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ARTICLE INFO ABSTRACT

Patients with chronic kidney disease are at high risk of hyperkalemia that is associated with various life-
threatening complications. Treatments primarily rely on orally administered potassium binding agents, along
with low curative effects and various side effects. Herein, direct serum potassium uptake was realized via
zeolite-heparin-mimicking-polymer hybrid microbeads. The preparation process involved the synthesis of the
heparin-mimicking polymer via the in situ cross-linking polymerization of acrylic acid and N-vinylpyrrolidone in
polyethersulfone solution, the fabrication of microbeads via zeolite-mixing, electro-spraying and phase-inver-
sion, and the subsequent aqueous-phase modifications based on ion-exchange and metal-leaching. An ultra-high
(about 88%) amount of zeolite could be incorporated and well locked inside the polymer matrix. Potassium
uptake capability was verified in water, normal saline and human serum, showing high selectivity and fast
adsorption. The microbeads exhibited satisfying blood compatibility, negligible hemolysis ratio, prolonged
clotting time, inhibited contact activation, and enhanced antifouling property toward serum proteins and cells.
The proposed approach toward zeolite-heparin-mimicking-polymer hybrid microbeads provided a cheap, effi-
cient and safe treatment protocol of hyperkalemia for the high-risk patients.

Keywords:

Potassium uptake
Competitive adsorption
Microbead

Zeolite

Blood compatibility

1. Introduction

Hyperkalemia is a potentially serious medical condition where the
serum potassium level exceeds 5 mmol/L [1]. Due to the pivotal role of
kidneys in potassium homeostasis, patients with chronic kidney disease
are predisposed to develop this electrolyte disorder that, should it
occur, would lead to more severe consequences [2]. This disease is
associated with markedly increased mortality, lethal cardiac ar-
rhythmias and a limitation on the use of renin-angiotensin—aldosterone
system inhibitors as the essential medications for cardiovascular and
kidney disease [3,4]. Excess serum potassium can be removed by re-
distribution into cells, elimination through the kidney or gastro-
intestinal tract, and extracorporeal blood purification [5]. In blood
purification, traditional hemodialysis remains the definitive strategy,
which is based on ionic diffusion driven by the transmembrane
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potassium gradient between serum and low-potassium dialysate [6,7].
Wearable artificial kidneys (WAK) obviate the dependency on sta-
tionary hemodialysis machines and mitigate the burden of daily life,
but are encumbered with the issue of dialysate regeneration [8]. He-
moperfusion provides fast removal of uremic toxins via adsorbents,
while the primary challenge is to discover satisfied selective binding
agents for serum potassium uptake.

Specific ion-exchange/detection/storage ability has been verified in
various agents, including zeolites [9-11], sodium zirconium cyclosili-
cate [12], layered phosphates [13,14], carbon-based materials [15,16],
polymer-based materials [17,18], crown ethers [19,20] and their gra-
phene derivatives [21,22]. Among them, zeolites are considered as the
main trial materials in consideration of production cost and specific
binding ability. The interconnected micropores in these crystalline
aluminosilicates accommodate exchangeable cations that compensate

Received 7 July 2020; Received in revised form 19 August 2020; Accepted 24 August 2020
2452-199X/ © 2020 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/biomat
https://doi.org/10.1016/j.bioactmat.2020.08.032
https://doi.org/10.1016/j.bioactmat.2020.08.032
mailto:weifeng@scu.edu.cn
https://doi.org/10.1016/j.bioactmat.2020.08.032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2020.08.032&domain=pdf

Z. Wang, et al.

negative charges of the framework [23,24]. However, the active sites
are mostly located inside the microporous solids of zeolites, and the
limitation of open surface areas restricts the mass transport of ions via
channels and cages, especially when applied in blood that is full of
biomacromolecules. Therefore, creating new pathways (i.e., meso-
porosity) is beneficial for ion binding, which is achieved by template/
reaction-based synthesis of new zeolites, or dealumination/desilication-
based metal-leaching of ready-made zeolites [25,26].

Powdered zeolites show inescapable limitations when applied as
blood-contacting materials for the inevitable leakage of microparticles,
resulting in the failure of blood purification. Zeolites are preferable to
be processed into polymer—zeolite composites for better blood com-
patibility, such as hybrid microbeads [27,28]. Polyethersulfone (PES)
has been proved to be a suitable carrier of particles in microbeads for its
ideal mechanical and chemical stability [29]. Utilization of biomole-
cules (e.g., surface heparinization, nitric oxide delivery) may provide
ideal biocompatibility for heart stents, blood vessels and other blood-
contacting materials [30,31]. Heparin-mimicking polymers show good
blood compatibility and anticoagulation effect, as the promising alter-
natives to heparin in blood purification [32,33]. These polymers could
benefit the treatment of hyperkalemia, as heparin per se is a risk factor
for hyperkalemia due to the interference with renal potassium excretion
[4,34]. Therefore, we hypothesized that an adsorbent comprising
metal-leached zeolite, PES and heparin-mimicking polymer could
gather their advantages of specific potassium binding ability, mechan-
ical stability and blood compatibility.

Herein, a commercially-available super-hydrophilic LTA-type zeo-
lite was selected from six binding agents. The preparation process in-
cluded the synthesis of the heparin-mimicking polymer via the in situ
cross-linking polymerization of acrylic acid (AA) and N-vinylpyrroli-
done (NVP) in the PES solution; the preparation of microbeads via
zeolite-mixing, electro-spraying and phase-inversion; and the sub-
sequent aqueous-phase modifications based on ion-exchange and metal-
leaching. The physicochemical properties were systematically char-
acterized, including morphologies, chemical structures, elemental
compositions, water contact angles (WCAs) and zeta potentials (ZPs).
Potassium uptake capability was verified in water, normal saline and
human serum. The effects of composition, zeolite amount, modification
method and adsorbent dosage on potassium uptake were studied. The
pseudo-first-order kinetic model, the pseudo-second-order kinetic
model and the intraparticle diffusion model were applied to study the
adsorption kinetics, while the Freundlich and the Langmuir models
were applied to study the adsorption isotherms. The blood compat-
ibility was also evaluated, including protein adsorption, blood routine,
blood cell adhesion, hemolysis, clotting time, complement activation
and contact activation.

2. Materials and methods
2.1. Materials

Polyethersulfone (PES, M,, = 58 k, Ultrason E 6020P, more details
are shown in Table S1) was obtained from BASF. Acrylic acid (AA), N-
vinylpyrrolidone (NVP), 2,2’-azobis (2-methylpropionitrile) (AIBN),
N,N’-methylene bis(acrylamide) (MBA), potassium chloride (KCl), so-
dium hydroxide (NaOH), sodium chloride (NaCl), ammonium chloride
(NH4CD and ethylenediaminetetraacetic acid disodium salt dihydrate
(EDTA-Na,) were purchased from Aladdin. N,N-dimethylacetamide
(DMACc), ethanol (C,HsOH) and normal saline (0.9% NaCl) were or-
dered from Chengdu Chron Chemicals. Bovine serum albumin (BSA)
and bovine serum fibrinogen (BFG) were received from Sigma. Zeolite
LTA and mordenite were obtained from Shanghai Saint Chemical New
Material. Zeolite Y was ordered from Alfa. Clinoptilolite was received
from Guotoushengshi Science & Technology. Permutit was received
from Aladdin. Zirconium phosphate (ZrP) was received from Chengdu
Huaxia Chemical Reagent. The natural zeolites (clinoptilolite and
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mordenite) were sourced from China and sifted through a 1000-mesh
steel sieve before use.

2.2. Evaluation of binding agents for microbeads

Scanning electron microscopy (SEM) and energy dispersive spectra
(EDS) were obtained using a JMS-7500F SEM. Thermogravimetric
analysis (TGA) was conducted on a TGA/DSC 3+ thermogravimetric
analyzer at a heating rate of 10 °C/min. X-ray diffraction (XRD) patterns
were obtained using a PANalytical XPert Pro Multipurpose
Diffractometer DY129 with Ni-filtered CuKa X-ray radiation
(A = 1.5418 A, Ka; = 1.5405 A, Ka, = 1.5444 A, Kap/Ka, = 0.5). X-
ray photoelectron spectroscopy (XPS) was performed with an XSAM800
electron spectrometer. X-ray fluorescence (XRF) analysis was conducted
using an XRF-1800. The amounts of heavy metal were tested by a sul-
furic acid digestion method according to ASTM D7442 using a 5100
SVDV-ICP-OES. The potassium uptake and the Na™ fluctuation were
measured by the static adsorption tests. For the protein adsorption test,
the hybrid microbeads that corresponded to the binding agents were
prepared via manual-injection and phase-inversion, following the for-
mula for the microbeads PHZ,, as shown in Table S2. The details are
shown in Supporting Information.

2.3. Preparation of the hybrid microbeads

The heparin-mimicking polymer was synthesized via the in situ
cross-linking polymerization of two monomers (AA and NVP) in the
presence of AIBN as initiator and MBA as cross-linker in PES/DMAc
solution. The hybrid suspensions were obtained by adding zeolite LTA
powder into the polymer solution with mechanical agitation and ul-
trasonic dispersion. The microbeads were prepared from the suspen-
sions via electro-spraying and phase-inversion. The major formulas for
the suspensions to prepare the corresponding microbeads are listed in
Table 1 and detailed in Table S2, including pristine PES microbeads (P),
heparin-mimicking polymer PES-P (AA-NVP) microbeads (PH), zeoli-
te-PES hybrid microbeads (PZ,), and zeolite-PES-P (AA-NVP) hybrid
microbeads with different added amounts of zeolite (PHZ,,), in which n
represents zeolite had n times the mass of PES in the suspension.

2.4. Aqueous-phase modifications

The hybrid microbeads PHZ, were further modified with different
methods, each of which included one or several processes. As sum-
marized in Table 2, the processes were the heating treatments for ion-
exchange in NH4Cl or NaCl solution, and those for metal-leaching in
EDTA-Na, or NaOH solution. A combined method was applied to obtain
the microbeads PHZ,;-NH4-Acid-Base-Na, which was abbreviated as
PHZ,-x. The details are shown in Supporting Information.

2.5. Characterization of the hybrid microbeads

An Apreo S HiVac scanning electron microscope was used for SEM
and EDS analysis of the lyophilized and sectioned microbeads. EDX
mapping analysis was conducted on PHZ,-x that had a quick contact
(15 min) with KCI solution, then rinsed and lyophilized. Atomic force
microscopy (AFM) was performed on a CP II atomic force microscope.

Table 1
The formulas for the suspensions.
Sample DMAc/g PES/g AA/g NVP/g zeolite/g
P 92 8 0 0 0
PH 92 8 1.2 0.4 0
PZ, 92 8 0 0 32
PHZ, 92 8 1.2 0.4 32
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Table 2

Treatments in aqueous-phase modifications.
Code Regent Conc./M Temp./°C Time/h
-DI \ \ 60 6
-NH4 NH,4ClL 4 60 92*3
-Na NaCl 4 60 °2+%3
-Acid EDTA-Na, 0.2 70 6
-Base NaOH 4 70 1
-Base2 NaOH 0.2 70 1

2 Repeat 3 times, 2 h for each.
b Repeat 3 times, 2 h for each.

Nitrogen adsorption isotherms were measured with an ASAP 2020
sorption analyzer, and the pore-size distribution data were obtained by
the Barrett-Joiner-Halenda (BJH) model. XRD patterns were obtained
using a PANalytical X'Pert Pro multipurpose diffractometer DY129. XPS
was performed with an XSAMS800 electron spectrometer. Fourier
transform infrared spectroscopy (FTIR) was performed with a Nicolet
560 spectrometer. TGA was proceeded using a TGA/DSC 3+ thermo-
gravimetric analyzer at a heating rate of 10 °C/min. The spin-casting
membranes that corresponded to the microbeads were prepared for the
tests of ZPs and WCAs. The ZPs were measured using the “EKA” Electro
Kinetic Analyzer, and the WCAs were measured using an optical ten-
siometer Theta T200. For the test of mechanical property, three mi-
crobeads of PHZ,-x were placed between two glass plates; the weight
bars were placed on the upper glass plate to see if there was any de-
formation of the microbeads. The details are shown in Supporting
Information.

2.6. Potassium uptake

A certain amount of adsorbents were rehydrated in plastic cen-
trifuge tubes in triplicate before the contact with adsorbates at the
dosage of 5 mg/mL in an incubator at 37 °C for 2 h. The KCl solution in
deionized water (initial states: pH = 7.2, K* = 10 mmol/L, Na* = 0)
was named as the DI group. The solution of KCI in normal saline was set
as the NS group to study the uptake under the major ion competition
(initial states: pH = 7.2, K* = 10 mmol/L, Na* = 150 mmol/L). The
concentrations of K¥ and Na™* in the supernatants were measured by
atomic absorption spectrometry (AAS). The K* uptake and the Na™
fluctuation were calculated by Equation (1); for the binding agents, the
selectivity of K* over Na™ was calculated by Equations (2)-(3), where
¢o (mmol/L) and c. (mmol/L) are the initial concentration and the
equilibrium concentration of metal ions; m (g) is the weight of the
adsorbent; V (L) is the volume of the solution; K4 is the thermodynamic
equilibrium constant (L/g); Sk,na is the cation selectivity ratio of po-
tassium over sodium ions [35].

g, = (co — )/ mx V (¢))
Kd = qe/Ce (2)
Sene = Kaxe/Kana = Cok — Cek / CoNa — CeNa

Ce,K Ce.Na (3)

The effects of composition, zeolite amount, modification method
and adsorbent dosage on potassium uptake were studied by static ad-
sorption tests. The adsorption kinetics and isotherms were also in-
vestigated. Static adsorption tests and column filtration tests were
conducted to study the K* uptake in human serum. The details are
shown in Supporting Information.

2.7. Blood compatibility
Two types of proteins (BSA and BFG) were involved in the protein

adsorption tests, and the adsorption amount was determined by the
Micro BCA Protein Assay Kit. Whole blood was donated by male
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volunteers and collected from the West China Hospital of Sichuan
University. In the blood routine test, whole blood after the contact with
samples was tested by using a BC-5310 auto hematology analyzer. The
blood was centrifuged to obtain platelet-poor plasma (PPP), platelet-
rich plasma (PRP) and red blood cells (RBCs). PPP was used for the
clotting time tests, where activated partial thromboplastin time (APTT),
thrombin time (TT) and prothrombin time (PT) were tested by using a
CA-50 blood coagulation analyzer. In the platelet adhesion test, PRP
was incubated with the samples, then immobilized and dehydrated; the
adhered platelets (PLTs) were observed by using an Apreo S HiVac SEM.
In the hemolysis test, RBCs were incubated with the samples; the ab-
sorbance in the suspensions was measured using a UV-1750 UV-vis
spectrometer, and the hemolysis ratio was calculated by Equation S(2);
the RBCs sampled from the suspensions were observed under an
Olympus IX53 microscope. Complement activation, contact activation
and platelet activation were evaluated by an enzyme-linked immune
sorbent assay with Human Complement Fragment 3a (C3a) kit, Human
Complement Fragment 5a (C5a) kit (BD Biosciences), thrombin-an-
tithrombin III (TAT) kit (Assaypro LLC) and Human Platelet Factor 4
(PF4) kit (Hyphen BioMed). The details are shown in the Supporting
Information.

3. Results and discussions
3.1. Evaluation of binding agents for microbeads

Six candidates as the binding agents for microbeads were involved
in the evaluation, including two synthetic zeolitic agents (zeolite LTA
and zeolite Y), two natural zeolitic agents (mordenite and clinoptilolite)
and two synthetic non-zeolitic agents (permutit and ZrP). The SEM
images (Fig. 1A) show the morphology of the powdered agents: the
cubic structure of zeolite LTA was more regular in shape and more
uniform in size, compared with the block or lamellar structures with
inhomogeneity in other agents. The XRD patterns in 5-45° (20)
(Fig. 1B) were obtained and fitted with standard XRD data (JCPDS); the
synthetic agents generally had higher phase purity than the natural
ones (mordenite and clinoptilolite). In addition, the pattern of zeolite
LTA in a broader range of 5-80° (20) is shown in Fig. S1. As indicated
by the curves of TGA (Fig. 1C) and differential thermogravimetry (DTG)
(Fig. S2), all the agents (pre-dried at 70 °C) were thermally stable. The
EDS spectra and elemental fractions are shown in Fig. S3 for elemental
analysis. Besides, the XPS and the XRF results of zeolite LTA are shown
in Fig. S4 and Table S3. The absence of heavy metal content in zeolite
LTA was confirmed by the method of sulfuric acid digestion and ICP-
OES analysis, according to ASTM D7442.

The adsorption performance of the six powdered agents was eval-
uated for the selection of the best binding agent. Since in human blood,
the concentrations of Na* and K™ are the highest among all the cations,
while the concentration of Na™ (135-145 mmol/L) is dozens of times
higher than that of K* (3.5-5.5 mmol/L). Therefore, the ion competi-
tion from Na™ was a primary concern in the following adsorption tests.
The K* uptake, the Na* fluctuation and the K*/Na™ selectivity of the
powdered agents were evaluated, as shown in Fig. 1D. Zeolite LTA and
clinoptilolite exhibited excellent K™ uptake without causing obvious
Na™ fluctuation, while other agents had either low K* uptake (mor-
denite and ZrP) or high Na* fluctuation (zeolite Y and permutit). In
addition, zeolite LTA was preferable for its higher K*/Na™ selectivity.

Then, manual-injected hybrid beads were prepared following the
formula for PHZ, for the further evaluation of the binding agents, as
shown in Fig. 1E. High amounts of binding agents were added into
suspensions to meet the expectation of ideal K* uptake. The suspen-
sions for zeolite LTA and clinoptilolite showed excellent stability and
good feasibility for processing, while other agents were either easy to
precipitate in suspensions and hard to be extruded by syringes, or un-
able to maintain the spherical shape during phase-inversion. The anti-
fouling property of the hybrid beads was compared in protein
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Fig. 1. (A) SEM images, (B) XRD patterns and (C) TGA curves of the binding agents. (D) K* uptake, Na™ fluctuation and K*/Na™* selectivity of the binding agents.

The results were expressed as means =+

SD, n = 3. (E) Photographs of the powders, hybrid suspensions and manually-injected beads of the binding agents. (F)

Protein adsorption amounts of the manually-injected beads. The results were expressed as means * SD, n = 6.

adsorption tests, in which the hybrid beads of zeolite LTA and permutit
exhibited the lowest adsorption amounts of BSA and BFG (Fig. 1F).

In sum, zeolite LTA was chosen as the binding agent for preparing
the microbeads, because of the preferable morphology, higher K* up-
take and selectivity, good miscibility with the polymer, as well as
thermal stability, phase purity and antifouling property.

3.2. Preparation of hybrid microbeads

The heparin-mimicking polymer was synthesized via the in situ
cross-linking polymerization (Scheme 1A) of acrylic acid (AA) and N-

vinylpyrrolidone (NVP) in PES solution. Herein, PES played three roles:
(i) as the scaffold that guided the formation and entanglement of the
hydrophilic polymer chains during polymerization, (ii) as the hydro-
phobic part that ensured fast phase-inversion to maintain sphericity in
the coagulation bath, (iii) and as the framework of linear-chain-
polymer to provide mechanical support for the microbeads. The blood
compatibility of the super-hydrophilic zeolite LTA powder was ex-
pected to be improved by the heparin-mimicking polymer, in which
poly (acrylic acid) (PAA) introduced carboxyl groups and poly-
vinylpyrrolidone (PVP) enhanced the miscibility between PES and the
copolymer [36]. A certain amount of zeolite powder was added in the
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Scheme 1. (A) In situ cross-linking polymerization of AA and NVP in PES/DMAc solution with MBA as cross-linker. (B) Preparation of microbeads from electro-
sprayed droplets of the hybrid suspensions comprising zeolite LTA particles and heparin-mimicking polymer via phase-inversion in the coagulation bath of water and
ethanol. (C) Aqueous-phase modifications based on ion-exchange and metal-leaching to introduce mesoporosity to the microporous zeolite LTA in the microbeads.

as-prepared polymer solution, following mechanical agitation and su-
personic dispersion under vacuum, to obtain the hybrid suspension. The
hybrid suspension was extruded by a syringe using an electrospinning
machine. The added zeolite, as the solid anion cluster with charged-
balanced cations, facilitated the action of electric field force and the
formation of uniform droplets. The microbeads of about 600 pm in
diameter with narrow distribution were fabricated via phase-inversion
in the coagulation bath of water and ethanol (Scheme 1B).

The differences between the suspensions and microbeads of PZ, and
PHZ, were revealed in terms of the stability of suspensions and the
miscibility of two phases (zeolite—polymer). Distinct layers appeared in
the suspension for PZ, without any operation for 60 min, while the
suspension for PHZ, remained homogeneous without precipitation
(Fig. 2A). The zeolite particles were rarely exposed on the surface of
PHZ, and were generally covered with the polymer phase with better
consistency and fewer defects (Fig. 2B). Researches showed that the
cationic zeolite LTA of a low Si/Al ratio was highly hydrophilic, with
interfacial water covered in the crystalline surface along with the hy-
drogen-bonded water confined in the channels and cages [37,38]. Be-
sides, the crystalline surface imposed a significant interaction of or-
dering with adjacent water and influencing the water diffusion [39].
Therefore, the interactions should be ascribed to the hydrogen bonding
of the water molecules in zeolite and the carboxyl groups in PAA, thus
stabilizing the hybrid suspension even with an ultra-high amount of
zeolite, and enhancing the miscibility of the two phases in PHZ,.

The interactions of hydrogen-bonding were further investigated by
the temperature-dependent two-dimensional infrared (2D IR) analysis
for the microbeads during the heating process of 30-140 °C. Fig. 2C
shows the 3D views of the 2D IR spectra in 2900-3850 cm™'. The
strong auto-peaks in the synchronous spectra were attributed to the
stretching vibration of -COO ™ of carboxylate groups in the copolymer
(near 3550 cm ™! in PH) and that of -OH of water molecules in zeolite
LTA (near 3250 cm ™' in PZ,, or 3300 cm ™' in PHZ,). In the asyn-
chronous spectrum of PHZ,4, two pairs of strong cross-peaks appeared
rather than the one in that of PZ,; this change at high wavenumbers
indicated the strong interactions between two phases. Fig. 2D shows the
asynchronous 2D IR spectra of PHZ, in the region of 1550-1700 cm ™"
that covered the frequency range of the stretching vibration of C=0 of
carboxylate groups and that of the bending vibration of -OH in water
molecules. The various pairs of cross-peaks arose from the hydrogen-
bond exchange among different configurations of water molecules and
the C=0 in carboxylate groups. Besides, a set of cross-peaks (near
3300 cm ™ ') and another set (near 3700 cm™ ') with lower intensity
appeared in the synchronous 2D IR spectra of PHZ, in 1550-1700 cm ~*
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vs. 2900-3850 c¢cm ! (Fig. 2E), which also reflected the strong hy-
drogen-bonding that endowed PHZ, with ideal stability of suspensions
and the good miscibility of two phases.

3.3. Characterization of the microbeads

The SEM images in Fig. 3A show the cross-sections of the mi-
crobeads. The porous structure of PH changed obviously as the addition
of zeolite LTA in PHZ,: many cubic particles of about 1 um were dis-
tributed among the polymer matrix; the outermost polymer shell be-
came thinner; the thick pore walls changed from a laminar structure
into a spongy-bone-like structure with interconnected nodes forming a
radial network. These changes endowed PHZ, with higher porosity and
better contact with aqueous solutions. PHZ, was treated with aqueous-
phase modifications of ion-exchange, dealumination and desilication to
obtain PHZ,;-x, in which the zeolite was introduced mesoporosity
(Scheme 1C). Fig. 3B shows the EDX mapping of PHZ,-x that was ever
treated with the KCI solution (15 min contact). The fewer lightspots of
element Si in the outer surface indicated few zeolite particles located on
the surface than in the interior of the microbeads. The well-dispersed S
and Si indicated an even zeolite distribution among the polymer matrix.
The distribution of element K in the cross-section did not vary along the
radial direction, showing good accessibility of the innermost zeolite
particles toward K* in the solution. The AFM images (Fig. 3C) display
the micromorphology of the polymer shell of PHZ,-x, exhibiting sub-
micron-sized holes, smaller bulges and irregular defects. The size dis-
tributions of mesopores before and after modifications were obtained
by nitrogen adsorption at 77 K using the BJH model [40]. In Fig. 3D, the
mesopores induced by dealumination and desilication appeared in a
broad range of 10-50 nm, which were consistent with the results in
other reports [25,41]. The XRD patterns of PHZ, and its modified
analogs for phase analysis are shown in Fig. S5. The characteristic peaks
associated with the zeolite LTA still existed in the patterns of the mi-
crobeads, albeit with lower intensities due to the interference of the
polymer phase. Some peaks were broadened in the patterns of the
modified microbeads, especially PHZ,-x, indicating the amorphization
of zeolite during modifications. According to the structural character-
izations above, the schematic drawings in Fig. 3E depict the multi-
layered structure of the hybrid microbeads with hierarchical porosity,
where the zeolite particles were evenly dispersed among the polymer
matrix. The outermost polymer shell (Fig. 2B) was assumed to allow K*
to pass while blocking the much larger proteins and cells in the serum.

For FTIR analysis (Fig. 4A), the appearance of new peaks in the
microbeads PH compared to P indicated the successful introduction of
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AA and NVP: the peak at 1720 cm™' and the wide peak near
3420 cm ™! were due to the stretching vibrations of C=0 and —-OH
groups from AA respectively, and the peak at 1640 cm ' was due to the
C=O0 groups from NVP [42]. Zeolitic peaks appeared in the spectra of
PHZ, and PHZ,-x: the strong peak near 1000 cm™' was due to the
stretching vibrations of Si—-O-Al and Si-O-Si in the [SiO4] and [AlO4]
tetrahedra of zeolite, and a broad peak of zeolitic hydroxyls in the range
of 3500-3800 cm~! was associated with Si-OH, Si-O;H-Al and
Si-O3H-Al [43]. PHZ,-x shared high similarity with PHZ,, albeit with
less-intensive zeolitic peaks due to amorphization [44]. EDS and XPS
were conducted for elemental analysis. A noticeable level of element N
was detected in PHZ,, due to the presence of PVP and the cross-linker
MBA, while being absent in PZ,, as illustrated by the EDS results in
Fig. 4B and C. The elemental fractions were listed in the inserted tables,
showing considerable amounts of Si and Al. The wide scans of XPS in
Fig. 4D proved the differences in compositions. However, the estimated
atom fractions of Si and Al by the semi-quantitative XPS analysis were
significantly lower than what the EDS results showed, especially for
PHZ, (at% of Si: 1.38, at% of Al: 1.04). XPS describes the compositions
in a very superficial surface due to its shallow detection depth com-
pared with that of EDS; also, as illustrated before, most of the zeolite
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particles were covered by the polymer shell. Besides, the high-resolu-
tion XPS spectra of PHZ, in the range of S 2p and N 1s (Fig. 4E and F)
also indicated the presence of PES and P (AA-NVP) in PHZ,.

The membrane analogs of the microbeads were prepared for the
tests of WCAs and ZPs. WCAs were measured to assess the surface
wettability. In Fig. 5A, P and PZ, exhibited a hydrophobic nature with
WCAs as high as 107.1° and 103.8°, respectively, while the WCA of PH
reduced to 51.8° due to the hydrophilic functional groups. The WCA of
PHZ, dramatically dropped to 0°, even when much lower amounts of
zeolite were added (PHZ, s and PHZ;, shown in Fig. S6), which in-
dicated a remarkable synergistic effect between the hydrophilic
polymer and the zeolite on the enhancement of wettability. ZPs were
measured to investigate the charging behavior in contact with aqueous
solutions. In Fig. 5B, all the samples were negatively charged and
generally became more negative with increasing pH values, owing to
the enhanced anion adsorption to the hydrophobic surface of PES at
high pH [45]. The samples with the hydrophilic polymer had higher
negative values of ZPs compared to the corresponding sample with only
PES as the polymer phase (PH to P, and PHZ, to PZ,4) due to the ioni-
zation of carboxyl groups. Besides, it might be seemingly paradoxical
that the highly ionizable zeolite LTA reduced the negative values of ZPs;
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however, this phenomenon should be attributed to the significant in-
crease in membrane conductivity that affected the streaming currents
and thus led to lower measured values than the actual ZPs [46].
Thermal stability and decomposition mechanisms were studied, as
shown by the TGA (Fig. 5C) and DTG curves (Fig. S7). The weight loss
in zeolite LTA was initiated with the fast dehydration of surface water
and then followed the dehydration of the intercrystalline water [47].
The microbeads were thermally stable below 160 °C, and the removal of
unbound water was the major weight loss in this stage. In the hybrid
microbeads PHZ,, the slow weight loss in the range of 160-500 °C was
due to the loss of bound water and the decarboxylation of carboxyl
groups [47]; the sharp weight loss near 580 °C was due to the de-
gradation of PES; the weight loss slowed down above 650 °C, and the
residue was not fully decomposed. The TGA curves of PHZ, included
the characteristic degradation peaks of each content, albeit with atte-
nuated intensities. The thermal stability of PHZ, could meet the tem-
perature demand for the sterilization of biomedical materials in
120-170 °C [48]. The photographs in Fig. S8 shows that the PHZ,-x
microbeads could soon restore the original shape after compression by
weight bars with a total mass of 35 g for 5 min, which indicated suf-
ficient mechanical stability of microbeads to avoid shedding or frag-
mentation when applied as adsorbents in hemoperfusion treatment.

3.4. Potassium uptake

3.4.1. Effect of chemical compositions

The static adsorption tests were conducted to analyze various effects
on the K* uptake. Fig. 6A shows the K* uptake in the microbeads with
different chemical compositions. The microbeads P and PH had negli-
gible K* uptake, which was because (i) PES had no ionizable groups for
ion-exchange; (ii) the anionic P (AA-NVP) had no specific potassium
binding ability, while its negatively charged carboxyl groups tended to
adsorb the higher-enriched Na* or H* in normal saline at neutral pH.
This affinity to Na* by P (AA-NVP) did not decrease K* uptake nor
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increase Na* fluctuation in PHZ,. However, PHZ, exhibited similar
uptake amount with zeolite LTA powder, possibly due to the balance by
the carboxylate groups (-COONa) that offset Na* fluctuation during
adsorption, as before the test the microbeads were immersed in normal
saline, where the carboxyl groups (-COOH) were allowed to transform
into the carboxylate form.

3.4.2. Effect of zeolite amount

Fig. 6B shows the effect of the added amount of zeolite on the K*
uptake. The added amounts of zeolite were converted to the mass
fractions according to the formulas for hybrid suspensions. The K*
uptake increased in approximate linearity with zeolite mass fractions,
which indicated high added amounts would not reduce the utilization
efficiency of zeolite. Therefore, increasing the added amount of zeolite
might be a convenient way to improve the K uptake in the mi-
crobeads.

3.4.3. Effect of modification method

Fig. 6C shows the effect of the aqueous-phase modification methods
on the K™ uptake. PHZ,-DI was set as a control to testify any impact
exerted by the process of mixing and heating in deionized water. The
almost unchanged uptake in PHZ,-Na and PHZ,-NH,-Na indicated that
(i) the ion-exchange modification in the NaCl solution treatment would
not affect the K" uptake; (ii) the conversion of zeolite from the Na-form
to the NH,4-form could be fully reverted by the subsequent NaCl solution
treatment, as verified by Nessler's reagent spectrophotometry. The K*
uptake increased after metal-leaching modification in acid or an ele-
vated concentration of alkali. The combined methods were adopted for
higher K* uptake; as expected, the sample PHZ,-NH4-Acid-Base-Na
(PHZ4x) had the highest K* uptake, with a 30% increase than the
original PHZ,. The enhanced accessibility to the internal active sites in
zeolite crystals ensured the lower diffusion time and thus the improved
K™ uptake during the adsorption period.
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Fig. 6. (A) K* uptake and Na* fluctuation in the microbeads with different chemical compositions. (B) K™ uptake in the microbeads with different added amounts of
zeolite (at a reduced adsorbent dosage of 2.5 mg/mL). (C) Effect of different modification methods on the K* uptake. (D) K* uptake and removal percentage of PHZ,-
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Fig. 7. (A) The scatterplots of the experimental adsorption kinetics, and the fitted curves by the pseudo-second-order kinetic model. (B) The fitted straight lines of the
pseudo-second-order kinetic model. (C) The fitted curves of the intraparticle diffusion model for the initial 900 min. (D) The enlarged view of the initial phase of the
fitted curves of the intraparticle diffusion model. (E) The K* uptake in the microbeads at the varied initial concentrations of K*. The results were expressed as
SD, n = 6. (F) The Freundlich isotherm plots. (G) The Langmuir isotherm plots. (H) The scatterplots of the experimental adsorption isotherms, and the
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3.4.4. Effect of adsorbent dosage

Fig. 6D shows the effect of adsorbent dosage on uptake amount and
removal percentage in PHZ,-x of the NS group. As the dosage increased
from 0.25 to 20 mg/mL, the uptake amount per unit mass decreased
due to the reduced saturated active sites that were excessive for a lower
K* concentration; instead, the removal percentage increased from 2%
to 48%. The removal percentage did not reach to 100% but about 50%
even at a high dosage of 20 mg/mL, which was ascribed to the ion
competition from Na* that weakened concentration gradients as the
driving force, leading to a slow-down in the removal percentage of K*
and preventing an unexpectedly low K* concentration.

3.4.5. Adsorption kinetics

The adsorption kinetics of the microbeads were investigated. As
shown in Fig. 7A, the K* uptake in P and PH was negligible; the uptake
in other hybrid microbeads increased with time before reaching equi-
librium. The uptake exceeded 90% of the equilibrium value after a
rapid increase in the initial 120 min, indicating fast adsorption; for this
reason, the contact time was set at 120 min in other adsorption tests.

The pseudo-first-order and the pseudo-second-order kinetic model
(detailed in Supporting Information, Equations S(3) and (4)) were ap-
plied to analyze the adsorption kinetics, and the fitting parameters were
listed in Table S4. The pseudo-second-order kinetic model was more
suitable for the overall adsorption process (within 2880 min), with
higher correlation coefficients (R? > 0.99) than those of the pseudo-
first-order kinetic model (R? < 0.99), which indicated the primary ad-
sorption mechanism followed a fashion of chemical adsorption. The
fitted curves by this model are shown in Fig. 7A, and the validity was
checked by the fitted straight lines in Fig. 7B. The microbeads with a
lower added amount of zeolite showed a lower theoretical equilibrium
uptake g, and a higher rate constant k,, possibly due to improved ac-
cessibility for mass diffusion. PHZ,-x showed both the highest g, and k,,
which was consistent with its high uptake amount and rate.

The intra-particle diffusion model (detailed in Supporting
Information, Equation S(5)) was applied to study the diffusion process.
In Fig. 7C, none of the multi-segment lines passed through the origin,
which denoted the process was not controlled merely by intra-particle
diffusion [49]. Instead, three important phases were involved: (i) the
initial phase depicting a fast uptake due to external adsorption asso-
ciated with macropores and mesopores, during which K* transferred
across the boundary layer and assembled at the surface of zeolite and
polymer; (ii) the subsequent phase with a slope in the line due to intra-
particle diffusion associated with micropores, during which K* mi-
grated to the channels and cages inside zeolite at a lower diffusion rate;
(iii) the final phase of approaching equilibrium with a near plateau, due
to the larger occupied active sites and the reduced concentration gra-
dient as a driving force [50,51]. As shown in Fig. 7D, the experimental
data of the initial phase (the initial 20 min) were fitted by this model
(R?> > 0.9), and the fitting parameters are listed in Table S4. The
difference in C values was insignificant among these samples. PHZ,-x
had a relatively higher value of k3, which indicated a high rate of the
initial uptake due to the larger surface areas and active sites [52].

3.4.6. Adsorption isotherms

Fig. 7E shows the effect of the initial K* concentrations on the K™
uptake. The equilibrium uptake in PHZ; and PHZ, increased with the
initial K* concentrations in both groups. This uptrend was evident in
the NS group, due to the strong ion competition from Na™ at a low
concentration of K*, which was gradually weakened by the increasing
K* concentration. Besides, PHZ, had higher uptake than PHZ; at any
initial K* concentrations, due to a higher added amount of zeolite.

The experiment data were analyzed with the Freundlich and
Langmuir models (detailed in Supporting Information, Equations S(6)
and (7)). The isotherm plots of the Freundlich and Langmuir models
were shown in Fig. 7F and G, respectively, and the fitting parameters
were listed in Table S5. The Freundlich model fitted the data better,

553

Bioactive Materials 6 (2021) 543-558

with higher correlation coefficients, which indicated the K* uptake
followed a fashion of multilayer adsorption by the heterogeneous sur-
face of the microbeads and by the interactions between the surface and
the adsorbed ions [50]. Due to the ion competition from Na* of a much
higher concentration (155 mmol/L), the microbeads in the NS group
generally had lower values of (i) the correlation coefficients
(0.9 < R? < 0.99), which was consistent with the larger deviations of
the fitted curves by the Freundlich model, as shown in Fig. 7H; (ii) the
Freundlich constants n and ky, denoting the decrease in the adsorption
intensity and capacity [52]. Furthermore, these phenomena were evi-
dent at the very low initial K* concentration of 3.5 mmol/L, the
threshold indicating hypokalemia (low serum potassium level). Despite
the negative effect on the K* uptake, the presence of Na™® also pre-
vented K* from dropping to an unexpectedly low level.

3.4.7. Serum potassium uptake

Since the abundance of various cations, proteins and cells compli-
cated the uptake process in serum, the K* uptake in human serum was
studied. The serum was isolated from human whole blood and divided
into two groups (the normal group and the hyperkalemia group), fol-
lowing the procedures as detailed in Supporting Information.

In the static adsorption test, the levels of serum potassium and so-
dium were measured at different sampling times after treated with
PHZ4-x (Fig. 8A). The serum potassium decreased with contacting time
but not far below the lower limit of the normal range, and the decrease
was more evident in the hyperkalemia group; the serum sodium
changed insignificantly within the normal range. Fig. 8B shows the
absolute changes in the concentrations of each cation in the hyperka-
lemia group after treated with the different microbeads. The fluctua-
tions of potassium and sodium were more significant than those of
calcium and magnesium. Besides, PHZ,-x had the highest K™ uptake
and the lowest Na™ fluctuation, which was consistent with the uptake
results in aqueous solutions. In the column adsorption test, 40 mL of
serum for each group was filtered by one column at 37 °C with a flow
rate of 15 mL/min, and 1 mL of serum sample was collected after 1-3
cycles. As shown in Fig. 8C, the potassium levels decreased with the
increasing cycles down to levels slightly below the normal range, while
the sodium level remained normal. The results suggested that the hy-
brid microbeads exhibited a high efficiency of K* uptake when applied
in human serum, as well as the prospect as the column adsorbent uti-
lized in the hemoperfusion treatment for hyperkalemia. Fig. 8D shows
the miniature column prepared for the hemoperfusion simulation. The
hybrid microbeads PHZ,-x were packed in a syringe tube at a volume of
2 mL, with each piece of Nylon mesh filter at the top and the bottom of
the column to hold the shape. Fig. 8E displays the unit cell of the hy-
drated Na-LTA crystal encircled by potassium ions and the {1 0 0}
surface of the dehydrated Na-LTA. Since the full conversion to the Na-
form during modifications (Figs. S2-4), the structure of zeolite LTA in
PHZ,-x was depicted as the unit cell of the hydrated Na-LTA. The high-
aluminum content (Si/Al ratio ~1, Fig. 4C) ensured sufficient hy-
dration of the extraframework Na* ions, leading to high hydrophilicity
(Fig. 5A). The free K* ions with an ionic radius of 1.38 A could readily
diffuse across the 8-ring windows of 4 A and the 6-ring windows of
2.5 A, preferentially exchangeable for the Na™ ions (Figs. 6-8) [53].
The serum potassium uptake resulted from the balance established by
the multiple conversions of LTA (Na-LTA to K/Ca/Mg-LTA) based on
ion competition.

3.5. Blood compatibility

3.5.1. Protein adsorption

Protein fouling reduces water permeability and provides a layer for
microbial colonization, and it is also associated with the adhesion and
activation of cells, resulting in a high risk of thrombosis once PLTs are
deposited and activated [54,55]. Two proteins, BSA and BFG, were
applied in the static protein adsorption tests. In Fig. 9A, the microbeads



Z. Wang, et al.

Bioactive Materials 6 (2021) 543-558

A 5 Normal Hyperkalemia B E Hydrated Na-LTA unit cell and free K*
-~ (o] +
S 00%o0 00| X
g -
S0 oy N —
= [ e
- Sy
g Q
= - Ca¥ oy M control
P
g 47 © o 0o M Pz,
S O-o W PHZ,
Mg2+
PHZ,-x
0 102030 0 10 20 30 1 2 3 4
Time (min) Abs. Conc. Change (mmol/L)
Framework ® Si ® Al (0]
P it N iti K
C _ Normal Hyperkalemia D redeposited 2 Affinitive  ®
> = {10 0} surface of dehydrated Na-LTA
-~ a B
Sulo 0|00 |
=]
E y
EBo) g '
.g 84 (o) K+
g fo) ==
g (o]
< | .
O 5 AL
Q O o o)
0-+—Tr—T T T T
0 1 3 0 1 3 Assembled In Use
Filtration Cycles Mini Column

Fig. 8. (A) Levels of serum potassium and sodium at different sampling times when treated with PHZ,-x. (B) Absolute changes in the concentration of each serum
cation in the hyperkalemia group after treated with different microbeads with normal serum as a control. (C) Levels of serum potassium and sodium after different
filtration cycles when treated with PHZ,-x in the column test. The background of a light green or purple represents the normal serum sodium or potassium,
respectively. (D) Photographs of the miniature column packed with PHZ,-x for the hemoperfusion simulation. (E) The unit cell of the hydrated Na-LTA crystal
encircled by potassium ions, and the {1 0 0} surface of the dehydrated Na-LTA.

PH showed lower adsorption amounts of both proteins than P due to
enhanced hydrophilicity [42]. The hybrid microbeads with an ultra-
high amount of zeolite were assumed to have higher protein adsorption
amounts due to larger surface areas. However, the microbeads with
zeolite had even lower protein adsorption amounts than did PH. The
possible reasons were as follows: (i) the zeolite particles mostly located
inside the microbeads (as shown in Fig. 3); (ii) zeolite LTA introduced
electrostatic repulsion with the same negatively charged proteins (as
shown by ZPs, Fig. 5B), and also provided super hydrophilicity and
abundant framework oxygen atoms as hydrogen-bond acceptors, which
fulfilled the “Whitesides rules” and hence suppressed protein adsorp-
tion [56,57]. The effect of different aqueous-phase modification
methods on protein adsorption was evaluated. As shown in Fig. 9B, the
microbeads treated by the metal-leaching process generally had en-
hanced antifouling property compared to the original PHZ,, while those
treated with only the ion-exchange process showed insignificant im-
provement.

3.5.2. Blood routine

The blood routine test further analyzed the hemocyte compatibility
of the blood-contacting materials. In Fig. S9, there was no noticeable
change in the volume distributions of RBCs and PLTs in the microbeads
compared with the control. In Fig. 9C, the microbead PHZ,-x had si-
milar cell counts with the control, which indicated insignificant effects
on the hemocytes exerted by the microbeads and also reflected an ad-
vantage over zeolite LTA powder in contact with blood.

3.5.3. Complement activation, contact activation and platelet activation
The concentrations of C3a and C5a were measured to detect the
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complement activation level [64]. In Fig. 9D, the results showed no
significant changes in the concentrations of C3a and C5a compared
with the whole blood, which indicated the microbeads would not
trigger complement activation. The concentration of TAT and PF4 were
measured to evaluate the levels of contact activation and platelet ac-
tivation. All the microbeads except P had a significantly lower con-
centration of TAT than the whole blood. Besides, the introduction of
zeolite further contributed to decreasing TAT concentrations, which
might be ascribed to the anticoagulant property of the microbeads [65].
The hybrid microbeads treated with the metal-leaching process had a
35% and 50% reduction in the concentrations of TAT and PF4, re-
spectively, indicating suppressed thrombin generation and platelet ad-
hesion [66].

3.5.4. Platelet adhesion

The resistance to platelet adhesion in the microbeads was in-
vestigated, as the adhesion of PLTs would lead to further activation and
aggregation [58]. The representative SEM images of the adhered PLTs
on the microbead surface are shown in Fig. 10A, and the estimated
amounts of the adhered PLTs and RBCs are shown in Fig. S10. On the
surface of P scattered many PLTs; some of them were activated, with
deformation and pseudopodia. On the surface of PH, the adhered PLTs
were fewer in number and more intact in shape; the resistance to pla-
telet adhesion was more notable in the hybrid microbeads of zeolite.

3.5.5. Hemolysis

Hemolysis is related to hemoglobin release, platelet activation and
thrombus formation; it leads to an elevated potassium level as the re-
lease of intracellular potassium into the serum [59]. As shown in Fig.
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Fig. 9. (A) Effect of chemical compositions and (B) aqueous-phase modification methods on protein adsorption for the microbeads. The results were expressed as
means * SD, n = 6. (C) Counts of WBCs, RBCs and PLTs in the blood sample after incubation with microbeads or zeolite powder. (D) Levels of complement

activation, contact activation and platelet activation of the microbeads. The results were expressed as means + SD, n = 3. *** represents very significant changes
(™P < 0.001), ** represents significant changes (0.01 < **P < 0.001), and ns represents no significant changes (P > 0.05).

S11, the microbeads exhibited much lower hemolysis rates (< 0.5%) ruptured RBCs in a red background could be seen in the positive con-
than the permissible level (< 5%) [60]. Compared with P, the slight trol. As shown by the schematic drawings in Fig. 10D, the hybrid mi-
increase in the hemolysis rate of PH was due to the carboxyl groups, crobeads benefited from the heparin-mimicking polymer and exhibited

which could be offset by the added zeolite and the aqueous-phase improved compatibility in contact with RBCs and PLTs.
modifications, resulting in a very low hemolysis rate in PHZ,-x. Besides,

the supernatants remained transparent and colorless, indicating a 3.5.6. Clotting time

negligible amount of hemoglobin released by hemolysis. As shown in The anticoagulant properties were investigated by the clotting time
Fig. 10B, the adhered RBCs on the surface of PHZ4-x exhibited the ty- test, as shown in Fig. S12. These samples had insignificant prolongation
pical biconcave disc shape and a reduced amount. The optical micro- of PT and TT over PPP. However, APTT increased in all these mi-
scopic images in Fig. 10C display the morphologies of RBCs sampled crobeads except the original P, and the prolongation of APTT was most
from the suspensions incubated with the microbeads. The RBCs in these significant in PHZ4-x (63.9 s), which indicated the inhibition of intrinsic
samples had a distinct outline with perfect circularity, while only and common coagulation pathway [61]. It could be due to several
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Fig. 10. (A) SEM images of PLTs and (B) RBCs adhered to the surface of the microbeads. (C) Optical microscopic images of RBCs sampled from the suspensions. (D)
Schematic drawings of the microbeads with the functional groups as the adsorbent in a hemoperfusion column in contact with RBCs and PLTs.

reasons: (i) the reduced protein adsorption amount, and (ii) the car-
boxylate groups and the zeolite that bound Ca®* to inhibit the activa-
tion of Factor IX, Factor X and prothrombin [62,63].

4. Conclusions

We explored the efficacy of the zeolite-polymer hybrids microbeads
in potassium uptake and the potential application in blood purification.
A commercially-available super-hydrophilic LTA-type zeolite was se-
lected from the six binding agents. The heparin-mimicking polymer was
prepared via the in situ cross-linking polymerization and served as the
cross-linked matrix to lock the ultra-high amount of zeolite. Systematic
characterizations verified the synthesis and modifications. Adsorption
tests confirmed the potassium uptake, along with high selectivity and
fast kinetics in water, normal saline and human serum. The microbeads
exhibited satisfying blood compatibility, with enhanced adsorption re-
sistance toward serum proteins (< 4 pg/cm? for BSA/BFG adsorption)
and cells (> 80% reduction for adhered RBCs/PLTs), negligible he-
molysis rates (< 0.5%), prolonged clotting time (64.9 s for APTT), and
inhibition of contact activation and platelet activation (35% and 50%
reduction for TAT and PF4). Conclusively, the microbeads had great
potential in blood purification, as a cheap, efficient and safe alternative
for hyperkalemia treatment.

4.1. Human subjects

This experiment conformed to the legal requirement in China and
was approved by the ethical committee (No. 2020172A) of West China
Hospital, Sichuan University.
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