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Abstract: The abnormal increase in low-density lipoprotein (LDL) in human blood is a main indepen-
dent risk factor for the pathogenesis of atherosclerosis, whereas a reduced LDL level effectively lowers
morbidity. It is important to develop LDL adsorption materials with high efficiency and selectivity, as
well as to simplify their fabrication processes. In this paper, polysulfone (PSF), sulfonated polysulfone
(SPSF), and sulfonated polysulfone/dextran (SPSF/GLU) membranes were successfully fabricated
for LDL adsorption using a solution casting technique. Attenuated total reflectance Fourier transform
infrared spectroscopy and X-ray photoelectron spectroscopy measurements confirmed the success of
the preparation. The water contact angle decreased from 89.7 ± 3.4◦ (PSF) to 76.4 ± 3.2◦ (SPSF) and
to 71.2 ± 1.9◦ (SPSF/GLU), respectively. BSA adsorption testing showed that the SPSF/GLU with
surface enrichment of sulfonate groups and glycosyl groups possessed higher resistance to protein
solution. The adsorption and desorption behaviors of the studied samples in single-protein or binary-
protein solutions were systematically investigated by enzyme-linked immunosorbent assay (ELISA),
The results showed that SPSF/GLU, which had excellent resistance to protein adsorption, possessed
a similar adsorption capacity to that of PSF. SPSF membrane exhibited excellent selective affinity for
LDL in single and binary protein solutions, suggesting potential applications in LDL removal.

Keywords: atherosclerosis; polysulfone; low-density lipoprotein; enzyme-linked immunosorbent assay

1. Introduction

Coronary artery disease (CAD), the leading cause of mortality worldwide, primarily
arises from atherosclerosis [1,2]. Although the underlying pathogenesis of atherosclero-
sis is not yet fully understood, abnormal levels of low-density lipoprotein (LDL) in the
bloodstream have consistently been regarded as the primary pathogenic factor contribut-
ing to the progression of atherosclerosis [3,4], while some other factors (oxidized LDL
(oxLDL), lipoprotein(a) (LP(a)), apolipoprotein E4, etc.) have also been reported [5–7].
Currently, lifestyle changes [8–10] and drug therapy (e.g., statins [11], bempedoic acid [12],
inclisiran [13]) are the two most prevalent clinical interventions used to regulate the LDL
levels. However, due to their side effects, long-term use of drugs often leads to problems
such as acute coronary syndrome and muscle weakness [14,15]. Moreover, these aforemen-
tioned therapies are ineffective for patients who are resistant to drugs or suffering from
severe hyperlipidemia or familial hypercholesterolemia [16,17].

LDL apheresis, based on extracorporeal blood purification techniques, is highly rec-
ommended under such circumstances for its high efficiency in reducing LDL cholesterol
and meeting clinical end points [18,19]. Currently, there are six common LDL apheresis
technologies available, four of which are based on the principle of adsorption: immune-
adsorption (IMA), dextran sulfate adsorption (DSA), polyacrylate-coated polyacrylamide
direct perfusion (DALI), and dextran sulfate direct perfusion (Liposorber D) [20–22]. The
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efficacy of LDL apheresis systems is primarily determined by the adsorbents. Therefore,
extensive attention has been drawn to the investigation of economical and effective adsor-
bents, leading to the development of various LDL ligands, such as antibodies [23,24], hep-
arin [25–27], chondroitin sulfate [28,29], cyclodextrin [30,31], chitosan derivatives [32,33],
phospholipid [34,35], etc.

While most researchers are committed to modifying the functional ligands on adsor-
bent substrates to enhance the selectivity and adsorption efficiency of adsorption materials,
the relevant mechanisms are seldom explored. Generally, currently available LDL ad-
sorbents are designed to be anionic to selectively bind to positively charged regions of
apolipoprotein-B100 in LDL, based on electrostatic interaction [36,37]. Inspired by the
saccharide-like structures shared in most LDL adsorption materials, in our previous work,
a “multiple-interaction model” for LDL in contact with adsorbents containing negative
ligands and neutral saccharides was proposed by Li et al. [38]. It was found that saccharides
or saccharide-like structures also play significant roles in LDL recognition. Subsequently,
anionic glycosylated PSF membranes, of which surface chemistries regulated by click
reactions and the selection of an appropriate glycosyl-to-sulfonyl feed, were fabricated
for affinity adsorption for LDL by Fang et al. [39]. Despite its excellent adsorption prop-
erties, the complex and time-consuming preparation process severely limits its practical
application. Generally speaking, the selection of ligands and substrates, as well as the
preparation methods, are crucial for the development and application of efficient LDL
adsorption materials. Previous studies have shown that anionic or anionic-glycosylated
ligands often exhibit excellent LDL adsorption capabilities. Various strategies have been
developed to achieve facile and reliable immobilization of anionic or anionic-glycosylated
biomaterial surfaces. Despite their good LDL adsorption performance of these adsorbents,
the preparation process for them is often cumbersome, typically involving chemical meth-
ods for substrate calcination, severely limiting the practical application of LDL materials.
Solution casting is a widely used technique for producing polymer films, coatings, and
membranes. It offers convenience, cost-effectiveness, and time-saving benefits, allowing
for the regulation of material properties through the utilization of additives. Moreover, it
can be readily adapted for both laboratory-scale research and large-scale industrial produc-
tion. Polysulfone is currently the most widely applied polymer, and our research group
has devoted significant efforts to using PSF membranes for improved hemodialysis with
simultaneous LDL removal. In this study, we prepared anionic or anionic-glycosylated PSF
membranes for LDL adsorption. Sulfonated polysulfone and dextran were used as addi-
tives, and the membranes were prepared via the solution casting method. Attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) and X-ray photoelectron
spectroscopy (XPS) were performed to characterize the surfaces’ structures and chemical
compositions. The surface properties of the studied samples were analyzed by surface zeta
potential, water contact angle (WCA), and bovine serum albumin (BSA) adsorption mea-
surements. Enzyme-linked immunosorbent assay (ELISA) was performed to evaluate the
LDL adsorption and desorption performances of membranes, and the interaction between
membrane surface and LDL was investigated.

2. Materials and Methods
2.1. Materials

Polysulfone and sulfonated polysulfone granules were obtained from Zhejiang Qinyuan
Water Treatment S.T. Co., Ltd. (Shanghai, China). Low density lipoprotein (LDL, 98%)
was purchased from Millipore (Burlington, MA, USA). Primary antibody anti-β-lipoprotein,
secondary antibody anti-chicken, IgG and human serum albumin (HSA) were provided by
Sigma-Aldrich (Saint Louis, MO, USA). Dextran (Mw = 70,000) was purchased from Aladdin
(Shanghai, China). All other reagents were commercially supplied by Sinopharm Chemical
(Shanghai, China) and used as received. The ultrapure water (18.2 MΩ·cm) used in all
experiments was freshly prepared with an ELGA Classic UF system (Veolia Water Systems,
Aubervilliers, France).
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2.2. Preparation of Dense Membranes

A solution of SPSF at a concentration of 16 wt.% in NMP was prepared by dissolving
pure SPSF granules in NMP. After complete dissolution of SPSF, 3 wt.% dextran was
introduced as an additive, followed by vigorous stirring at approximately 80 ◦C for 24 h
to achieve a homogeneous SPSF/GLU solution. When all air bubbles were completely
removed from the solution, the SPSF/GLU solution was cast onto a clean glass plate using
a casting knife with a thickness of 150 µm. The glass plates containing the nascent film were
dried directly under a vacuum (60 ◦C, 24 h) and then immersed in ultrapure water. After
being peeled from the glass plate, the dense films were washed with distilled water several
times to remove the excess NMP solvent and then were dried for another 24 h at 80 ◦C
under vacuum a to ensure complete dryness. Dense films of PSF or SPSF were separately
prepared from a 16 wt.% PSF solution or a 16 wt.% SPSF solution using the same method.

2.3. Characterization
2.3.1. FT-IR/ATR and XPS

ATR–FTIR measurements were performed on a Nexus 470 FTIR spectrometer (Thermo
Nicolet, Detroit, MI, USA) equipped with an ATR cell (ZnSe, 45◦). Thirty-two scans were
performed for each spectrum at a nominal resolution of 4 cm−1. The chemical composition
of the various PSF dense films was further analyzed by X-ray photoelectron spectroscopy
(XPS) measurements, which was performed on a PHI-5000C ESCA system (Perkin Elmer,
Waltham, MA, USA) with Mg Kα radiation (hν = 1253.6 eV). The maximum pressure
in the analysis chamber was maintained at 10−6 Pa. All survey and core-level spectra
were referenced to the C1s hydrocarbon peak at 284.7 eV to compensate for the surface
charging effect.

2.3.2. WCA Measurement

The hydrophilicity of the dense films was investigated on the basis of the water contact
angle using the sessile drop method. WCA was measured on a CTS-200 contact angle
goniometer (MAIST Vision Inspection & Measurement Co., Ltd., Ningbo, China) at room
temperature while equipped with video capture. Typically, a 2-µL droplet of ultrapure
water was dropped onto a dry sample, and then the WCA was calculated from the digital
image using DropMeter software (version 2.0). At least five independent results were
averaged to obtain one mean value.

2.3.3. Zeta Potential Measurements

The surface potential of the studied samples was determined by measuring the zeta
potential using a zeta potential analyzer (Delsa™, Beckman Coulter, Brea, CA, USA). A
2 cm × 3 cm strip was randomly cut from the samples and thoroughly washed with
ultrapure water. The strip was subsequently immersed in NaCl solution (0.1 M, pH 7.0) at
25 ◦C for 45 min and then was detected using 10−3 M KCl solution (pH 7.4).

2.3.4. BSA Adsorption

Various concentrations of BSA (0.25 mg/mL, 0.50 mg/mL, 0.75 mg/mL, and 1.0 mg/mL)
were dispersed in PBS (137 mmol/L NaCl; 1.4 mmol/L KH2PO4; 4.3 mmol/L Na2HPO4;
2.7 mmol/L KCl, adjusted to pH 7.4 with 1 M NaOH) and a standard curve was obtained
for absorbance at 280 nm (Figure S1). In a typical experiment, the film was immersed in
4 mL of the BSA solution and was gently shaken for 2 h at 37 ◦C. The absorbance of the
membrane-immersed BSA solution was measured, and the quantity of BSA adsorbed was
calculated using the standard curve. Each value reported is an average of at least three
independent measurements.

2.3.5. ELISA for LDL Adsorption and Desorption

Adsorption of LDL on the different films was investigated by ELISA (Figure S2) as
described in our previous work [25–27]. All solutions were freshly prepared before each
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measurement. LDL or human serum albumin (HSA) was dissolved in PBS. The primary
antibody (anti-β-lipoprotein) and the secondary antibody (the peroxidase-conjugated
secondary antibody, anti-chicken IgY (IgG)) were diluted in a 0.1 wt.% BSA solution
in PBS (pH 7.4) to concentrations of 1:5000 and 1:10,000, respectively. Blocking solution
was prepared using a 1 wt.% BSA solution in PBS (pH 7.4). The substrate solution was
freshly prepared by adding 400 µL of TMB (0.5 wt%, dissolved in DMSO) and 2 µL of
hydrogen peroxide (30%) to 10 mL substrate buffer solution (Na2HPO4 and 0.1 M citric
acid, adjusted to a pH of 5.0 with 1 M NaOH). The films were cut into discs with a diameter
of 1.4 cm and were placed in 24-well tissue culture plates, and then 0.5 mL of LDL solutions
at specified concentrations were added. The plates were incubated for 1 h at 37 ◦C, followed
by three washes with 1 mL of PBS (pH 7.4). Subsequently, a blocking solution (0.5 mL)
was added and incubated for 0.5 h at 37 ◦C. After rinsing with PBS (pH 7.4) a further three
times, the primary and secondary antibodies were added and incubated for 1 h at 37 ◦C.
Each subsequent step was followed by washing three times with Tris-buffered saline (TBS,
137 mM NaCl, 1.4 mM KH2PO4, 4.3 mM Na2HPO4, 2.7 mM KCl, pH 7.4, 0.1% Tween 20).
Subsequently, the films were transferred to a new 24-well plate, followed by the addition of
TMB substrate solution. After 10 min, a H2SO4 solution (1 M, 0.5 mL) was added to stop
the chromogenic reaction. Finally, the optical density of the dye solution was measured at
450 nm with a plate reader (ELx800 Reader, BioTek, Winooski, VT, USA).

LDL desorption experiments were conducted following the same procedure used for
LDL adsorption analysis with ELISA described above. However, before the addition of
primary antibodies, the LDL-incubated membrane was washed with NaCl solutions of
various concentrations ranging from 0.125 M to 2 M.

3. Results and Discussion
3.1. FT-IR/ATR and XPS for Films

In this paper, ATR–FTIR measurements was used to analyze the surface layer of the
studied dense films, and they have been widely used to study the chemical structures
of polymer surfaces. As shown in Figure 1, the spectrum of PSF is significantly different
from that of SPSF and SPSF/GLU in the fingerprint region. The presence of sulfonic
acid groups on the membrane surface led to the emergence of a new absorption peak
at 1027 cm−1 in SPSF, which can be assigned to the symmetric stretching vibration of
O=S=O aroused by–SO3H, compared with the PSF film. As for SPSF/GLU, the surface
was enriched with sulfonate groups and glycosyl groups. Correspondingly, a strong broad
band from 3200 cm−1 to 3600 cm−1 corresponding to the O–H stretching vibration was
observed, accompanied by the diminishment of the O=S=O stretching vibration.

The surface elemental composition of the samples was further quantified by XPS
analysis. Figure 2 displays the XPS spectra of the studied samples, while Table 1 presents
the results derived from the XPS survey scans. No additional peaks were observed for
SPSF and SPSF/GLU compared with PSF (Figure 2), mainly because the three membranes
have the same composition elements except for different element content. In Table 1, it can
be seen that the sulfur content increased from 2.28% on PSF to 3.32% on SPSF and 2.71%
on SPSF/GLU. This increase is undoubtedly attributable to the presence of sulfate groups
on the surfaces of SPSF and SPSF/GLU. Meanwhile, the oxygen content of SPSF increased
from 15.91% to 19.62% compared with that of PSF, as the sulfate groups exhibit relatively
high oxygen content. As for SPSF/GLU, owing to the emergence of substantial hydroxyl
groups on the surface, the oxygen content increased significantly to 21.76%, indicating that
dextran had been modified on the membrane surface.
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Figure 1. FT-IR spectra of PSF, SPSF, and SPSF/GLU.
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Figure 2. XPS spectra of the PSF, SPSF, and SPSF/GLU surfaces.

Table 1. Chemical compositions of the PSF, SPSF, and SPSF/GLU surfaces from the integration of the
C 1s, O 1s, and S 2p3 peaks from XPS spectra in Figure 2.

Samples
Content (wt%)

C O S

PSF 81.81% 15.91% 2.28%
SPSF 77.04% 19.62% 3.32%

SPSF/GLU 75.53% 21.76% 2.71%

3.2. Hydrophilicity of the Membrane Surface

One of the most crucial characteristics of membranes is hydrophilicity, which has a
significant impact on the antifouling capabilities of membranes. As shown in Figure 3, the
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initial WCA of the PSF membrane could reach almost 90◦, consistent with other studies
reported [40]. The introduction of sulfonic acid groups resulted in increased hydrophilicity
of SPSF films compared to PSF films, while for SPSF/GLU films, the water contact angle
of SPSF/GLU decreased further to 71.2 ± 1.9◦ due to the presence of highly hydrophilic
dextran molecules. Since the studied dense films were prepared by the solvent casting
method, the hydrophobic components in the casting solution were more susceptible to
exposure to the air, whereas the hydrophilic sulfonic acid groups tended to be wrapped in
the membrane during the film-forming process. Therefore, the studied samples were treated
with another immersion in ultrapure water (80 ◦C, 24 h) to expose the hydrophilic groups to
the interface. It could be seen that the WCA of PSF membrane remained unchanged, while
the WCA of SPSF films decreased from 82.5 ± 1.3◦ to 76.4 ± 3.2◦ due to further exposure
to hydrophilic sulfonic acid groups after treatment. In contrast, the WCA of SPSF/GLU
increased obviously, indicating that the hydrophilicity of SPSF/GLU was decreased, which
may due to the highly hydrophilic dextran being partly dissolved in water.
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Figure 3. The static water contact angles of PSF, SPSF, and SPSF/GLU before and after treatment
(samples were immersed in ultrapure water at 80 ◦C for 24 h and then dried under a vacuum at 60 ◦C
for 24 h).

3.3. Surface Electric Properties of the Membrane Surface

Electrostatic interactions are believed to play an important role in LDL adsorption
processes. Thus, the surface potential of the membrane surface was measured by zeta
potential measurements. The surface ζ potentials of PSF, SPSF, and SPSF/GLU membranes
were −10.91 mv, −48.52 mv, and −28.32 mv, respectively, as shown in Figure 4. Since the
surface of SPSF membranes are enriched with a large number of electronegative sulfate
groups, the SPSF films possessed the strongest surface electronegativity. When dextran
was introduced to the membrane surface, the surface potential of SPSF/GLU obviously
increased, indicating that the electronegativity of SPSF/GLU is reduced due to the relatively
fewer sulfate groups covering the surface layer compared with that of SPSF.

3.4. BSA Adsorption

Biofilm development on implants and catheters can have detrimental effects on
biomedical applications, leading to infections and antibiotic resistance. Despite decades of
research on “protein resistant surfaces”, biofouling remains a limiting factor in the reliable
performance of biomaterials. Materials with excellent anti-specific protein adsorption
ability can largely prevent the occurrence of biofouling and improve their biocompati-
bility [41,42]. Here, BSA adsorption experiments were performed to evaluate the anti-
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nonspecific adsorption properties of the studied membranes. The mass of BSA adsorbed
on the membrane was calculated using a standard curve (Figure S1), as described in our
previous work [39]. The amounts of BSA adsorbed on different samples are demonstrated
in Figure 5. The hydrophobic PSF membrane attracted the largest amount of BSA when
the concentration of BSA was 1.5 mg/mL. Compared with the PSF membrane, the amount
of BSA adsorbed decreased significantly, from 45.68 µg/cm2 for PSF to 26.54 µg/cm2 for
SPSF and 17.72 µg/cm2 for SPSF/GLU. Since the isoelectric point of BSA is 4.7, when
pH = 7.4, BSA is negatively charged. The surface electronegativity of SPSF and SPSF/GLU
is significantly higher, resulting in stronger electrostatic repulsion from BSA. Furthermore,
the improvement of hydrophilicity of SPSF and SPSF/GLU also prevented the adsorption
of BSA.
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3.5. LDL Adsorption and Desorption Analysis by ELISA

ELISA has been widely used to quantify specific proteins (e.g., albumin, fibrinogen,
fibronectin, antibodies, LDL, et al.) that adsorb onto biomaterial surfaces from complex
protein mixtures or plasma due to its reliability, sensitivity, and reproducibility [43–46].
Here, the LDL adsorption and desorption on membrane surface were investigated by
ELISA, and the quantity of LDL adsorbed on studied samples membranes was estimated
by optical densities from colorimetric ELISA [40,46]. Figure 6 shows the results of the
adsorption of LDL on different membrane surfaces from a single protein solution. The PSF,
SPSF, and SPSF/GLU dense films exhibited varying adsorption capacities for LDL, while
for all samples, the quantity of LDL absorbed increased with increasing LDL concentrations
until it reached a plateau. This typical Langmuir-type adsorption behavior was similar to
that of some other proteins that adsorb on biomaterials [46–48]. As depicted in Figure 6, the
absorbance of SPSF films was highest compared with the other two films when exposed to
the same LDL solution, indicating that the SPSF films had the highest adsorption capacity
for LDL. Due to the presence of sulfonyl groups, the negative charge density on the SPSF
surface was significantly increased. It can be presumed that electrostatic attraction forces
were primarily responsible for the intense adsorption of LDL onto SPSF films. Theoretically,
SPSF/GLU films were expected to exhibit excellent adsorption performance due to the
abundance of glycosyl and sulfonyl groups on their surfaces, which can engage in multiple
interactions, including hydrogen bonding and electrostatic interactions with LDL [38].
However, SPSF/Glu showed a lower adsorption capacity for LDL than PSF and SPSF. This
outcome can be attributed to the lower electronegativity of SPSF/Glu films compared with
SPSF, as revealed by zeta potential measurements. Furthermore, SPSF/Glu films were
much more hydrophilic than PSF, enabling the formation of a hydration layer that hindered
LDL contact with the membrane surface. Additionally, the partially dissolved dextran as
a polysaccharide (revealed by WCA), which has been reported to interact with LDL, as
reported in the literature [38,39], may also hinder the adsorption of LDL from solution to
the membrane surface. It should be noted that SPSF/GLU, which has good anti-nonspecific
protein adsorption properties, exhibited a similar affinity for LDL as PSF. This finding
indicated that SPSF/GLU could selectively remove LDL under pathological conditions.
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Although the interaction between LDL and LDL adsorbents are not completely under-
stood, electrostatic interactions are known to play an important role in LDL adsorption pro-
cesses, while the hydrophobic interaction is another factor that should not be ignored [49].
Electrostatic interaction largely depends on ionic strength, whereas the hydrophobic in-
teraction between the protein and the surface remains unaffected. Here, NaCl solutions
with varying ionic strengths were introduced as eluants to disturb the electrostatic binding
between the membrane and the adsorbed LDL. Figure 7 illustrates the results of LDL
desorption from the studied samples. As can be seen, the absorbed LDL on nascent PSF
was almost unaffected by NaCl concentrations up to 2 mol/L. Although the PSF membrane
exhibited a negatively charged surface, it appeared that the effect of electrostatic interaction
was limited. Compared with PSF, a notable reduction in LDL desorption from SPSF was
observed as the concentration of NaCl increased. LDL desorption from SPSF/GLU was
negligible because of the initial low adsorption capacity of SPSF/GLU for LDL, as Figure 6
shows. These results suggested that the adsorption of LDL on PSF film was mainly driven
by hydrophobic interactions, whereas LDL adsorption on SPSF film was predominantly
induced by electrostatic interaction.
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Figure 7. LDL desorption from membranes after exposure to LDL (10 µg/mL) and subsequent
washing with NaCl solutions with varying concentrations (NaCl = 0.125, 0.25, 0.5, 1, 2 mol/L).

Protein adsorption on biomaterial surfaces in blood or plasma is typically accompa-
nied by protein competition. However, when complex protein mixtures are utilized to
replicate such competitive processes, it is very challenging to control all of the critical
variables. Therefore, adsorption studies from mixtures of two proteins are typically em-
ployed to simplify evaluation [50–52]. Here, human serum albumin (HSA) was selected as
a competing protein because of its high concentration in plasma. Mixed solutions of LDL
and HSA at a variety of concentrations were freshly prepared, and then the studied samples
were submerged. According to the Vroman effect [52], there is a redistribution of adsorbed
proteins. Proteins with higher mobility or higher concentrations initially dominated the
surface due to their rapid diffusion rates but later were replaced by other proteins with
higher affinity.

Figure 8 illustrates the competitive adsorption of binary protein solutions containing
HAS and LDL on membrane surfaces. When the concentration of LDL was fixed at 10 µg/mL
while varying the concentration of HSA from 0 to 10 mg/mL, the amount of adsorbed LDL
significantly decreased for PSF and SPSF/GLU films due to the presence of HAS. However, a
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lesser effect was observed for SPSF films (Figure 8). Furthermore, the interference effect of
HAS concentrations on the adsorption of LDL by SPSF gradually diminished. In particular, the
SPSF films attracted a large amount of LDL, even under the interference of high concentrations
of HSA (10 mg/mL), while the PSF and SPSF/Glu films showed negligible adsorption under
the same conditions. It should be noted that the outcome reflects an HSA to LDL ratio of
1000:1, which is much higher than that in healthy human plasma (the levels of HSA and LDL
were 30–50 g/L and 100–120 mg/mL [53,54], respectively). Then, the concentration of HSA
was fixed at 1.0 mg/mL, while the concentration of LDL was changed from 0 to 10 µg/mL,
as shown in Figure 9. Again, the binding of LDL to SPSF was much higher than to PSF and
SPSF/GLU. The quantity of adsorbed LDL on PSF and SPSF/GLU increased slightly when
compared to SPSF, which displayed a notable, sharp elevation of the adsorption curve.
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Figure 8. Adsorption of LDL on the PSF, SPSF, and SPSF/GLU from binary protein solutions of LDL
and human serum albumin (HSA): LDL = 10 µg/mL, HAS = 0.1, 1.0, 5.0, 10 mg/mL.
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Figure 9. Adsorption of LDL on the PSF, SPSF, and SPSF/GLU from binary protein solutions of LDL
and human serum albumin (HSA): HSA = 1.0 mg/mL, HAS = 0.5, 1.0, 5.0, 10 µg/mL.
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Since the amounts of adsorbed proteins largely depend on the strength of attraction
between the protein and the surface of the material, it was found that the specific interaction
between LDL and SPSF was much stronger than the non-specific interactions between LDL
and PSF surfaces. The SPSF film can selectively absorb LDL from binary protein solutions,
making it a potent material for LDL removal. As for the SPSF/GLU film, the change in
absorbance was not obvious due to its limited LDL adsorption. Additionally, dextran
dissolved in LDL solutions was also a disturbing factor that could not be ignored.

4. Conclusions

In this work, PSF, SPSF, and SPSF/GLU dense membranes were successfully fabricated
by the solution casting technique, followed by extensive tests, such as ATR spectroscopy,
XPS spectroscopy, WCA, surface ζ potential measurement, etc., to characterize the chemical
composition and properties of the membranes quantitatively and qualitatively. ATR-FTIR
and XPS results demonstrated that the surfaces of resultant SPSF and SPSF/GLU mem-
branes were enriched with sulfonate groups or sulfonate and glycosyl groups. The water
contact angle decreased from 89.7 ± 3.4◦ (PSF) to 76.4 ± 3.2◦ (SPSF) and 71.2 ± 1.9◦

(SPSF/GLU), respectively. The WCA of SPSF/GLU increased obviously after treatment,
indicating that the high hydrophilic dextran was partly dissolved in water, which would
prevent the adsorption of LDL from the solution to the membrane surface. BSA protein
solution adsorption testing confirmed that the SPSF/GLU membranes with surface en-
richment of sulfonate groups and glycosyl groups possessed highest resistance to protein
solution among the three studied samples.

The ELISA results indicated that LDL adsorption on PSF was primarily driven by
hydrophobic interactions, whereas LDL adsorption on SPSF was mainly induced by elec-
trostatic attraction. SPSF/GLU, which had good anti-nonspecific protein adsorption prop-
erty, exhibited a similar affinity for LDL compared with PSF. This finding indicated that
SPSF/GLU had good affinity for LDL. It could be a potential material for LDL apheresis if
the problem of surface dextran loss can be solved. The SPSF film showed an excellent affin-
ity for LDL according to ELISA, along with the simple, time-saving fabrication processes,
which made the SPSF membrane a promising economical material for LDL apheresis.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ma16134641/s1, Figure S1. Standard curves of the BSA
adsorption. Figure S2. Standard curves of the BSA adsorption.

Author Contributions: Conceptualization, F.F., Q.-Y.W. and Q.-H.Z.; methodology, F.F., H.-Y.Z. and
R.W.; software, H.-Y.Z.; validation, F.F., R.W. and Q.C.; formal analysis, F.F.; investigation, F.F.; resources,
Q.-Y.W. and H.-Y.Z.; data curation, F.F.; writing—original draft preparation, F.F.; writing—review and
editing, Q.-Y.W. and Q.-H.Z.; visualization, F.F.; supervision, Q.-Y.W. and Q.-H.Z.; project administration,
Q.-Y.W. and Q.-H.Z.; funding acquisition, Q.-Y.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was funded by Zhejiang Sucon Silicone Co., Ltd. (Sucon2020051602Y).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hu, J.; Cui, X.; Gong, Y.; Xu, X.; Gao, B.; Wen, T.; Lu, T.J.; Xu, F. Portable Microfluidic and Smartphone-Based Devices for

Monitoring of Cardiovascular Diseases at the Point of Care. Biotechnol. Adv. 2016, 34, 305–320. [CrossRef] [PubMed]
2. Dam, V.; Dobson, A.J.; Onland-Moret, N.C.; van der Schouw, Y.T.; Mishra, G.D. Vasomotor Menopausal Symptoms and

Cardiovascular Disease Risk in Midlife: A Longitudinal Study. Maturitas 2020, 133, 32–41. [CrossRef] [PubMed]
3. Kiberstis, P.A. Fatty Liver—Too Much of a Bad Thing? Science 2019, 364, 1044–1045. [CrossRef]

https://www.mdpi.com/article/10.3390/ma16134641/s1
https://doi.org/10.1016/j.biotechadv.2016.02.008
https://www.ncbi.nlm.nih.gov/pubmed/26898179
https://doi.org/10.1016/j.maturitas.2019.12.011
https://www.ncbi.nlm.nih.gov/pubmed/32005421
https://doi.org/10.1126/science.364.6445.1044-f


Materials 2023, 16, 4641 12 of 14

4. Thierer, J.H.; Ekker, S.C.; Farber, S.A. The LipoGlo Reporter System for Sensitive and Specific Monitoring of Atherogenic
Lipoproteins. Nat. Commun. 2019, 10, 3426. [CrossRef]

5. Ishigaki, Y.; Oka, Y.; Katagiri, H. Circulating Oxidized LDL: A Biomarker and a Pathogenic Factor. Curr. Opin. Lipidol. 2009, 20,
363–369. [CrossRef]

6. Emerging Risk Factor Collaboration. Lipoprotein (a) Concentration and the Risk of Coronary Heart Disease, Stroke, and
Nonvascular Mortality. JAMA J. Am. Med. Assoc. 2009, 302, 412.

7. Moriarty, P.M.; Luyendyk, J.P.; Gibson, C.A.; Backes, J.M. Effect of Low-Density Lipoprotein Apheresis on Plasma Levels of
Apolipoprotein E4. Am. J. Cardiol. 2010, 105, 1585–1587. [CrossRef]

8. Nicolosi, R.J.; Stucchi, A.F.; Kowala, M.C.; Hennessy, L.K.; Hegsted, D.M.; Schaefer, E.J. Effect of Dietary Fat Saturation and
Cholesterol on LDL Composition and Metabolism. In Vivo Studies of Receptor and Nonreceptor-Mediated Catabolism of LDL in
Cebus Monkeys. Arterioscler. Off. J. Am. Heart Assoc. Inc. 1990, 10, 119–128. [CrossRef]

9. Gylling, H.; Plat, J.; Turley, S.; Ginsberg, H.N.; Ellegård, L.; Jessup, W.; Jones, P.J.; Lütjohann, D.; Maerz, W.; Masana, L. Plant
Sterols and Plant Stanols in the Management of Dyslipidaemia and Prevention of Cardiovascular Disease. Atherosclerosis 2014,
232, 346–360. [CrossRef]

10. Tolfrey, K.; Jones, A.M.; Campbell, I.G. The Effect of Aerobic Exercise Training on the Lipid-Lipoprotein Profile of Children and
Adolescents. Sport. Med. 2000, 29, 99–112. [CrossRef]

11. Tsouli, S.G.; Xydis, V.; Argyropoulou, M.I.; Tselepis, A.D.; Elisaf, M.; Kiortsis, D.N. Regression of Achilles Tendon Thickness after
Statin Treatment in Patients with Familial Hypercholesterolemia: An Ultrasonographic Study. Atherosclerosis 2009, 205, 151–155.
[CrossRef]

12. Ray, K.K.; Bays, H.E.; Catapano, A.L.; Lalwani, N.D.; Bloedon, L.T.; Sterling, L.R.; Robinson, P.L.; Ballantyne, C.M. Safety and
Efficacy of Bempedoic Acid to Reduce LDL Cholesterol. N. Engl. J. Med. 2019, 380, 1022–1032. [CrossRef]

13. Kosmas, C.E.; Pantou, D.; Sourlas, A.; Papakonstantinou, E.J.; Uceta, R.E.; Guzman, E. New and Emerging Lipid-Modifying
Drugs to Lower LDL Cholesterol. Drugs Context 2021, 10, 2021-8-3. [CrossRef]

14. Huddy, K.; Dhesi, P.; Thompson, P.D. Do the Frequencies of Adverse Events Increase, Decrease, or Stay the Same with Long-Term
Use of Statins? Curr. Atheroscler. Rep. 2013, 15, 301. [CrossRef]

15. Kasteleyn, M.J.; Wezendonk, A.; Vos, R.C.; Numans, M.E.; Jansen, H.; Rutten, G.E. Repeat Prescriptions of Guideline-Based
Secondary Prevention Medication in Patients with Type 2 Diabetes and Previous Myocardial Infarction in Dutch Primary Care.
Fam. Pract. 2014, 31, 688–693. [CrossRef]

16. Van Wijk, D.F.; Sjouke, B.; Figueroa, A.; Emami, H.; van der Valk, F.M.; MacNabb, M.H.; Hemphill, L.C.; Schulte, D.M.; Koopman,
M.G.; Lobatto, M.E. Nonpharmacological Lipoprotein Apheresis Reduces Arterial Inflammation in Familial Hypercholesterolemia.
J. Am. Coll. Cardiol. 2014, 64, 1418–1426. [CrossRef]

17. Makino, H.; Koezuka, R.; Tamanaha, T.; Ogura, M.; Matsuki, K.; Hosoda, K.; Harada-Shiba, M. Familial Hypercholesterolemia
and Lipoprotein Apheresis. J. Atheroscler. Thromb. 2019, 26, 679–687. [CrossRef]

18. Hovland, A.; Hardersen, R.; Nielsen, E.W.; Enebakk, T.; Christiansen, D.; Ludviksen, J.K.; Mollnes, T.E.; Lappegård, K.T.
Complement Profile and Activation Mechanisms by Different LDL Apheresis Systems. Acta Biomater. 2012, 8, 2288–2296.
[CrossRef]

19. Winters, J.L. Low-Density Lipoprotein Apheresis: Principles and Indications. In Proceedings of the Seminars in Dialysis; Wiley
Online Library: Hoboken, NJ, USA, 2012; Volume 25, pp. 145–151.

20. Winters, J.L. Lipid Apheresis, Indications, and Principles. J. Clin. Apher. 2011, 26, 269–275. [CrossRef]
21. Julius, U.; Fischer, S.; Schatz, U.; Hohenstein, B.; Bornstein, S.R. Lipoprotein Apheresis: An Update. Clin. Lipidol. 2013, 8, 693–705.

[CrossRef]
22. Taylan, C.; Weber, L.T. An Update on Lipid Apheresis for Familial Hypercholesterolemia. Pediatr. Nephrol. 2023, 38, 371–382.

[CrossRef] [PubMed]
23. Richter, W.O.; Jacob, B.G.; Ritter, M.M.; Sühler, K.; Vierneisel, K.; Schwandt, P. Three-Year Treatment of Familial Heterozygous Hy-

percholesterolemia by Extracorporeal Low-Density Lipoprotein Immunoadsorption with Polyclonal Apolipoprotein B Antibodies.
Metabolism 1993, 42, 888–894. [CrossRef] [PubMed]
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48. Saraydin, D.; Karadaǧ, E.; Öztop, H.N.; Güven, O. Adsorption of Bovine Serum Albumin onto Acrylamid—Maleic Acid
Hydrogels. Biomaterials 1994, 15, 917–920. [CrossRef]

49. Huang, S.; Ji, X.; Jackson, K.K.; Lubman, D.M.; Ard, M.B.; Bruce, T.F.; Marcus, R.K. Rapid Separation of Blood Plasma Exosomes
from Low-Density Lipoproteins via a Hydrophobic Interaction Chromatography Method on a Polyester Capillary-Channeled
Polymer Fiber Phase. Anal. Chim. Acta 2021, 1167, 338578. [CrossRef]

50. Martins, M.C.L.; Wang, D.; Ji, J.; Feng, L.; Barbosa, M.A. Albumin and Fibrinogen Adsorption on PU–PHEMA Surfaces.
Biomaterials 2003, 24, 2067–2076. [CrossRef]

51. Ji, J.; Feng, L.; Barbosa, M.A. Stearyl Poly(Ethylene Oxide) Grafted Surfaces for Preferential Adsorption of Albumin. Biomaterials
2001, 22, 3015–3023. [CrossRef]

52. Vroman, L.; Adams, A.L. Adsorption of Proteins out of Plasma and Solutions in Narrow Spaces. J. Colloid Interface Sci. 1986, 111,
391–402. [CrossRef]

https://doi.org/10.1021/acsami.0c21150
https://doi.org/10.1007/s10570-020-03534-7
https://doi.org/10.3390/bios11070216
https://doi.org/10.1016/j.reactfunctpolym.2005.07.026
https://doi.org/10.1016/j.jcis.2022.10.144
https://doi.org/10.1039/D1TB01220G
https://doi.org/10.1002/jbm.b.35053
https://doi.org/10.1016/S0006-291X(86)80287-X
https://doi.org/10.1111/j.1525-1594.1996.tb04571.x
https://doi.org/10.1021/la401464a
https://doi.org/10.1016/j.actbio.2016.11.050
https://doi.org/10.1016/j.apsusc.2016.05.134
https://doi.org/10.1021/acsami.2c01809
https://doi.org/10.3390/ma14247629
https://www.ncbi.nlm.nih.gov/pubmed/34947226
https://www.ncbi.nlm.nih.gov/pubmed/2104776
https://doi.org/10.1021/bi025770x
https://www.ncbi.nlm.nih.gov/pubmed/12069579
https://doi.org/10.1038/s41598-020-77555-4
https://doi.org/10.1016/j.actbio.2013.08.032
https://doi.org/10.1016/j.memsci.2006.08.012
https://doi.org/10.1016/0142-9612(94)90117-1
https://doi.org/10.1016/j.aca.2021.338578
https://doi.org/10.1016/S0142-9612(03)00002-4
https://doi.org/10.1016/S0142-9612(01)00048-5
https://doi.org/10.1016/0021-9797(86)90042-1


Materials 2023, 16, 4641 14 of 14

53. Shoji, T.; Hatsuda, S.; Tsuchikura, S.; Shinohara, K.; Kimoto, E.; Koyama, H.; Emoto, M.; Nishizawa, Y. Small Dense Low-Density
Lipoprotein Cholesterol Concentration and Carotid Atherosclerosis. Atherosclerosis 2009, 202, 582–588. [CrossRef]

54. Shah, P.K. Low-Density Lipoprotein Lowering and Atherosclerosis Progression: Does More Mean Less? Circulation 2002, 106,
2039–2040. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.atherosclerosis.2008.04.042
https://doi.org/10.1161/01.CIR.0000037742.25731.3D

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Dense Membranes 
	Characterization 
	FT-IR/ATR and XPS 
	WCA Measurement 
	Zeta Potential Measurements 
	BSA Adsorption 
	ELISA for LDL Adsorption and Desorption 


	Results and Discussion 
	FT-IR/ATR and XPS for Films 
	Hydrophilicity of the Membrane Surface 
	Surface Electric Properties of the Membrane Surface 
	BSA Adsorption 
	LDL Adsorption and Desorption Analysis by ELISA 

	Conclusions 
	References

