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Protein-bound uremic toxins (PBUTs) play a crucial role in the progression of uremic complications. Due to the
extremely high binding affinity to human serum albumin, PBUTs are poorly removed by traditional hemodialysis
methods. As an advanced blood purification technology, hemoperfusion has been proven effective in removing
PBUTs, and hyper-crosslinked polystyrene adsorbents have been widely commercialized as hemoperfusion
adsorption materials. However, challenges still remain, including the need to enhance the adsorption efficiency
of PBUTs and the simplification of the preparation and modification processes of the adsorbents. In this work, we
report a one-step external crosslinking modification technique to prepare a functionalized hyper-crosslinked
polystyrene adsorbent named HCP-DFDA, in which N,N-dimethylformamide dimethyl acetal (DFDA) with ter-
tiary amine functional groups was used as a small-molecule external crosslinker to simultaneously carry out
Friedel-Crafts alkylation crosslinking and functional group grafting modification. Experimental results showed
that the prepared hypercrosslinked resin HCP-DFDA had abundant mesoporous/microporous structures and an
extremely high specific surface area of up to 1030 mz/g. Adsorption experiments demonstrated that HCP-DFDA
exhibited excellent adsorption performance for both uremic PBUTs like indoxyl sulfate (IS) and p-cresyl sulfate
(PCS) and medium- to large-molecular-weight toxins such as p2-microglobulin ($2-MG) and interleukin-6 (IL-6).
Moreover, similar to the commercial HA130 resin, HCP-DFDA exhibited low protein adsorption and hemolysis
rates, demonstrating good blood compatibility. In summary, the facile preparation method of the modified
hypercrosslinked adsorbent proposed in this study provides a new idea and solution for the efficient removal of
PBUTs through whole-blood hemoperfusion in clinical applications.

1. Introduction rates for PCS could reach 53 % by using an HDF system containing a

micro-sized neutral resin adsorption column [14]. Although activated

Protein-bound uremic toxins (PBUTs), such as indoxyl sulfate (IS)
and p-cresyl sulfate (PCS), exhibit a strong binding affinity to plasma
proteins. Consequently, the concentrations of their free forms in plasma
are extremely low, which makes them difficult to be removed by
traditional dialysis methods. Hemoperfusion, as an advanced blood
purification technology, has been proven effective in removing PBUTs.
Some porous materials for hemoperfusion that can selectively adsorb
PBUTs have been reported, including activated carbon [1,2], zeolites
[3-5], resins [6,7], metal-organic frameworks (MOFs) and MXenes
[8-12]. For example, Yamamoto et al. found that using an extracorpo-
real circulation method with activated carbon adsorbents achieved an IS
clearance rate of over 60 % [13]; Bruno et al. found that the clearance

carbon and micro-sized neutral resins can effectively remove PBUTs,
their insufficient blood compatibility prevent them from being applied
in the whole blood perfusion modes. This will result in limited thera-
peutic effects and increased treatment costs, which is not conducive to
clinical application. In recent years, some researchers have employed
MOFs and other novel porous materials to remove PBUTSs, achieving
satisfactory results and demonstrating considerable application poten-
tial. However, these new materials are still in the experimental stage,
and their safety, effectiveness, and economic costs remain to be evalu-
ated and verified.

Hypercrosslinked macroporous polystyrene adsorbents, such as the
HA resin of Jafron Biomedical Company, have high porosity, a large
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Fig. 1. Schematic diagram of the route to fabricate the HCP-DFDA.

specific surface area and good blood compatibility, enabling them to
adsorb various blood toxins with high capacity, including small mole-
cule toxins and medium- to large-molecular-weight substance [15], and
have been widely used in whole-blood perfusion treatments for condi-
tions such as uremia, critical cytokine storms, drug overdose, and acute
poisoning [16,17]. However, these hypercrosslinked polystyrene ad-
sorbents still face some problems, such as poor adsorption effect on
PBUTs and the complexity of the material preparation and modification
processes. The existing resins are synthesized using the classic Davankov
method, which involves the chloromethylation of low-cross-linked
polystyrene-divinylbenzene copolymer microspheres, followed by Frie-
del-Crafts post-crosslinking. The separation of the chloromethylation
and post-crosslinking processes makes the preparation process too
cumbersome and costly. In addition, reagents such as chloromethyl
ether are highly toxic. Moreover, hypercrosslinked polystyrene resins
usually remove small and medium- to large-molecular-weight toxins
through the physical adsorption of their pore structures, but have a poor
effect on the removal of PBUTS.

In recent years, scientists have explored various optimized prepara-
tion methods for hypercrosslinked polystyrene materials, such as the
direct one-step polycondensation of the para-chloromethyl styrene
method [18,19], pendent vinyl groups post-crosslinking [20,21],
dichloroalkanes post-crosslinking [22], and direct external crosslinking
method [23-25]. In order to improve the specific adsorption capacity of
hypercrosslinked resins, functional modifications based on the proper-
ties of the target substances [26-28] (such as chemical functional
groups, charges, etc.) are usually used, such as post-crosslinking fol-
lowed by post-functionalization [29,30], pre-functionalization followed
by post-crosslinking [31], and surface treatment techniques [32,33].

In our previous work, we prepared imidazole- and pyridine-
functionalized hypercrosslinked polystyrene resins through a func-
tional modification method, and the obtained adsorbents showed good
removal efficiencies for IS, PCS, and bilirubin [34]. However, the
functional modification inevitably leads to problems like a complicated
preparation route, an extended production cycle, and increased costs. To
address the issues of insufficient adsorption capacity of existing hemo-
perfusion hypercrosslinked adsorbent for PBUTs, as well as the
complexity of the resin preparation and modification, this paper pro-
poses a one-step method using small-molecule external cross-linking
agents with tertiary amine functional groups to conduct Friedel-Crafts
post-crosslinking reaction and functional group modification on pre-
crosslinked polystyrene resins simultaneously. The adsorption perfor-
mance of the adsorbent for PBUTs and medium- to large-molecular-
weight toxins was studied, and the blood compatibility of the adsor-
bent was evaluated. As a new type of whole-blood perfusion adsorbent,

this rein shows good application potential in the clinical treatment of
uremia.

2. Experimental
2.1. Materials

Divinylbenzene (DVB, 80 % grade), styrene (St), benzoyl peroxide
(BPO), methyl isobutyl carbinol (MIBC), 1,2-dichloroethane (DCE, AR
grade), p-cresyl sulfate (PCS), phosphate-buffered saline (PBS, 0.01 M,
pH 7.2-7.4) and bovine serum albumin (BSA, 66 kDa) were purchased
from Macklin Ltd. (Shanghai, China). Indoxy! sulfate (IS) was purchased
from Sigma-Aldrich (Shanghai, China). Sodium hydroxide (NaOH, AR
grade), gelatine(99 %), absolute ethanol (GR grade), hydrochloric acid
(HCl, 36.0-38.0 wt%, GR grade), anhydrous ferric chloride (AR grade),
N,N-dimethylformamide dimethyl acetal (DFDA, 98 % grade) and tri-
methyl orthoformate (TMOF, 98 % grade) were all purchased from
Aladdin Ltd. (Shanghai, China). Human serum was provided by blood
bank in China. All reagents were used without further purification.

2.2. Preparation of porous polystyrene adsorbent

Firstly, pre-crosslinked polystyrene resin was synthesized via the
suspension polymerization method. Subsequently, anhydrous ferric
chloride was utilized as a catalyst, and N,N-dimethylformamide
dimethyl acetal (DFDA) functioned as a functional small-molecule
external crosslinker to conduct the post-crosslinking reaction of the
pre-crosslinked polystyrene resin. The schematic illustration of the
preparation process is presented in Fig. 1.

2.2.1. Synthesis of pre-crosslinked polystyrene resin

The pre-crosslinked polystyrene resin was synthesized via the sus-
pension polymerization method. The aqueous phase was prepared as
follows: 200 g of deionized water and 4 g of gelatine were blended under
agitation at 55 °C until complete dissolution. Subsequently, the mono-
mers (30 g of St and 6 g of DVB), porogens (17 g of toluene and 38 g of
MIBC) and the initiator (0.5 g of BPO) were dissolved at room temper-
ature to prepare the organic phase. This two-phase mixture was then
introduced into the reactor and polymerized at 75-85 °C for 12 h. After
the reaction was completed, the mixture was cooled to room tempera-
ture, and the resulting adsorbent was washed successively with pure
water and edible alcohol. The obtained pre-crosslinked polystyrene resin
was designated as P(St-co-DVB).
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2.2.2. Preparation of hypercrosslinked polystyrene adsorbents

P(St-co-DVB) (11 g) was swollen in 1,2-dichloroethane (1,2-DCE)
(160 mL) for 12 h, and then DFDA (12 g) and FeCl; catalyst (60 g) were
added to the reaction mixture successively. The mixture was stirred at
50 °C for 5 h, followed by heating to 80 °C and maintaining the reaction
for 5 h. Subsequently, the reaction mixture was washed with ethanol
until the filtrate was clear. The synthesized adsorbents were washed
with 0.5 M aqueous HCI solution, followed by rinsing with distilled
water until the pH of the rinse solution reached neutrality. Subse-
quently, the resin was treated with 0.5 M aqueous NaOH solution and
further rinsed with deionized water until a neutral pH was attained.
Thereafter, the product was extracted with ethanol in a Soxhlet extractor
for 12 h and then dried in a vacuum oven at 80 °C for 5 h. The resultant
porous HCPS were designated as HCP-DFDA. Additionally, following a
similar preparation process as described above, trimethyl orthoformate
(TMOF) was used as a small molecular crosslinking agent, and the ob-
tained hypercrosslinked adsorbent was denoted as HCP-TMOF.

2.3. Measurements

The morphology of the adsorbents was investigated using a Merlin
compact scanning electron microscope (SEM) (Carl Zeiss, Germany). Ny
sorption isotherms were measured by a porosity analyzer (BSD-660MG)
at —196 °C. Approximately 160 mg of the samples were degassed at
90 °C under vacuum (0.003 mbar) overnight prior to the measurement.
The Brunauer-Emmett-Teller (BET) method was applied to determine
the surface area. The FTIR spectra of the samples were acquired in the
range of 400-4000 cm ! with a resolution of 2 cm ™! and were recorded
by an ATR-FTIR spectrometer (Nicolet iS50 Thermo Scientific, Waltham,
MA, USA). The surface chemistry of the samples was analyzed by X-ray
photoelectron spectroscopy (XPS). The XPS measurements were carried
out using a PHI VersaProbe II spectrometer (ULVAC-PHI, Inc., Kana-
gawa, Japan) equipped with a monochromatic Al Ka X-ray source
operating at a spot size of 100 pm. The Nitrogen content of the adsor-
bents was measured using an Elementar Unicube elemental analyzer
(EA; Germany).

2.4. Adsorption assays in a bovine serum albumin (BSA) solution

PBUTSs/BSA buffer solution was prepared by dissolving PCS in a PBS
buffer solution with the presence of 40 gL ™! BSA. The initial concen-
tration of PCS was set at 25.0 mg L. A total volume of 5.0 mL of the
adsorbent (wet volume) was added to 50 mL of the PBUTs/BSA solution
at 37 °C. After being shaken at 140 rpm for a specific period of time,
0.50 mL of the solution was taken out. Subsequently, 0.5 mL of aceto-
nitrile was added to the withdrawn solution to precipitate the BSA and to
completely dissociate the PBUT from the BSA. The resulting mixture was
then vortex-mixed for 30 s and centrifuged at 3000 rpm for 10 min. The
concentration of PBUTs in the supernatant was determined using a
fluorescence spectrophotometer. The removal rates of PBUTs at time t
were calculated according to Eq. (1):

(CO,PBUTs - Ct,PBUTx)

PBUTs adsorption rate(%) = x 100% @

CO,PB UTs

where Co pgur (gL’1 is the initial PBUTs concentration and C¢ pgyt (gL’l)
is the residual PBUTSs concentration at time t.

2.5. Recyclability and stability tests of HCP-DFDA

The recyclability of HCP-DFDA was explored through an adsorption-
regeneration procedure. 6.0 g of HCP-DFDA was placed into a 500-mL
conical flask, and 100.0 mL of a PCS-PBS solution with an initial con-
centration of 100.0 mg L* was added. The mixture was placed in a
thermostatic oscillator and reacted continuously at 298 K with an
oscillation speed of 120 rpm for 12 h to achieve adsorption equilibrium.
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After the reaction, the HCP-DFDA having adsorbed the target substances
was was collected. The collected HCP-DFDA was subjected to desorption
and regeneration treatment using a 0.1 M sodium hydroxide solution,
and then washed three times successively with deionized water and
absolute ethanol to remove surface-residual impurities. To investigate
the recyclability of the material, a total of 5 consecutive adsorption -
desorption cycle tests were carried out in this experiment. The regen-
erated material after each cycle was characterized for its adsorption
performance according to the method described in Section 2.4.

To evaluate the chemical stability of HCP-DFDA, the samples were
treated under the following three different conditions: (1) Immersion in
an aqueous HCl solution (pH = 1.0); (2) Immersion in an aqueous NaOH
solution (pH = 13.0); (3) Hydrothermal aging treatment at 60 °C. In all
treatment processes, the liquid-to-solid ratio was maintained at 20 ng'1
(volume-to-mass ratio), and static treatment was carried out for 72 h.
The treated samples were thoroughly washed with deionized water and
dried for 12 h. The regenerated adsorbent after each treatment was
characterized for its adsorption performance according to the method
described in Section 2.4.

2.6. Adsorption of uremic toxins in human plasma

PCS and IS were dissolved in human plasma with an initial concen-
tration of 25.0 mg L. A total volume of 1.0 mL (wet volume) of the
adsorbents was introduced into a glass bottle containing 10.0 mL of the
IS/PCS human plasma solution. The system was maintained at 37 °C and
continuously shaken at 140 rpm for 2 h. After that, 0.5 mL of the solution
was withdrawn, and 0.5 mL of acetonitrile was added to precipitate the
human plasma. The resulting mixture was vortex-mixed for 30 s and
then centrifuged at 4000 rpm for 10 min. The concentration of PBUTs
was measured via high-performance liquid chromatography (HPLC) at
277 nm (IS) and 280 nm (PCS). The removal rate of PBUTs was calcu-
lated according to Eq. (2):

Chiank—Cs

Adsorption rate(%) = x 100% (2)

blank

where Cg and Cpjank are the PBUTs concentrations after adsorption with
and without the adsorbents, respectively.

Similarly, the adsorption capacities towards medium- to large-
molecular-weight toxins (e.g., PTH, p2-MG, and IL-6) were also inves-
tigated. The initial concentrations of i-PTH, $2-MG, and IL-6 dissolved in
human plasma were 180 pmol L1, 5 mg L™}, and 300 pg mL},
respectively. The concentrations of PTH, p2-MG, and IL-6 in human
plasma were detected using an electrochemiluminescence immunoassay
and a chemiluminescence method, respectively, by the testing services
provided by Guangzhou King Med Diagnostics Group Co., Ltd. In the
same vein, the adsorption capacities for albumin and total protein were
also studied.

2.7. Adsorption kinetics of HCP-DFDA

To investigate the adsorption kinetics of PBUT on HCP-DFDA, 900
mg of HCP-DFDA was was added to 300 mL of a PBUTs/PBS solution
(100 mg L~1). The mixture was then shaken at 37 °C at a rotation speed
of 115 rpm. At pre-determined time points (30, 60, 90, 120, 180, 240,
300, 420, 540, and 720 min), the concentration of residual PBUTSs in the
supernatant was measured using a fluorescence spectrophotometer.

The PBUTSs adsorption capacity at time t (qt) was calculated via the
following Eq. (3):

R 3)
where q; (mgg'!) represents the amount of PBUTs adsorbed per unit mass
of HCP-DFDA at time t; Cy (mg L~1) denotes the initial concentration of
PBUTSs; C; (mg L~1) indicates the concentration of residual PBUTS at time
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t; V (mL) represents the volume of the solution; and m (g) represents the
mass of HCP-DFDA employed in the adsorption process.

2.8. Adsorption isotherms of HCP-DFDA

Approximately 30 mg of HCP-DFDA and 20 mL of PBUTs/PBS
aqueous mixture were introduced into the conical flasks. Isotherms at
three different temperatures (298 K, 303 K, and 310 K) were collected
for various initial concentrations of PCS/IS. The initial concentrations of
PCS/IS were set at 200, 400, 600, 800 and 1000 mg L. The flasks were
then continuously shaken for 12 h at 37 °C and 115 rpm to reach
equilibrium adsorption. The equilibrium PBUTs adsorption capacity (qe)
was calculated according to Eq. (4):

o (CoCo) xV @

m
where Cy (mg L_l) and C. (mg L_l) are the initial and equilibrium
concentrations of PBUTS, respectively; V (mL) is the volume of the so-
lution; and m (g) is the mass of HCP-DFDA employed in the adsorption
process.

2.9. Blood compatibility assays

2.9.1. Haemolysis assay

A diluted rabbit blood suspension was prepared by combining 8.0 mL
of fresh rabbit whole blood with 10.0 mL of phosphate-buffered saline
(PBS) solution. The procedure of the haemolysis test was as follows: (1)
0.2 mL of the diluted blood suspension was mixed with 10 mL of
deionized water to serve as a positive control, which was anticipated to
induce 100 % haemolysis. (2) 0.2 mL of the diluted blood suspension
was blended with 10 mL of PBS solution to act as a negative control, for
which no haemolysis was expected to occur. (3) 0.2 mL of the diluted
blood suspension was mixed with the tested adsorbent suspensions. In
this case, 50.0 mg of the adsorbents were immersed in 10.0 mL of PBS.
After being completely mixed, the samples were centrifuged at 4000
rpm for 5 min to separate the haemoglobin released from the lysed red
blood cells. The absorbance (A) of the haemoglobin in the supernatant
was measured using a LAMBDA 465 UV/vis spectrophotometer at a
wavelength of 545 nm. The haemolysis ratio was calculated according to
Eq. (5):

A; — A
Hemolysis ratio = AX—NC x 100% 5)

PC — ANC

where Ag, Anc, and Apc are the absorbances of the supernatants from the
tested sample, the negative control (PBS solution), and the positive
control (deionized water), respectively.

2.9.2. Recalcification time measurement

The blood recalcification time was measured to evaluate the anti-
coagulant performance of the adsorbents, and the specific details of the
experimental procedure have been reported in our previous work [34].
In brief, 0.6 mL of fresh platelet-rich plasma (PRP) was added to the
absorbents (0.3 mL), which had been immersed in PBS overnight. After
an adequate incubation period, 100 pL of a 0.2 M CaCl, solution (at
37 °C) was added to each sample. The time interval from the start of
adding calcium chloride to the point when the plasma was completely
coagulated was defined as the recalcification time of the adsorbents.

3. Results and discussion
3.1. Structural characterization of the adsorbents
In this study, a hypercrosslinked adsorbent bearing tertiary amine

functional groups, designated as HCP-DFDA, was synthesized via a one-
step approach. Using DFDA, which contains tertiary amine groups, as a
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Fig. 2. FTIR spectra of P (St-co-DVB), HCP-TMOF and HCP-DFDA.

small-molecule external crosslinker, the Friedel-Crafts post-crosslinking
reaction and functional group grafting modification were simulta-
neously carried out on the pre-crosslinked polystyrene resin. For the
purpose of comparison, another small-molecule external crosslinker
without functional groups, TMOF, was employed to prepare a control
sample named HCP-TMOF following a similar procedure. Fig. 2 displays
the FTIR spectra of P(St-co-DVB), HCP-DFDA, and HCP-TMOF. The
peaks at 1450, 1491, and 1600 cm ™! can be assigned to the unsaturated
C=C stretching vibration of the aromatic ring [35], and the peaks in the
range of 3100 to 3000 cm ™! are attributed to the = C-H stretching vi-
bration of benzene rings. When compared with P(St-co-DVB), two new
and distinct peaks emerge on the curves of HCP-DFDA and HCP-TMOF at
1700 cm ™! and 3400 cm ™, corresponding to the C=0 and —~OH groups,
respectively. The presence of C=0 and —~OH groups may be associated
with the hydrolysis side reactions of the methoxy groups in the small-
molecule external crosslinkers during the crosslinking process, as well
as the oxidation of the crosslinked structures between phenyl groups
into oxygen-containing groups. Moreover, the HCP-DFDA adsorbent
exhibits a characteristic peak at approximately 1356 cm™}, which is
attributed to the stretching vibration of C-N [36] in the tertiary amino
groups. This indicated that through the post-crosslinking reaction, ter-
tiary amine functional groups have been successfully grafted onto the
structure of the adsorbents.

XPS was further utilized to analyze the elemental states of the syn-
thesized adsorbents. As shown in Fig. 3(a), in contrast to P(St-co-DVB),
the HCP-DFDA sample exhibites distinct Ni5 and O;5 peaks, and their
high-resolution spectra are shown in Fig. 3(b-d), respectively. From the
high-resolution Nig spectra in Fig. 3(b), a noticeable peak at 399.8 eV,
which corresponded to the nitrogen in tertiary amine groups, is observed
in the spectra of HCP-DFDA. This observation confirmed that tertiary
amine groups had been successfully incorporated into the structure of
the adsorbent through the post-crosslinking reaction. As shown in Fig. 3
(c) and Fig. 3(d), the high-resolution XPS spectra of O;5 for HCP-DFDA
and HCP-TMOF can be deconvolved into three peaks at 531.4, 532.6,
and 534.1 eV, which are attributed to C=0, C-OH, and C-O-C,
respectively [37]. These results are in accordance with the aforemen-
tioned FTIR analysis, further confirming that the post-crosslinking re-
action with small-molecule crosslinkers had introduced oxygen-
containing chemical functional groups, such as hydroxyl and carbonyl
groups, into the chemical structure of the hypercrosslinked adsorbents.

To more accurately and quantitatively analyze the chemical struc-
tures of the prepared adsorbents, the elemental compositions and ion
exchange capacities of the adsorbents were measured, and the results
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Fig. 4. Optical images of (a) P(St-co-DVB), (b) HCP-TMOF and (c) HCP-DFDA.

are shown in Table S1. From the elemental analysis results, it can be seen
that the contents of N, C, and H elements in the HCP-DFDA adsorbent
were 0.15 %, 80.00 %, and 6.89 %, respectively. In contrast, no N
element was detected in the HCP-TMOF adsorbent. Instead, the contents
of carbon and hydrogen in HCP-TMOF were 86.83 % and 7.00 %,
respectively. The maximum ion exchange capacities of HCP - DFDA and
HCP-TMOF were 0.142 mmol-mL™! and 0.015 mmol-mL™?, respec-
tively, demonstrating a significant difference between the two. The
above-mentioned quantitative results further confirmed that tertiary
amine groups were grafted onto the HCP - DFDA adsorbent.

Fig. 4 displays the optical photographs of the P(St-co-DVB), HCP-
TMOF, and HCP-DFDA adsorbents. As shown in Fig. 4(a), the precursor
P(St-co-DVB) exhibites a regular spherical shape and a smooth surface,
with a diameter ranging from 0.4 to 1.0 mm. After the post-crosslinking
process, regardless of the crosslinking agent employed, there is no sig-
nificant alteration in the particle size, shape, or surface roughness (Fig. 4
(b, ¢)). The precursor P(St-co-DVB) resin is white in color. However,

upon the completion of the crosslinking process, their color transform
into brown. The observed darkening of the HCP-TMOF and HCP-DFDA
samples can be ascribed to the side reactions that took place under
high temperatures and were catalyzed by ferric chloride. These reactions
entailed the condensation and dehydrogenation of the benzene rings on
the crosslinked polystyrene chains, resulting in the formation of conju-
gated m-electron systems. Such systems generated chromophores that
absorbed visible light, thereby intensifying the color of the adsorbents
[38].

The microstructures of the adsorbents were examined by scanning
electron microscopy (SEM), as shown in Fig. 5. The images successively
present the micromorphology of the external surfaces and internal
structures of the adsorbents. As shown in Fig. 5(a;—c;), at low magni-
fication, the external surfaces of all the samples are flat and smooth, with
minimal defects. The inset images in the upper right corners of Fig. 5
(a;—c;) reveal the mechanical stability of the resin. When the pre-
crosslinked resin P(St-co-DVB) sample was manually compressed with
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Fig. 5. The external surface and cross-sectional surface images of (a;-az) P(St-co-DVB), (b;-b3) HCP-TMOF, and (c;-c3) HCP-DFDA beads.
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Fig. 6. (a) N, adsorption-desorption isotherms and (b) pore size distributions (PSDs) of P (St-co-DVB), HCP-TMOF and HCP-DFDA.

metal tweezers, it underwent substantial deformation before fracturing.
Conversely, the post-crosslinked HCP-TMOF and HCP-DFDA samples
demonstrated superior mechanical strength and stiffness, showing no
obvious deformation under the applied force and fracturing abruptly in
a brittle manner. From the SEM images of the material surfaces in Fig. 5
(az—cy), distinct pore structures are observed on the surface of HCP-
DFDA. In the cross-sectional images (Fig. 5(as—c3), all the samples
display apparent continuous accumulation of aggregated microstruc-
tures internally, with a specific distribution of pore structures between
the aggregates. This was mainly attributed to the micro-phase separa-
tion between the porogen and the crosslinked polymer chains during the
polymerization reaction. After the post-crosslinking process, the porous

structures of HCP-TMOF and HCP-DFDA became more pronounced
compared to those of P(St-co-DVB).

The alterations in the porous structure of the adsorbents before and
after the post-crosslinking reaction were analyzed through Ny gas
adsorption-desorption isotherms. As illustrated in Fig. 6(a), at relative
pressures (P/Po) greater than 0.9, all the products manifest a rapid in-
crease in the slopes of their isotherms and present hysteresis loops
resulting from the divergence between adsorption and desorption
branches. This phenomenon suggest the existence of mesoporous and
macroporous structures within the materials. In the low-pressure region
(P/Po < 0.1), when compared with P(St-co-DVB), the post-crosslinked
adsorbents HCP-DFDA and HCP-TMOF demonstrat notably enhanced
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Table 1
Textural properties of the P(St-co-DVB), HCP-TMOF and HCP-DFDA samples.

Samples SET” [, \'S Viiero Average pore
m%*g)  (m%g) (m®  (m®/  size'(nm)
g) g)
P(St-co-
DVB) 101.94 0 0.52 0 20.45
HCP-TMOF 543.06 338.02 1.18 0.23 8.71
HCP-DFDA 1030.13 476.14 1.40 0.43 5.42

@ Values were calculated using the Brunauer-Emmett-Eller (BET) multi-point
method. ® Micropore volume/area with d<2 nm was calculated using the T-
Plot method. ¢ Calculated at the relative pressure of 0.99. ¢ Calculated using the
BJH model.

N: adsorption capacity, indicating the formation of numerous micro-
porous structures after post-crosslinking. According to the International
Union of Pure and Applied Chemistry (IUPAC) classification, HCP-DFDA
and HCP-TMOF conform to Type IV isotherms [39]. The acquired pore
size distribution (PSD) curves based on the Kelvin equation [40]
depicted in Fig. 6(b) reveal that all three samples have a significant pore
volume in the macroporous region (10-100 nm). In contrast to P(St-co-
DVB), HCP-DFDA and HCP-TMOF samples exhibit a considerably higher
proportion of pores within the 0-10 nm range. This finding is consistent
with the pore structure analysis presented in Fig. 6(a), thereby con-
firming that the post-crosslinking process endowed HCP-DFDA and
HCP-TMOF with a hierarchical pore structure comprising micropores,
mesopores, and macropores.

The textural parameters of the samples were further investigated
through BET analysis, and the findings were summarized in Table 1. It is
evident that the P(St-co-DVB) sample had a specific surface area of only
101.94 m?/g, with neither a measurable microporous surface area nor
pore volume. After post-crosslinking, substantial alterations occurred in
the pore structure parameters of HCP-DFDA and HCP-TMOF. Firstly,
their specific surface areas increased to 1030.13 m?/g and 543.06 m?%/g,
respectively. Both HCP-DFDA and HCP-TMOF exhibited remarkable
microporous characteristics, with microporous specific surface areas of
476.14 m2/g and 338.02 m?/g, and microporous pore volumes of 0.43
em®/ gand 0.23 em®/ g, respectively. Furthermore, the average pore size
of HCP-DFDA and HCP-TMOFwere 5.42 nm and 8.81 nm, respectively,
which were smallerr than that of P(St-co-DVB) (20.45 nm). The post-
crosslinking reactions on the pre-crosslinked resin P(St-co-DVB) intro-
duced additional crosslinking points into its structure, triggering the
crosslinking and spatial rearrangement of molecular segments within
the pre-crosslinked resin. As a result, a greater number of microporous
structures were formed, directly contributing to an increase in the spe-
cific surface area and a decrease in the average pore size.

Notably, as presented in Table 1, HCP-TMOF exhibited much lower
specific surface area and pore volume compared to HCP-DFDA. This
discrepancy can be attributed to differential crosslinking behaviors
during Friedel-Crafts alkylation, dictated by TMOF and DFDA, two
small molecule crosslinking agents with different chemical structures.
We conclude that DFDA exhibited superior crosslinking efficacy
compared to TMOF, leading to a higher degree of network crosslinking.
As crosslinking density increases, the resin network becomes more rigid
and stable, effectively preserving the porogen-induced pore architec-
ture. Elevated crosslinking density also strengthens intermolecular in-
teractions between the polymer matrix and porogen molecules, such as
hydrogen bonding and van der Waals forces, leading to more homoge-
neous porogen distribution. After porogen removal, this results in pores
with narrower size distributions and improved structural uniformity,
which collectively enhance both pore volume and specific surface area.

In this research, hypercrosslinked polystyrene adsorbents, namely
HCP-DFDA and HCP-TMOF, were synthesized based on the mechanism
of Friedel-Crafts alkylation reactions. Ferric chloride (FeCls) was
employed as the catalyst, and DFDA and TMOF served as small-molecule
external crosslinking agents. Taking DFDA as an illustration, the ferric
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Fig. 7. Adsorption behavior of the adsorbents towards PCS in BSA solution.

chloride catalyst coordinated with the DFDA crosslinking agent to
generate an electrophilic carbocation. This carbocation then underwent
an electrophilic aromatic substitution reaction with the aromatic rings
in the structure of the pre-crosslinked resin P(St-co-DVB), resulting in
the formation of methylene bridge structures containing tertiary amine
groups. This approach avoided the complex and time-consuming pro-
cedures involved in the traditional synthesis of hypercrosslinked poly-
styrene adsorbents. Furthermore, small-molecule external crosslinkers
with functional groups (such as DFDA) enabled functional-group
modification of the adsorbent. This was anticipated to endow the
adsorbent with enhanced specificity and adsorption efficiency, thereby
facilitating the advancement and practical application of hyper-
crosslinked polystyrene adsorbents in the field of hemoperfusion.

3.2. Adsorption properties of the adsorbents towards uraemic toxins

PCS was used as the target toxin to evaluate the adsorption perfor-
mance of various adsorbents towards PBUTs. An initial concentration of
25 mg L™! PCS-BSA solution was prepared in a 40 gL~} bovine serum
albumin buffered solution via an external addition method. Fig. 7 de-
picts the adsorption rate curves of PCS by different adsorbents as a
function of time. Evidently, the adsorption rate of PCS initially increased
rapidly and then plateaued as the contact time lengthened. The exper-
imental findings demonstrated that HCP-DFDA exhibited the optimal
adsorption performance for PCS, with the adsorption rate reaching up to
78.8 % after 2 h. HCP-TMOF adsorbents also showed higher adsorption
rates for PCS than P(St-co-DVB).

To directly verify the contribution of tertiary amine groups in the
HCP-DFDA adsorbent for PBUT adsorption, we conducted oxidative
modification treatment on the resin and compared the adsorption rates
of PCS before and after modification. The experimental results are pre-
sented in Figure _S2. Under identical conditions, the adsorption rate of
PCS by the oxidized HCP-DFDA decreased to 69.8 %, which was
approximately 10 percentage points lower than that of unmodified
adsorbent. In contrast, for the HCP-TMOF resin, the adsorption rates of
PCS before and after the oxidation modification were 70.1 % and 69.9
%, respectively, showing no significant change. Through oxidation
modification, the tertiary amine groups on the HCP-DFDA adsorbent
were transformed into N-oxides (Figure _S1), exhibiting neutral zwit-
terionic characteristics, which result in negligible electrostatic in-
teractions with the negatively charged PBUTS, thereby reducing the
adsorbent’s adsorption efficiency. Thus, it is evident that the tertiary
amine groups on the HCP-DFDA adsorbent play a substantial role in the
adsorption of PBUTs.
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Fig. 8. Adsorption behavior of the adsorbents towards (a) PBUTs and (b) middle-macromolecular toxins in human plasma.

To further investigate the potential application of the hyper-
crosslinked modified adsorbents in hemoperfusion for uremia treatment,
we selected several common uremic toxins as target toxins, including
medium- to large-molecular-weight toxins (PTH, p2-MG, and IL-6), and
PBUTs (IS and PCS). We aimed to evaluate the adsorption performances
of different adsorbents by using human plasma to closely mimic the
clinical hemoperfusion conditions. Fig. 8 illustrates the adsorption rates
of HCP-DFDA, HCP-TMOF, and the commercially available hemo-
perfusion adsorbent HA130 for various uremic toxins. As shown in Fig. 8
(a), after 2 h of contact adsorption, HCP-DFDA exhibited adsorption
rates of 81.3 % and 84.9 % for IS and PCS, respectively. These rates were

O
)
—_—

Free PBUT

%
:‘?/$

%

Indoxyl sulfate p-Cresyl sulfate
(1S) (PCS) ;

é%; <==protein-PBUT complex

significantly higher than those of the HCP-TMOF and HA130 adsorbents.
Fig. 8(b) displayed the adsorption rates of different adsorbents for me-
dium- to large-molecular-weight toxins. After 2 h of adsorption in a
plasma environment, the adsorption rates of HCP-TMOF for PTH, p2-
MG, and IL-6 were 90.7 %, 81.2 %, and 57.8 %, respectively. These
values were comparable to those of the commercial HA130 adsorbent
(PTH: 89.7 %; p2-MG: 82.5 %; IL-6: 56.0 %). The HCP-DFDA adsorbent
achieved adsorption rates of 98.6 %, 94.9 %, and 78.2 % for PTH, (2-
MG, and IL-6, respectively, which were significantly better than those of
the HCP-TMOF and HA130 adsorbents. These findings indicated that the
HCP-DFDA adsorbent demonstrated excellent adsorption performance

—_,

Electrostatic interactioA
H-bonding interaction
7i-7 interaction

Fig. 9. Illustration of the adsorption mechanism of PBUTs by using HCP-DFDA.
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Fig. 10. (a) The recycling performance of HCP-DFDA in five recycles of PCS adsorption-desorption procedure; (b) Comparative adsorption rates of PCS by the HCP
adsorbents HCP-DFDA that has undergone hydrothermal aging, acid treatment and base treatment.

for both PBUTs and medium- to large-molecular-weight toxins.

The excellent adsorption performance of HCP-DFDA for both me-
dium- and large-molecule toxins and PBUTSs can be mainly ascribed to its
unique chemical structure and pore morphology. Similar to the HCP-
TMOF and HA130 adsorbents, HCP-DFDA had hydrophobic benzene
rings in its skeleton structure. This feature was beneficial for adsorbing
lipid-soluble medium- and large-molecule toxins with aromatic rings in
the blood through hydrophobic interactions or n-m interactions. Gener-
ally, the pore size of an adsorbent has a crucial influence on its
adsorption performance for medium- and large-molecule toxins; larger
pore sizes are more favorable for enhancing the adsorption of such
toxins. According to the experimental results presented in Table 1 and
Fig. 6, the average pore sizes of HCP-DFDA and HCP-TMOF were 5.42
nm and 8.71 nm, respectively. Although the average pore size of HCP-
DFDA was considerably smaller than that of HCP-TMOF, its adsorp-
tion performance for medium- and large-molecule toxins was better.
This can be primarily ascribed to the higher specific surface area, the
confined pore effect, and the presence of functional groups within the
pores of HCP-DFDA. Moreover, the contribution of the pore structures
on the external surface of the adsorbents cannot be neglected. As shown
in the SEM images in Fig. 5, in comparison with HCP-TMOF, HCP-DFDA
exhibited more prominent and larger pore structures on its outer sur-
face. These pore structures facilitated the rapid entry of medium- and
large-molecule toxins into the interior of the adsorbent and their
transportation to adsorption sites, thus enhancing the adsorption
performance.

For the adsorption of PBUTs, HCP-DFDA also demonstrated signifi-
cantly superior adsorption performance, which can be attributed to the
tertiary amine groups in its structure. Generally, PBUTs in uremic pa-
tients are firmly bound to plasma proteins (such as albumin) to form
protein-PBUTs toxin complexes. This binding behavior leads to a low
concentration of free PBUTs in the bloodstream, rendering them chal-
lenging to eliminate. The nitrogen atoms within the tertiary amine
groups possess lone pair electrons, which readily accept protons and
form positively charged quaternary ammonium ions. These ions can
establish strong electrostatic attractions with PBUTs that contain nega-
tively charged groups (such as IS, PCS, etc.). Moreover, the hydrogen
atoms on the quaternary ammonium ions can act as hydrogen bond
donors. Conversely, the oxygen atoms in the negatively charged groups
of PBUTs can function as hydrogen bond acceptors, forming hydrogen
bonds that strengthen the interaction between the adsorbent and PBUTs.
Consequently, under the combined influence of the pore structures, n-n

interactions, and the interactions between the functional groups of the
adsorbent and toxin molecules, HCP-DFDA was able to achieve efficient
adsorption of free PBUT molecules. The uptake of PBUTs disrupted the
adsorption equilibrium of the protein-PBUTs toxin complex, causing the
PBUTs to continuously dissociate from the complex, and ultimately
achieving an optimal removal effect. The adsorption mechanism is
illustrated in Fig. 9.

3.3. Recyclability and stability of HCP-DFDA

To investigate the recyclability of the HCP-DFDA adsorbent, a series
of five consecutive adsorption - desorption cycles were conducted, and
the PCS adsorption performance of the repeatedly regenerated adsor-
bent was evaluated. The results are shown in Fig. 10(a). After five cycles
of repeated use, the adsorption rate of HCP-DFDA exhibited a gradual
decline from 75.03 % to 68.95 %, with only a marginal reduction of
6.08 % across the cycles, indicating that HCP-DFDA exhibits favorable
recyclability and consistent performance over multiple cycles.

For the stability testing, the HCP-DFDA adsorbent underwent
rigorous testing protocols, including exposure to high-temperature
conditions and immersion in both strongly acidic and alkaline solu-
tions, to evaluate its robustness under extreme environmental condi-
tions. The experimental results are depicted in Fig. 10(b). As can be seen
from the results, the adsorption rates of the HCP-DFDA adsorbent after
hydrothermal aging, acid treatment and base treatment were 76.09 %,
78.35 %, and 77.38 %, respectively. There was no significant decrease in
the adsorption performance compared to that of the untreated HCP-
DFDA adsorbent. The HCP-DFDA adsorbent maintained stable adsorp-
tion performance after these rigorous treatments, thereby demon-
strating its exceptional chemical stability and potential for practical
applications in diverse environmental conditions.

3.4. Adsorption isotherms and adsorption kinetics towards PBUTs in PBS
environment

To further understand the adsorption characteristics of the HCP-
DFDA adsorbent for PBUTSs, PCS and IS were used as model molecules
to investigate the adsorption behavior of the adsorbent in the PBS
environment. Adsorption isotherms were used to estimate the interac-
tion mechanisms between HCP-DFDA and PBUT at a constant temper-
ature. As shown in Fig. 11(a), the adsorption capacity of HCP-DFDA
towards PCS/IS exhibits a positive correlation with the equilibrium
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Fig. 11. PCS/IS adsorption isotherms of HCP-DFDA: (a) nonlinear Freundlich, (b) linear Freundlich, (c) nonlinear Langmuir, and (d) linear Langmuir model

fitting plots.

concentration. This relationship can be attributed to the fact that an
increase in toxin concentrations enhance the driving force that facili-
tating the mass transfer from the free state to the adsorbed phase. The
experimental data were fitted via linear and nonlinear Langmuir (Egs.
(6), (7)) and Freundlich (Egs. (8), (9)) isothermal adsorption models
[41,42].

The linear and nonlinear Langmuir isothermal adsorption formulas
are as follows:

The linear and nonlinear Freundlich isothermal adsorption formulas
are as follows:

Linear Freundlich model : In(q,) = l/n In(C,) + In(KF) ®)
Y
Non — linear Freundlich model : q, = KzC,'™

)]

Where q. (mg-g 1) is the sorption amount after equilibrium is ach-
ieved, and Ce (mg-L™!) is the equilibrium concentration. The maximum

i ; .1, -1 1
Linear Langmuir model : / q /K1gmC. 7 qn ©) adsorption capacity (qn) (mg-g™) is calculated using the Langmuir
model, and Ky, (L/mg) denotes the Langmuir isotherm constant. Addi-
Non-linear Langmuir model : q, = ¢, K, C. /(1 4+ K,C.) @) tionally, Kr (mg-g 1) (L-mg ™)'/ and n are the Freundlich constants. Co
Table 2
Adsorption isotherm parameters of HCP-DFDA towards PCS/IS.
PBUT Fitting method Langmuir Freundlich
Gm(mg/g) K /(L-mg™) R? Ky/(mg-g~")(L-mg™)'/" 1/n R?
pCs Linear 169.9301 0.0118 0.9966 2.6069 0.2393 0.9946
Nonlinear 151.9953 0.0086 0.9945 2.1088 0.2826 0.9886
IS Linear 120.0563 0.01724 0.9956 30.3044 0.1229 0.9231
Nonlinear 104.9358 0.01252 0.9946 30.4147 0.1478 0.9030

10
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Table 3
Adsorption kinetic parameters of HCP-DFDA towards PCS/IS.
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PBUT Qe , EXP/(mg-g’l) Pseudo-1st-order Pseudo-2nd-order
Qe , cal1/(mg-g ") ki/min ! R? Qe cal2/(mg-g™") Ky/(g~"mg"min~") R?
PCS 58.59 17.26 0.0051 0.9471 57.74 0.0007 0.9998
1S 35.42 2.20 0.0036 0.9436 34.95 0.0064 0.9999
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Fig. 12. (a) The uptake of PCS/IS versus time in PBS environment, (b) Pseudo-first-order and (c) Pseudo-second-order isotherm models for PCS/IS adsorption on

HCP-DFDA.

(rng-L’l) signifies the initial PBUT concentration, which serves as a
crucial characteristic in the Langmuir isotherm [43,44].

Table 2 shows the fitting results. The Langmuir isotherm displays
higher R? values than the Freundlich isotherm. This indicated that the
adsorption equilibrium data of HCP-DFDA towards PCS/IS was more
accurately described by the Langmuir equation, suggesting that homo-
geneous monolayer adsorption was the dominant adsorption mechanism
[44]. The maximum adsorption capacities of PCS and IS, as calculated by
the Langmuir model, were 169.9301 mg-g~* and 120.0563 mg-g},
respectively. Compared with other materials are shown in Table S3, such
as activated carbon, polymeric membrane, fiber, and metal-organic
frameworks, HCP-DFDA showed an obvious advantage in the specific
adsorption of PBUTs [11,45-48].

This study further explored the changes in the equilibrium adsorp-
tion capacity of the HCP-DFDA adsorbent for PCS at different reaction
temperatures (298 K, 303 K, and 310 K). The experimental results are
shown in Figure S3. Increasing the reaction temperature can effectively
enhance the equilibrium adsorption capacity of HCP-DFDA for PCS. This
is attributed to the fact that an increase in temperature is capable of
strengthening the binding energy between the HCP-DFDA adsorbent and
the PCS, thereby facilitating the forward progression of the adsorption
reaction.

The relevant adsorption thermodynamic parameters calculated
through the Clausius-Clapeyron, Gibbs, and Gibbs-Helmholtz equations
[49] are listed in Table_S3 As shown in the table, under various tem-
perature conditions, the Gibbs free energy change (AG) values are all
negative, indicating that the adsorption process was spontaneous. The
enthalpy change (AH) and the entropy change (AS) are in the ranges of
234.53-269.32 kJ/mol and 62.65-70.20 J/mol K, respectively. The AH
values are all positive, indicating that the adsorption process of PCS by
HCP-DFDA was an endothermic reaction involving chemical adsorption.
The AS value was also positive, suggesting an increase in the degree of
disorder at the solid-liquid interface and the irreversibility of the
adsorption process. In conclusion, the adsorption process of PCS by HCP-
DFDA was a spontaneous endothermic process, and under the experi-
mental conditions, the adsorption reaction is irreversible.

3.5. Adsorption kinetics towards PBUTs in the PBS environment

The kinetic rates were modeled using the pseudo-first-order Eq. (10)

11

and pseudo-second-order Eq. (11) to further understand the adsorption
mechanisms [50], and the fitting results were summarized in Table 3.

ln(qe - QI) =Inqe a1 — kit (10)

1
t/qt - /kzng_ml‘z + t/qe,cal,z (11)

where g is the adsorbed amount of PCS/IS in the equilibrium, q; is the
adsorption quantity of PCS/IS at time t (mg-g 1), k; (min™!) is the quasi-
first-order equation rate constant, and ko (g-mg~>-min?) is the quasi-
second-order rate constant.

Fig. 12(a) illustrates the time-dependent adsorption curves of PCS
and IS by HCP-DFDA. The experimental results indicated that the
adsorption process of these PBUTs had a characteristic of “rapid
adsorption, slow equilibrium.” Surface adsorption and solute diffusion
played crucial roles throughout this process. In the first hour, the large
specific surface area and well-developed microporous structure of the
adsorbents provided numerous available binding sites. Simultaneously,
the high PCS concentration in the solution created a significant con-
centration gradient, thereby facilitating a rapid initial adsorption rate.
As the experiment progressed, the surface adsorption sites gradually
became saturated, resulting in a decrease in the adsorption rate. Ulti-
mately, when most of the microporous adsorption sites were occupied or
the toxin concentration gradient could no longer overcome the mass-
transfer limitations, the adsorption process reached equilibrium.
Under these conditions, the equilibrium adsorption capacities of HCP-
DFDA for PCS and IS were 58.59 mg-g ! and 35.42 mg-g !, respectively.

Adsorption kinetic data were simulated and analyzed using the
pseudo-first-order and pseudo-second-order kinetic equations. The cor-
responding linear fitting curves are shown in Fig. 12(b-c), and the
relevant adsorption kinetic parameters derived from the calculations are
listed in Table 3. According to Table 3, a higher correlation coefficient
(R? > 0.999) was obtained for the pseudo-second-order model, which
indicated that the capture processes of PCS and IS were dominated by
chemisorption. Additionally, the equilibrium adsorption capacities of
HCP-DFDA for PCS and IS, calculated using the pseudo-second-order
kinetic model, were 57.74 mg-g~' and 34.95 mg-g~?, respectively.
These values were close to the experimentally determined equilibrium
adsorption capacities.
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Fig. 13. Calculated adsorption rates of (a) albumin and (b) total protein from human plasma (adsorption time: 2 h). All values are expressed as the means + SDs (n
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3.6. Haemocompatibility of the adsorbents

Blood compatibility is a critical factor for materials intended for
direct blood contact. To comprehensively evaluate the blood compati-
bility of the adsorbents, protein adsorption, hemolysis assays, and
recalcification coagulation time measurements were employed [51].

Initially, the adsorption behavior of human plasma albumin and total
proteins onto the adsorbents was investigated, with results presented in
Fig. 13. The total protein adsorption rates for HCP-DFDA, HCP-TMOF,
and HA130 were 6.1 + 1.8 %, 4.1 + 1.2 % and 5.4 + 2.8 %, respectively.
Statistical analysis revealed no significant difference in total protein
adsorption among the HCP-DFDA group, HCP-TMOF group and the
control group. Similarly, albumin adsorption rates for HCP-DFDA, HCP-
TMOF, and HA130 were 7.8 + 2.5 %, 5.0 & 1.5 %, and 7.5 + 3.5 %,
respectively, with no statistically significant differences observed be-
tween the HCP-DFDA group, HCP-TMOF group and the control group.

The protein adsorption performance on adsorbent surfaces is closely
related to their physicochemical structures. The protein adsorption rates
of HCP-DFDA and HCP-TMOF were comparable to those of the
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commercial HA130 resin, which can be attributed to the fact that all
three adsorbents belong to the hypercrosslinked polystyrene macro-
porous adsorption resin family with similar surface chemical properties.
Furthermore, the hydrophilic surface characteristics of these adsorbents
effectively inhibited non-specific protein adsorption, thereby main-
taining blood component integrity during clinical applications. These
findings demonstrated that HCP-DFDA and HCP-TMOF hyper-
crosslinked adsorbents exhibited comparable protein resistance to the
HA130 adsorbent, thereby preserving the normal physiological state of
blood during clinical application and minimizing treatment-related
risks.

When adsorbent materials interact with blood, their surfaces may
induce erythrocyte membrane damage, triggering hemolytic reactions
that release haemoglobin and other small molecular toxins harmful to
vital organs. In this study, hemolysis assays were conducted to further
evaluate the blood compatibility of the adsorbents. According to ISO
10993-5:2009 guidelines for the biological evaluation of medical de-
vices, the hemolysis rate of biomaterials intended for blood contact must
be less than 5 % to meet clinical requirements. The hemolysis rates of
different adsorbents, negative control (phosphate-buffered saline), and
positive control (deionized water) were compared, as shown in Fig. 14.
The hemolysis rates of the HCP-DFDA and HCP-TMOF adsorbents were
1.2 +£ 0.5 % and 0.8 + 0.4 %, respectively, which were significantly
lower than that of the HA130 adsorbent (3.5 4+ 1.5 %). Both HCP-DFDA
and HCP-TMOF demonstrated hemolysis rates well within the accept-
able range, confirming their non-hemolytic properties.

The lower hemolysis rates of HCP-DFDA and HCP-TMOF compared
to commercial HA resin were found to be associated with three critical
factors: superior surface smoothness, lower ion exchange capacity, and
neutral pH storage conditions. The adsorbents’ highly smooth surfaces
minimized mechanical friction with erythrocyte membranes and
reduced shear stress-induced membrane disruption. Their low ion ex-
change capacity indicated lower surface charge density, mitigated
electrostatic interactions that could damage cell membranes. Further-
more, the neutral pH of the storage solution for HCP-DFDA and HCP-
TMOF maintained erythrocyte membrane protein stability by prevent-
ing acid/base-induced denaturation and osmotic imbalance.

The anticoagulant properties of the adsorbents were investigated
using plasma recalcification time assays [52]. Experiments were per-
formed following a method previously described in our research. Venous
blood was collected from healthy rabbits, with glass beads serving as a
positive control. In recalcification time experiments, sample incubation
with plasma induced varying degrees of activation of coagulation factor
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Fig. 15. Recalcification times of control samples and adsorbent materials. (+)
hydrophilic glass beads and (—) blank tube. The data are expressed as the
means + SDs of three independent measurements.

XII (FXII) and platelets. When calcium chloride solution was added, the
intrinsic coagulation pathway was initiated, converting plasma fibrin-
ogen into fibrin and causing plasma solidification into a gel-like state. A
shorter coagulation time indicated a higher extent of activation. As
shown in Fig. 15, visible clot formation occurred within 4 min in the
positive control samples. In contrast, the negative control group
demonstrated a recalcification period of approximately 20 mins before
clot formation. The recalcification time for HCP-DFDA, HCP-TMOF, and
HA130 were 15 min, 16 min, and 15.5 min, respectively. These results
indicated that both HCP-DFDA and HCP-TMOF exhibited anticoagulant
properties comparable to the commercial HA130 adsorbent. The excel-
lent anticoagulant properties of HCP-DFDA and HCP-TMOF are pri-
marily attributed to their favorable hydrophilicity and good anti-protein
adsorption performance, which collectively maintain blood component
stability during clinical applications.

The in vitro haemocompatibility tests described above indicated that
the hypercrosslinked adsorbents HCP-DFDA and HCP-TMOF exhibited
low protein adsorption, low hemolysis rates, and excellent anticoagulant
properties compared to commercial adsorbents. These attributes ensure
that upon blood contact, these materials preserve the integrity of blood
components without inducing excessive blood cell damage or coagula-
tion responses, which is highly advantageous for whole blood perfusion
applications.

4. Conclusions

In this study, a hypercrosslinked polystyrene porous adsorbent (HCP-
DFDA) functionalized with tertiary amine groups was successfully syn-
thesized. By using a functionalized small-molecule external crosslinker,
this method simultaneously accomplished Friedel-Crafts post-
crosslinking and surface functionalization of the pre-crosslinked poly-
styrene resin. The resulting HCP-DFDA adsorbent exhibited a smooth
and flat external surface and a hierarchical crosslinked pore structure,
achieving a specific surface area of 1030 m?/g. Compared with the pre-
crosslinked polystyrene resin P(St-co-DVB), HCP-DFDA demonstrated
notable increases in total specific surface area and micropore content.
The introduction of tertiary amine groups significantly enhanced its
adsorption performance for PBUTs. Under plasma conditions, HCP-
DFDA achieved adsorption efficiencies of 81.3 % for IS and 84.9 % for
PCS, outperforming the non-functionalized HCP-TMOF and the com-
mercial hemoperfusion adsorbent HA130. Furthermore, HCP-DFDA
exhibited excellent adsorption capacities for medium- to large-
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molecular-weight toxins in blood, including PTH, p2-MG, and IL-6,
surpassing those of HA130. In addition, the hypercrosslinked HCP-
DFDA adsorbent displayed excellent blood compatibility comparable
to the commercial HA130. In conclusion, HCP-DFDA is expected to serve
as a promising new whole-blood hemoperfusion adsorbent for clinical
uremia treatment.
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