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ARTICLE INFO ABSTRACT
Keywords: Hemoperfusion is one of the most important therapies for progressive chronic kidney disease
Hemoperfusion (CKD) and is effective at removing toxins from the blood. Increasing the efficiency of adsorbents

Activated carbon
Chinese herbal medicine residues
Uremia toxins

applied in hemoperfusion is crucial. In the present study, shell of areca nut, one of the most
common waste Chinese herb medicine residue with a porous structure was carbonized and
activated at different temperatures to obtain two kinds of porous materials. The biocompatibility
of the as-prepared porous materials was estimated via a hemolytic test, and the removal efficiency
of the materials toward toxins was tested via an adsorption experiment in solution and blood
samples from CKD patients, simulated hemoperfusion and in vivo hemoperfusion. After 4 h of
adsorption, free and protein-bound toxins in solution were efficiently removed by the prepared
porous materials, and the removal efficiency was better than that of commonly used hemo-
perfutor adsorbents. Most of the tested toxins can be removed from CKD blood samples and
simulated hemoperfusion samples. Blood uremic toxins from CKD mice were also efficiently and
safely removed after in vivo hemoperfusion using the as-prepared adsorbent. This work highlights
promising adsorbents for hemoperfusion that could increase the therapeutic efficacy in patients
with progressive CKD.

1. Introduction

Kidney replacement therapy (KRT), the main treatment approach for kidney failure, saves millions of lives. In 2010, approximately
2.6 million patients received KRT worldwide; however, the number of patients who needed KRT was as high as 9.6 million [1],
indicating that millions of people died because of the lack of opportunities to receive KRT [2]. Unfortunately, the number of patients
who cannot receive prompt KRT will continue to increase and may reach as high as 9.4 million by 2030. Hemoperfusion is an important
kind of KRT that is effective at removing serum creatinine (Scr) and mesomolecular and macromolecular toxins [3]. During
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hemoperfusion, toxins such as Scr, interleukin-6 (IL-6) and parathyroid hormone (PTH) from the blood are eliminated by the ad-
sorbents in the container [4]; thus, the performance and hemocompatibility of the adsorbents determine the curative efficiency of
hemoperfusion [5,6]. To allow more patients to receive hemoperfusion, the efficiency of hemoperfusion must be increased, especially
by improving the materials applied in hemoperfusion.

Since the first hemoperfusion model was described in 1964, different kinds of nanomaterials have been used as adsorbents for
hemoperfusion. Activated carbon has become a universal adsorbent with a long history of application [7]; nonetheless, traditional
activated carbon (TAC) displays indiscriminate adsorption ability, and its nanopores are too small to efficiently remove protein-bound
toxins [8,9]. Although other adsorbents, such as some zeolites and some other polymers, have ideal affinities for specific targeted
toxins, the capacities of these adsorbents are not as high as expected; moreover, unlike activated carbons, polymer-based adsorbents
cannot be activated, which limits their inner pore accessibility and results in limitations of their functional surface area [10,11]. To
improve the adsorption efficiency, activated carbons synthesized from different raw materials, such as activated carbons made from
waste cigarettes, plant seeds and sawdust, have been employed as toxin adsorbents. These activated carbons are carbonized from
natural raw materials, ensuring good biocompatibility [12-14]. In addition, recycling these raw materials can solve waste manage-
ment problems. Chinese herbal medicine residues (CHMRs) are new kinds of raw materials. In China, approximately 70 million tons of
waste CHMRs are generated each year, which leads to environmental problems. To solve environmental problems, CHMRs have been
used as raw materials for sewage treatment, compost and renewable energy [15]. The thermochemical conversion of CHMRs can
generate biochars, which are advanced materials with high removal efficiency and adsorption capacity [16]. Unlike other natural raw
materials of activated carbons, after decocting, drug molecules separated from traditional Chinese medicinal materials and poses are
already formed before carbonization. These characteristics make CHMRs ideal raw materials for synthesizing activated carbons for use
in hemoperfusion. Because of the wide range of available raw materials, the cost of synthesizing activated carbons from CHMRs is very
low, and hemoperfusion using adsorbents derived from CHMRs causes no additional burden on CKD patients [17].

The shell of the areca nut is a widely used traditional Chinese medicine that is multifibrous and is an ideal raw material for
synthesizing activated carbons with a high specific surface area. In this study, the shell of areca nut plants was used as a raw material.
By carbonizing and activating shell of areca nut, we synthesized different kinds of nanomaterials that were porous and possessed large
surface areas (3077.96 m2/g and 2667.36 m?/g). We first confirmed the biocompatibility of the as-prepared biochar materials. After 4
h of adsorption, most of the different toxin simulators including phenol red (PR), vitamin B12 (VB;3) and protein-bound PR (p-PR) in
solution were removed. Then, these biochar materials were added to the blood samples of progressive CKD patients, and Scr, PTH and
IL-6 were efficiently removed by the as-prepared adsorbents. Furthermore, these porous materials were packed into a simulated
hemoditoxifier, and IL-6 and Scr were efficiently removed via simulated hemoperfusion or hemoperfusion in vivo. Our work verified
that the as-prepared porous biochar materials are valuable adsorbents for hemoperfusion.

2. Materials and methods
2.1. Synthesis of activated carbons using shell of areca nut

First, the biomass raw material was ground, and the powder was sieved. Then, the powder was heated to 400 °C or 700 °C at a
heating rate of 1 °C/min and kept at 400 °C or 700 °C for 1 h. The carbonized powder was mixed with KOH powder at a ratio of 1:4.
Afterward, the mixed powder was heated to 800 °C at a heating rate of 5 °C/min and kept at 800 °C for 0.5 h. After cooling to room
temperature, the obtained powder was soaked in 3 mol/L hydrochloric acid solution for 12 h. Two kinds of powders were obtained
after washing and drying and were labeled 400/800 and 700/800.

2.2. Characterization

XRD was conducted using a SmartLab-SE X-ray diffractometer at 40 kV and 40 mA equipped with Cu Ka radiation. Morphological
and structural investigations were conducted by means of scanning electron microscopy (SEM, TESCAN MIRA LMS) at 3 kV and
transmission electron microscopy (TEM, FEI Talos F200x G2) at 200 kV. A Thermo Scientific K-Alpha electron spectrometer was used
for X-ray photoelectron spectroscopy (XPS) with Al Ka radiation (hv = 1486.6 eV). Raman spectra were obtained using a LabRAM HR
evolution instrument with a 514 nm excitation wavelength. Surface functional groups were determined by Fourier transform infrared
(FTIR) spectroscopy using a Nicolet iS20 spectrometer. The porosity of the prepared materials was determined via physical adsorption
of N3 at 77 K via an ASAP2460 automatic specific surface area analyzer, and the specific surface area of the samples was determined via
the BET method.

2.3. Hemolysis evaluation

Red blood cells (RBCs) were collected from a healthy volunteer in the laboratory by centrifuging the blood at 3000 rpm for 10 min
and removing the supernatant. The collected RBCs were then washed three times and diluted to 2 % in phosphate-buffered saline
(PBS). The prepared materials at different concentrations were added to the RBC suspension and incubated at 37 °C for 30 min. RBC
samples diluted with PBS were used as a negative control (NC), while those diluted with distilled water were used as a positive control
(PC). After incubation, the RBC samples were obtained by centrifugation at 1000 rpm for 10 min. The absorbance of the obtained
samples at 541 nm was measured. The hemolysis ratio (%) of the as-prepared materials was calculated by the following equation:

Hemolysis ratio (%) = [(Ap-Anc)/(Apc-Anc)] x 100 %, where A is the absorbance at 541 nm of the tested sample (A,), the negative
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control (Ayc) or the positive control (Anc).
2.4. Removal efficiency of PR and VBj3 in PBS

To evaluate the adsorption kinetics of PR and VB2, solution samples of PR or VB3 with initial concentrations of 30 mg/L and 200
mg/L, respectively, were prepared by dissolving PR or VB;5 powder in PBS. The as-prepared materials were subsequently added to the
PR or VB3 solution samples. The suspended samples were shaken at 175 rpm at 37 °C. The supernatants of the samples were collected,
and the PR supernatants were mixed with 1 M NaOH at a ratio of 1:1. The absorbency at 560 nm or 360 nm was measured at different
time points using an ultraviolet spectrophotometer (Thermo Fisher Scientific) to determine the residual concentration of PR or VBj5.
The removal efficiency of the as-prepared materials for PR and VB;3 was calculated by the following equation:

removal efficiency (100%) = [(Cy-Cn) / Co] x 100%

where Cy is the initial concentration of the tested samples and C, is the residual concentration at different time points.
2.5. Removal efficiency toward protein-bound PR

To explore the removal efficiency of protein-bound PR, a solution containing 40 mg/ml bovine serum albumin (BSA) and 30 mg/L
PR was prepared. The prepared materials at a certain dose were added to the mixed solution. After shaking at 37 °C and 175 rpm, 150
pL of each supernatant was collected at different time points. Then, 450 pL of acetone was added to these samples, and the samples
were fully mixed for 30 s. Finally, the supernatants without BSA were collected after centrifugation at 3000 rpm for 15 min. To
determine the residual concentration of PR, the PR supernatants were mixed with 1 M NaOH at a ratio of 1:1, and the absorbance at
560 nm was measured. The removal efficiency toward PR was calculated as described above.

2.6. Adsorption of uremic toxins in the blood of CKD patients

Three stage 5 CKD patients were selected as volunteers to donate blood samples to test the efficiency of uremic toxin removal by the
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Fig. 1. Synthetic process (a), SEM image (b), TEM image and EDS map (c) of the as-prepared materials. The experiments were repeated three times.
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as-prepared materials. The patients were fully informed that the study complied with Chinese ethical regulations and was approved by
the Ethics Committee of the Affiliated Hospital of Qingdao University. Blood samples were collected as described above and diluted 10
times. Then, the as-prepared materials were added to those samples and shaken at 175 rpm at 37 °C for different durations. Then, the
samples were centrifuged at 3000 rpm for 15 min to obtain the final samples. These samples were loaded into a Cobas Electro-
chemiluminescence Automatic Inmunoanalyzer e411 or HITACHI Automatic Analyzer 7600, and the concentrations of parathyroid
hormone (PTH), interleukin 6 (IL-6) and Scr were detected using electrochemiluminescence or a chemiluminescence immunoassay
assay with Automatic Analyzer 7600 Scr exclusive reagent or texting kits (Roche 11972103122 and 05109442190).

2.7. In vivo hemoperfusion

CKD models of male SD rats (6-8 weeks) were established by 5/6 nephrectomy according to a previously described method [18].
All the animal studies were approved by the Ethics Committee of Qingdao University (2022085D33202306045). To narcotize the SD
rats with CKD, 3.5 % chloral hydrate at 1 mL/100 g body weight was injected into the rats. After skin preparation, the abdominal aorta
and postcava were dissected, and intravenous indwelling catheters were placed into the aortaventralis. Intravenous indwelling
catheters were connected to tubing that was previously filled with 0.1 % sodium heparin-physiological saline solution. A total of
700/800 was loaded in a cartridge connected to the rat. A micro pump was used to drive blood flow. Before hemoperfusion, a 2.5
mg/100 g body weight heparin sodium solution was injected into the blood circulation. Then, hemoperfusion started with a 12 ml/min
flow rate at pH 7.8 and a temperature of 36-37 °C. Blood and different organ samples were collected after hemoperfusion. Toxin
concentrations were tested via an ELISA kit (Abcam, ab234570), and tissue injury levels were evaluated via hematoxylin-eosin (HE)
staining.

2.8. Statistical analysis
Data from experiments were analyzed by a t-test for comparisons between two groups or by ANOVA for comparisons among

multiple groups. Origin (OriginLab Inc.) was used to perform all statistical calculations (p < 0.05 was considered statistically sig-
nificant) and create the histograms and line charts. The value shown in figures is an average value + standard deviation.
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Fig. 2. Pore structure and pore size distribution (a, b), FTIR spectrum (c), Raman pattern (d), XPS pattern (e, f) and XRD patterns (g, h) of the as-
prepared materials. The experiments were repeated three times.
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3. Results
3.1. Characterization

Mesoporous activated carbons were successfully synthesized from the shell of areca nuts (Fig. 1a). After carbonization and acti-
vation, the biocompatibility of raw powder was improved (Fig. S1). Hemoditoxifier allergy is one of the leading causes of heart arrest
in hemodialysis patients [19]. Thus, such a synthetic process ensures the safety of hemoperfusion. The morphology of the as-prepared
materials was determined by SEM and TEM. As shown in Fig. 1b and c, both 400/800 and 700/800 had smooth surfaces and porous
structures. Energy dispersive X-ray spectroscopy (EDS) maps showed the uniform distribution of C and O in the as-prepared materials.
Fig. 2a and b illustrates the pore structure and pore size distribution of 400/800 and 700/800. Both the as-prepared samples showed
type IV isotherms, indicating that these biomass materials possessed mesoporous structures. In addition, the pore volume peaks of
400/800 and 700/800 were approximately 3~4 nm, and 400/800 exhibited a larger pore volume than 700/800, as determined via
BET analysis. These results indicated a predominance of mesopore structures of 400/800 and 700/800, and the pore size was larger
than that of TAC (less than 2 nm). Dozens of studies have shown that pore size is crucial for toxin removal efficiency, especially for
removing medium and macromolecular toxins. In addition, the BET surface areas of 400/800 and 700,/800 are 3077.96 m?/g and
2667.36 m?/g, respectively, both of which are larger than those of TAC and some modern activated carbons. The mesoporous structure
and large surface area of 400/800 and 700/800 ensured the removal efficiency of larger-volume uremia toxins, such as IL-6, PTH and
protein-bound toxins. The IR spectra of the as-prepared materials are shown in Fig. 2c. The absorption peaks at 3441.15 cm ™! and
3492.75 cm ™! were clearly observed in the IR spectra of 400/800 and 700,800, respectively, and these peaks were attributed to the
stretching vibrations of ~OH, which indicated the presence of alcoholic or phenolic hydroxyl groups. The 1676.15 cm™! peak in the
400,800 spectrum and the 1656.14 cm™! peak in the 700,/800 spectrum corresponded to C=C, the 1799.11 cm ™ peak in the 400,/800
spectrum and the 1747.21 em ™! peak in the 700/800 spectrum corresponded to C=0, and the 1188.64 cm ™! peak in the 400,/800 and
the 1178.85 cm ™! peak in the 700/800 spectra were attributed to the stretching vibration of C-O-C [20]. The Raman spectra of the
prepared activated carbons are shown in Fig. 2d. Peaks corresponding to the D and G bands were detected, and the Ip/Ig ratio of
400/800 was approximately 0.99, which was higher than that of 700/800 (0.96). These results indicated that 400/800 had more
structural defects. Fig. 2e and f shows the XPS survey spectrum of 700/800. The Cls spectrum was deconvoluted into two peaks at
284.5 eV and 287.9 eV, corresponding to C=C and C-OH/C-O, respectively, while the O1s spectrum exhibited two major peaks at
531.8 eV and 533.1 eV, which were attributed to C=0 and —OH, respectively [21]. The crystal structure and phase composition of the
400/800 and 700/800 samples were determined by X-ray diffraction (XRD), and the results are displayed in Fig. 2g and h. The XRD
pattern presented diffraction peaks at approximately 27° and 44° for 400/800 and at 26° and 45° for 700/800, which were attributed
to the (002) and (100) planes of the carbon materials, respectively. There were many defects on the carbon wall after the activation
process, as determined from the TEM and BET results. In this case, the XRD diffraction peaks of 400/800 and 700/800 were relatively
weak, and these weak XRD peaks of the as-prepared materials indicated that 400/800 and 700/800 had porous structures and high
surface areas, consistent with previous results.

3.2. Hemolysis evaluation

Good hemocompatibility is one of the critical requirements for blood contact materials. Therefore, the hemolysis rates of the as-
prepared materials were evaluated before the materials were used in blood, and the results are shown in Fig. 3a and b. Both 400/
800 and 700/800 exhibited suitable HRs (no more than 5 %) at concentrations <1.5 mg/ml, and 400/800 induced less hemolysis than
700/800 at 1.5 mg/ml. Thus, 400/800 and 700/800 (concentration <1.5 mg/ml) were regarded as potential adsorbents for the
removal of uremic toxins.

3.3. Removal efficiency of VB2, PR and p-PR in solution

VB, is a representative of middle molecular toxins and VBj5 concentration is a commonly used adsorption indicator [22]. To
evaluate their adsorption efficiency, 400/800 and 700/800 were added to a VB; 5 solution. After 0.5 h, approximately 28 % of the VB2
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was removed by 400/800, while approximately 40 % of the VB2 was removed by 700/800. The removal efficiency toward VB, of
both materials continually increased for 4 h, and 700/800 displayed a higher removal efficiency than 400/800 at all tested time points.
The maximal removal efficiency of 400/800 was 81 %, while that of 700/800 was 82 %, and the absorption efficiency of both materials
peaked at 4 h (Fig. 4a and b). The high VB, removal efficiency indicated that both 400/800 and 700/800 are ideal adsorbents for
middle-molecule toxins.

PR is a small-molecule toxin mimic, and its removal efficiency is considered an important factor in the evaluation of hemoperfusion
adsorbents, especially in modeling the effect of protein binding on solute clearance [23,24]. In this study, the removal efficiency of the
as-prepared materials for PR was tested. As shown in Fig. 4c andd, 400/800 removed approximately 76 % of the PR, while 700/800
removed approximately 77 % of the PR in only 0.5 h. The PR removal efficiency increased continually and peaked at 3 h. The maximum
PR removal efficiencies of 400/800 and 700/800 were 78.2 % and 78.7 %, respectively. The removal rate of PR by the as-prepared
materials was better than that of TAC at all time points except 2 h (Fig. 4c). The PR removal efficiency of HA230 (a commonly
used adsorption resin) was also evaluated, as shown in Fig. 5a. After 4 h of adsorption, only approximately 12 % of the PR was removed
by 1.5 mg/ml HA230, indicating that the as-prepared materials were more efficient than HA230 toward PR at the same concentration,
which confirmed that the as-prepared materials can increase the adsorption efficiency toward small molecule toxins.

Protein-bound toxins are among the major macromolecular toxins that play important roles in pathophysiologic processes in CKD,
and the accumulation of these solutes can aggravate complications. However, conventional hemodialysis results in a low reduction in
protein-bound toxins, and hemoperfusion is a crucial way to remove protein-bound toxins [25]. To evaluate the protein-bound toxin
removal efficiency of the as-prepared materials, PR was added to BSA, and 400/800 and 700/800 were added to p-PR. After 0.5 h,
approximately 42 % of the p-PR was removed by 700/800, while approximately 35.4 % was removed by 400/800. However, these two
materials displayed similar p-PR removal efficiencies at 1 h (approximately 54 %), and 400/800 removed more p-PR than 700/800 at
2 h, 3 h and 4 h. Such removal efficiency variance was attributed to the different pore sizes of the as-prepared materials. The removal
efficiency of p-PR was lower than that of PR at all time points. These results indicated that this type of toxin is difficult to remove when
bound to protein; however, the removal efficiency towards protein-bound toxins of the as-prepared materials is significantly increased
compared with TAC (Fig. 4e and f). The maximal p-PR removal efficiencies of 400/800 and 700/800 were 65 % and 63 %, respectively,
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both of which are higher than that of H103 according to a previous study (9). Furthermore, the p-PR removal efficiency of HA230 was
also tested. As shown in Fig. 5b, the p-PR removal efficiency of the as-prepared materials was greater than that of HA230 at 1.5 mg/ml.
The above results indicated that the as-prepared activated carbons maintained a similar adsorption efficiency for small-molecule toxins
as TAC but displayed a higher removal efficiency for protein-bound toxins than TAC. These advantages of 400/800 and 700/800 were
attributed to their larger pore sizes than TAC and larger surface areas than commonly used resins. In addition, the as-prepared acti-
vated carbons can also remove free PR molecules from albumin, resulting in more PR molecules being released from the PR-protein
complexes; this mechanism can also improve the clearance efficiency of p-PR [26].

3.4. Removal efficiency of PTH, IL-6 and Scr in blood samples of CKD patients

Calcium-phosphorus homeostasis failure is one of the most serious complications in CKD patients and may result in hypocalcemia
and hyperphosphatemia and ultimately increase PTH release via the calcium-sensing receptor on parathyroid cells. A high level of PTH
in the human body increases the risk of bone disorders and angiogenesis [27]. PTH is one of the most common mesomolecular toxins in
the blood of hemodialysis patients, and the PTH removal efficiency of the as-prepared materials was tested in blood samples from three
CKD patients. As shown in Fig. 6a, both 400/800 and 700,/800 absorbed most of the PTH in blood samples of CKD patients at 1 h, and
the PTH levels continued to decrease during the continuous test. 700/800 displayed a faster adsorption rate than 400/800, as it
removed approximately 63 % of the PTH in 1 h, while 400/800 removed only approximately 58 % at the same time point. However,
400/800 removed as much as 67 % of the PTH, and 700/800 removed no more than 65 % of the PTH at 3 h, indicating that 400/800
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had a greater adsorption capacity than 700/800 for mesomolecular toxins. In addition, 1.5 mg/ml of both 400/800 and 700,/800 was
more efficient at removing PTH than was HA-130 (a frequently used resin in hemoperfusion), according to a previous study [28]. IL-6
is another common mesomolecular toxin in the blood of CKD patients who may lead to a series of inflammatory reactions and ulti-
mately aggravated kidney injury. Moreover, IL-6 is also a crucial cytokine for cardiovascular events in patients with CKD [29].
Adsorption of IL-6 by hemoperfusion has been the focus of dozens of studies, as uncontrolled release of IL-6 is associated with high
mortality in many kidney diseases. Owing to its large size, IL-6 is difficult to remove via dialytic techniques. Legacy microporous
sorbents have shown some effectiveness in the extraction of IL-6; however, their efficiency is poorer than that of mesoporous sorbents
[30]. The removal efficiency of IL-6 was tested in the present study. As shown in Fig. 6b, approximately 44 % and 41 % of the IL-6 was
removed by 400/800 and 700/800, respectively, in 1 h. The IL-6 removal efficiency of 400/800 continually increased over 4 h.
Furthermore, 400/800 removed as much as 52 % of the IL-6 in 4 h, while 700/800 absorbed up to 50 % of the IL-6 in 3 h. These results
confirmed the high adsorption efficiency of the as-prepared materials toward mesomolecular toxins. After absorption, the N peak was
detected by XPS, but this peak was not detected in the fresh 700/800 sample. These XPS results confirmed that IL-6 was adsorbed by
the as-prepared active carbons (Fig. 6d). Furthermore, 400/800 and 700/800 removed approximately 84 % and 86 %, respectively, of
the total soluble protein (Scr) in 1 h, and the Scr removal efficiency of both materials continued to increase over time and reached 87 %
and 90 %, respectively, at 3 h (Fig. 6¢). The XPS patterns also confirmed that Scr was absorbed by the as-prepared active carbons
(Fig. 6e). According to our results, 400/800 was more efficient at removing mesomolecular toxins from CKD blood samples, while
700/800 displayed high adsorption efficiency toward small-molecule toxins, consistent with the BET results and toxin removal effi-
ciency in solution.

3.5. Removal efficiency of PR and IL-6 via simulated hemoperfusion

The above results indicated the potential of activated carbons synthesized from shell of areca nut as promising nanomaterials for
toxin adsorption in static liquids. However, hemoperfusion is a dynamic process. To evaluate the dynamic toxin removal efficiency of
the as-prepared materials, 700/800, which displayed the highest adsorption capacity, was loaded in a single-use filter unit and
connected via a hemoperfusion pathway. A peristaltic pump was used to launch simulated hemoperfusion, and the removal efficiency
was determined in a single liquid cycle. As shown in Fig. 7a—d, after hemoperfusion, as much as 95 % of the PR was efficiently removed
by 700/800 according to the absorbance at 560 nm, while the filter without the as-prepared materials removed only approximately 5
% of the PR. This result confirmed the adsorption capacity of 700/800 toward toxins in flowing liquid. Furthermore, such hemo-
perfusion using 700/800 also removed approximately 45 % of the IL-6 in a single liquid cycle (Fig. 7e). These results confirmed the
high uremic toxin removal efficiency of 700/800 and provided the basis for in vivo hemoperfusion.

3.6. Hemoperfusion in vivo

The above results confirmed the advantages of the as-prepared materials in simulated hemoperfusion, and the toxin removal ef-
ficiency of the as-prepared materials was subsequently evaluated in vivo. A chronic renal failure animal model was successfully
established according to the Scr level. The hemoperfusion unit was connected to CKD rats (Fig. 8a and b). After modeling, the Scr level
of the tested rats was upregulated compared to that of the control rats, while after 15 min of hemoperfusion, the Scr level was
significantly decreased (Fig. 8c). Organs such as the liver, heart, spleen and lung with abundant blood flow are vulnerable to KRT. After
hemoperfusion, the rats were sacrificed, and organ samples were collected. As shown in Fig. 8d and e, after hemoperfusion, no tissue
injury was detected in the heart, liver, spleen or lung samples. These results indicated that 700/800 is an ideal material for
hemoperfusion.

*

empty adsorbent
filter filter

control

hi

control

empty adsorbent
filter filter

Fig. 7. Simulated hemoperfusion unit (a, b) and removal efficiency toward PR (c, d) and IL-6 (e) via simulated hemoperfusion. The experiments
were repeated three times, *p < 0.05 compared with empty filter group.



C. Yang et al. Heliyon 10 (2024) 38892

o
o)

or (umolL)

Scr

Normal CKD CKD+HP

Fig. 8. Unit (a), schematic diagram (b) of in vivo hemoperfusion and Scr levels (c¢) and HE staining patterns (d, e) of CKD rats before and after in
vivo hemoperfusion. The experiments were repeated three times, *p < 0.05 compared with CKD group.

4. Discussion

Hemoperfusion is a therapeutic method to absorb toxins in blood purification and adsorbents determine the efficacy of hemo-
perfusion. Activated carbon is a common adsorbent for hemoperfusion with long history of application. In order to improve the toxin
removal efficiency of hemoperfusion, two new kinds of activated carbon were synthesized from betel nut shells. Compared with some
other activated carbons, the synthesis method of as-prepared materials is more simplified [31]. After carbonization and activation, the
hemolysis ratio of as-prepared materials is significant decline compared with raw powder. This maybe because some of toxic molecule
are removed during high temperature process [32,33]. Pore size and surface area of activated carbons are key factors in toxins
adsorption [22], in present study, as-prepared materials has lager pore size and surface area than TAC and some other activated
carbons according to BET test which guaranteed their better adsorb ability towards toxins [22]. The toxin removal efficiency was firstly
tested in solution. PR, VB;5 and p-PR are commonly used small molecular, middle molecular and macromolecular toxin mimic and
both of as-prepared materials can effectively remove those toxin mimics in solution which indicated good ability of 400/800 and
700/800 in removing toxins of different sizes. Besides, the removal efficiency of as-prepared activated carbons towards PR and p-PR is
better than HA230, a commonly used resin in hemoperfusion. Due to poor renal function and different pathogenesis of CKD patients,
the levels of proinflammatory factors, cytokines and metabolites in the blood of CKD patients are elevated and cannot be effectively
eliminated [34,35]. IL-6, PTH, Scr and 2-microglobulin are typical uremia toxins that many hemoperfusion studies had focused on
[36]. There are also some novel cytokines that can aggravate CKD such as tumorigenicity 1 and IL-8 in diabetic kidney disease [37,38].
IL-6, which had been proved is associated with mortality in incident dialysis patients [39] and PTH which is a key mediator of chronic
kidney disease mineral and bone disorder [40] are involved in present study. Both 400/800 and 700/800 can absorb most IL-6 and
PTH in blood samples of stage 5 CKD patients which indicated that they are ideal adsorbents for treatment of progressive CKD patients.
According to above advantage, we also evaluated the toxin removal efficiency in simulated and in vivo hemoperfusion. As expected,
as-prepared activated carbon can remove most of PR in simulated hemoperfusion, however, adsorbing material is loaded in a filter
with small pore sizes which cannot support hemoperfusion at higher flush speed. To improve the hemoperfusion device, we used a
filter contain the same membrane with clinical used hemoperfusion tank in the in vivo hemoperfusion test. The filter contains
as-prepared material can work at 12 rpm for at least 15 min. After in vivo hemoperfusion using as-prepared activated carbon, blood Scr
level of CKD rat was significantly decreased. Those results indicated that as-prepared activated carbons are valuable in treatment of
CKD patients which can improve the hemoperfusion efficiency. Although our activated carbon can remove Scr in hemoperfusion of
rats, filter used in the test still cannot support long-time hemoperfusion, to solve this problem, a bigger hemoperfusion filter is needed
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if those activated carbons are further used in continuous hemoperfusion.
5. Conclusion

In summary, to increase the hemoperfusion efficiency, different kinds of porous biochar materials were synthesized via carbon-
ization and activation of shell of areca nut at different temperatures. These porous biochar materials displayed good biocompatibility
because of their low hemolysis rate. To demonstrate the feasibility and effectiveness of the materials derived from shell of areca nut as
ideal adsorbents for hemoperfusion, the toxin removal efficiency of the as-prepared materials was evaluated. Owing to their porous
structure and large surface area, the as-prepared materials could remove different toxins in solution, and their toxin removal efficiency
is greater than that of TAC and commonly used reins. When added to the blood samples of CKD patients, IL-6, PTH and Scr were rapidly
removed. Furthermore, IL-6 and Scr levels dramatically decreased after hemoperfusion using 400/800 and 700/800. According to the
HE staining results, no apparent injury caused by hemoperfusion was observed in any of the different organs. The present study
suggested that 400/800 and 700/800 are high-performance materials for hemoperfusion and hold great potential in the development
of highly efficient adsorbents for clinical hemoperfusion therapy.
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