1) Ti 2p XPS spectrum of MXene
before and after adsorbing urea, uric acid, LYZ and VB12. (m) O 1s XPS spectrum of MXene before and after adsorbing uric acid and urea. (n) F 1s XPS spectrum of MXene before and

after adsorbing LYZ.

higher than that at other regions of MXene nanosheets.

For most proteins, their Hill coefficients n are above 1 in the size
span of 5—100 nm, which is exactly the size range of MXene
absorbent particles [37]. According to the research reported by
Cederavall et al., there was a distinct difference in the degree of
protein surface coverage of NPs depending on their size, with a
larger degree of protein coverage on larger particles [38]. With the
cooperative binding effect and “Vroman effect” [39]. The adsorp-
tion ability of LYZ@MXene to the later arriving LYZ was accelerated,
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and enhanced and the whole “protein corona” grown bigger like a
rolling snow ball. Fig. 4h illustrates internal details of one LYZ clot
where LYZ (colored red) accumulation has become saturated and
the core of which is a piece of MXene nanosheet (colored yellow).
Fig. S10 reveals a magnified feature of clots dotted along the edge of
few-layer MXene nanosheets and EDS was employed to further
analyze the distribution of LYZ on MXene sorbent. The presence of
N element indicates the existence of LYZ molecules. Additionally, all
elements signals in the edge region (labelled by the white dashed
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line) are stronger than that in the flat region. Klein et al. claimed
that the curvature of smaller NPs may entirely affect the adsorption
of certain proteins, especially for large or less conformationally
flexible proteins; Therefore, both the NP size and surface compo-
sition are very important parameters in defining the composition of
the formed protein corona [40]. Except for the curvature of parti-
cles, surface roughness [41] and surface defect [42] also greatly
minimized repulsive interaction, thereby promoting adhesion of
protein to the NPs. The shape of NP has a great impact not only on
its physiochemical characteristic but also on the way that proteins
adsorb onto its surface and consequently on the way that protein
interacts with it [43]. According to analysis on the structure of clot,
we can conclude that the LYZ absorbed on MXene is multilayered,
which is quite different from traditional chemical or physical
adsorption (AC or resin, etc.). This also explains why MXene
absorbent delivered a much higher adsorption capacity that of AC.

XPS analysis was performed to investigate the chemisorptive
nature and affinity between the MXene sorbent and toxin mole-
cules. As shown in Fig. S11, the presence of N 1s peaks in the post-
treated MXene indicates the successful adsorption of toxins. Fig. 4i
and j show high-resolution XPS C 1s spectrum of MXene after
adsorption of urea, uric acid, VB12 and LYZ, which are denoted as
MXene@toxins, respectively. The peak corresponding to the C—Ti
bond shifted from 281.04 eV to 282.16 eV, 282.14 eV, 282.42 eV and
281.40 eV after adsorbing urea, uric acid, VB12 and LYZ, respec-
tively. The positive shifts of peaks (+1.12, +1.10, +0.48
and + 0.36 eV) can be ascribed to the formation of the C—Ti—N
bond [44,45]. This result demonstrates that the amino or peptide
moieties of toxins can chemically bond with Ti atoms of MXene.
The increased peak intensity of C—C bond, and the appearance of
C—N bond and C=0 bond peaks further confirm the successful
adsorption of the toxin molecules [46]. In the Ti 2p spectrum, shifts
of —1.10, —1.13, —1.52 and —1.53 eV of the C—Ti peak can be
observed in the XPS spectrum of MXene@toxins, which also verifies
the effective adsorption of various toxins by the MXene (Fig. 4k and
L). A new peak appearing at 458.75 eV corresponds to Ti (IV), which
could be originated from the partial oxidization of MXene in con-
tact with oxidant VB12. However, the oxidation was not observed in
other MXene absorbed toxins, and the negative shifts Ti (II) peak
by —1.64, —1.64, —1.91 and —2.08 eV corresponding to the hydrogen
bond formation in the form of Ti—X ... H—N (X is —F, —O— or OH-).
This phenomenon shows that the N-containing functional groups
(-OC—NH-, —ONH; etc.) can form hydrogen bonds
with —OH, —O- and —F functional groups on the surface of MXene
adsorbents [47]. We suggested that the surface functional groups
and hydrogen bond play a key role in alleviating protein bound
toxins from their large steric hindrance. The Ti—F and C—F peaks at
685.2 eV and 687.04 eV, shift to 684.45 eV and 685.8 eV after
adsorbing LYZ (Fig. 4n), which can also be ascribed to hydrogen
bonds between F- functional and peptide bonds. This kind of strong
adsorption is also reflected in the O 1s where MXene adsorbs urea
and uric acid (Fig. 4m). The interactions between MXene and VB12
or LYZ were also investigated by Fourier transform infrared spec-
troscopy (FT-IR). Fig. S12 shows FT-IR spectrum of MXene, urea, uric
acid, LYZ, VB12 and their combination. It can be observed that
either the characteristic peaks of MXene functional group or the
characteristic peaks of the toxin molecule basically disappeared
after adsorbing toxins, which is in accordance with the XPS analysis
results [48].

To further investigate the mechanism of MXene for persistent
adsorption of protein bound toxins, we conducted the measure-
ment of circular dichroism (CD) spectroscopy, FTIR characterization
and nuclear magnetic resonance (NMR) to analyze the structural
changes of LYZ after adsorbed by MXene [49,50]. Fig. 5a shows the
CD spectra of LYZ before and after immobilization on MXene
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sorbent. The pristine LYZ shows a double negative peak at 217 nm
and 211 nm, and a negative peak at 195 nm, which are signatures of
an a-helix structure [51,52]. However, after immobilized by MXene,
the CD spectrum of LYZ transformed into a single peak between 210
and 225 nm and a positive peak between 190 and 200 nm. This
change indicates the secondary structure of LYZ molecules trans-
formed to B-sheet dominated structure [53,54]. This trans-
formation of secondary structure of LYZ is also verified by the FTIR
characterization (Fig. 5b). The structural change was mainly found
in the Amide I area (from 1 700 to 1 600 cm™!), which is often
utilized to identify proteins’ secondary structure. The pristine LYZ
has two characteristic peaks at 1 637 and 1 501 cm~!, which are
shifted to 1 611 and 1 494 cm™! after the adsorption by MXene,
corresponding to the secondary structural transformation of LYZ
[55]. The irreversible denaturation of LYZ was also monitored by
one dimensional '"H NMR [56]. In Fig. 5¢, the high-field region of the
spectrum (from 4.5 to —2.0) is dominated by the signals of the
aliphatic groups of the protein molecule. While the signals in low-
field region corresponds to the aromatic residues (from 8 to 6) and
amide protons (from 10 to 8) [57]. It is noted that both the half peak
width and peak intensity of immobilized LYZ at the region of
~8.3 are enhanced compared with pristine LYZ, which also confirms
the secondary structural transformation of the LYZ molecules.
Additionally, some new peaks (labelled by red triangles) appear in
the MXene immobilized LYZ, which are typical signal associated
with secondary structural shift of proteins [58].

By comparing the structural transformation of LYZ adsorbed on
MXene, we can further understand the mechanism why MXene is
capable to remove protein bound toxins more efficiently. As shown
in Fig. 5d, when protein bound toxins such as LYZ interact with
MXene nanosheets. The peptide bonds in proteins can form strong
chemical bonds with the surface functional groups of MXene.
Assisted with amphiphilicity of MXene surface (1/2 —F and 1/2 O
contained terminal groups), this strong affinity conjoining with
“Electrostatic effect” and hydrophobic effects between MXene and
protein, induce the transformation of the secondary structure of
protein from an a-helix to a f-sheet [59]. Since B-sheet structure is
more stable and less soluble than that of a-helix, therefore, those
toxin molecules are firmly immobilized on the surface of MXene.
Furthermore, because of the “Cooperative binding effect”, the first-
come protein can largely accelerate the adsorption and folding of
latter arriving protein molecules [60]. Particularly, protein bound
toxins are preferentially adsorbed at the sharp edges and corners of
the absorbent for immobilization.

3.4. Effect of MXene on toxin remove and other components of
blood

To understand the effect of MXene on toxin remove and other
components of blood in real hemoperfusion, we used the real blood
of an ESRD patient to simulate the adsorption difference between
MXene and commercial AC absorbents. As shown in Fig. 5e, when
2 mg MXene and AC absorbents were added into real blood sepa-
rately, MXene showed better removal efficiencies towards toxin
molecules such as urea (2.52%), uric acid (22.14%) and (,-micro-
globulin (15.99%) than that of AC (urea (1.8%), uric acid (18.73%) and
B2-microglobulin (12.23%)). In addition, through comparing the
concentration of various anions in the blood of patients after blood
adsorption, we found that the clearance ratio of MXene to P, K, Cl
ions was lower than that of AC, except for Na ions. These results
indicate that MXene has a smaller side effects on the charge balance
and osmotic pressure in the blood compared to AC sorbent.
Furthermore, we found that MXene would not significantly
decrease the concentration of beneficial proteins in human blood.
The clearance ratio of MXene to albumin (ALB) is the same as that of
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Fig. 5. (a) CD spectra of LYZ before and after immobilization on MXene nanosheets. (b) FT-IR results of LYZ before and after absorption on MXene. The inset in the curve is Amide |
treated by a first differential procession. (c) 1D "H NMR spectrum comparison of LYZ before and after being adsorbed on MXene nanosheets. The inset is a close-up of features in the
area near 8.3 x 1075, (d) Schematic diagram of secondary structural transformation illustrated by “Corona” module. (e) Comparison of removal rate of different components in

whole blood experiment of ESRD patients with MXene.

AC, while the removal ratio to immunoglobulin G (IgG) is much
lower. ALB and IgG both are important positive proteins in human
plasma. ALB functions primarily as a carrier protein for steroids and
fatty acids in the blood and plays a major role in stabilizing extra-
cellular fluid volume by contributing to osmotic pressure [57]. IgG
is the main type of antibody controlling infection of body tissues
[60,61]. The low removal ability of MXene towards these two
beneficial proteins also protects patients from the side effects of the
hemoperfusion process, hence benefiting the recovery of ESRD
patients.
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3.5. Hemoperfusion process simulation

To further understand the effect of MXene absorbents on blood
during the real hemoperfusion process, we employed a healthy
goat for an in vivo hemoperfusion simulation experiment (as shown
in Fig. 6a). The blood samples collected at the outlet of the perfu-
sion column confirm that after the MXene adsorption, all param-
eters of blood have not changed greatly and remain within a
reasonable range (Fig. 6b). More importantly, as demonstrated in
Fig. 6¢c and d, when comparing the blood sample taken from the
goat 4 h after the completion of the hemoperfusion experiment and
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Fig. 6. (a) In vivo evaluation for blood compatibility of MXene absorbents through health goat whole blood hemoperfusion. (b) Comparison demonstrates variation of different
typical components of pristine, after adsorption of MXene absorbent. (c¢) Comparison demonstrates variation of different typical components of boat blood sample taken 4 h after
MXene hemoperfusion treatment. (d) Comparison of plasma protein and ions of goat blood before and after MXene hemoperfusion.

the pristine blood sample, it can be found that the goat blood data
are all kept within a reasonable range without any significant dif-
ferences. This experiment further confirms the good hemo-
compatibility and safety of MXene absorbents to blood [62,63].

4. Conclusion

In conclusion, we discovered that MXene material can adsorb
small-, middle-molecular weight and protein-bound toxins for
hemoperfusion with ultrahigh efficiencies. DFT computations and
XPS analyses indicated that both Ti and the surface functional
groups in MXene possess strong chemical binding affinities
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towards uremic toxin molecules. Furthermore, CD spectroscopy,
FTIR and 1D 'H NMR measurement results comprehensively
revealed that protein bound toxin molecules were denatured via
the transformation of their secondary structure from a-helix to B-
sheets after adsorbed by MXene, which effectively improve the
adsorption capacity of MXene absorbent. The high adsorption ef-
ficiency of MXene for the removal of middle-molecular weight and
protein bound toxins perfectly fills the gap between traditional
hemodialysis and hemoperfusion. The adsorption test using blood
from ESRD patients confirmed that MXenes are better absorbents
than AC as they can remove most uremic toxins without causing
much negative effects on other positive components in the blood.
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This work sheds light on the development of new absorbent ma-
terials for removal uremic toxins with ultrahigh efficiency.
Furthermore, MXene absorbent could also be potentially used for in
hemoperfusion for the treatment of sever COVID-19 patients to
remove interleukin-6 toxins generated by “cytokine storm”.
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