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Effective protein adsorption by solid matrices from complex biological samples has attracted attention for broad
application in biomedical field. Immobilization of calixarenes to solid supports is an essential process for their
application in protein separation and purification. Silica is the most widely used support material in calixarene
immobilization. With high concentration of polymer microspheres as templates, the large pore mesoporous silica
microspheres with controllable, uniform size and structure were successfully synthesized and the resulting large
pore mesoporous silica microspheres were modified with water-soluble tetrasulfonate calix[4]arene of unique
hollow cavity-shaped structure. The tetrasulfonate calix[4]arene modified large pore mesoporous silica micro-
spheres (SCLX4@LPMS) were characterized by diverse analytical techniques and their protein adsorption per-
formance were also investigated. The obtained SCLX4@LPMS gave rise to an adsorption efficiency of >90% for
cytochrome c¢ and lysozyme within a wide pH range of 3.0-10.0 and possessed remarkably high adsorption
capacity of cytochrome ¢ (363.64 mg g~!) and lysozyme (166.11 mg g~ '). The retained cytochrome ¢ and
lysozyme can be readily eluted by using phosphate buffer solution containing NaCl as a stripping reagent with
the recoveries of 81% and 86% after 5 times enrichment, respectively. The SCLX4@LPMS microspheres have
been applied for the selective adsorption of proteins in real samples and had the application potential in protein
adsorption, drug delivery, biosensors, and other biomedical fields.

1. Introduction sulfonate groups at their upper rim, the water solubility of calixarene

macrocycles in aqueous solutions may be suitably enhanced and have

Since the 1980s, calixarenes enjoyed a remarkable interest in almost
all fields of chemistry because of their unique structures [1]. Consisted
of phenol units linked via methylene bridges, these cyclic oligomers
shaped like conical structures with upper and lower rims and a central
annulus. Besides their unique host-guest recognition properties, each
rim could be independently modified by different functional groups and
interacted with chemical species through diverse mechanisms. There-
fore, calixarenes and their derivatives have been widely used in sepa-
ration and purification processes. Numerous experimental and
theoretical studies predicted the efficiency of interactions between
para-substituted calixarenes (substituent t-butyl, amino, nitro and sul-
fonate) and small guest molecules such as simple cations, anions, aro-
matic compounds, nucleosides and nucleobases [2-7]. By introducing
different cation exchanger groups such as carboxylic acid, amino and
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great potential as protein surface binders [8]. The complexation per-
formed in solutions of basic amino acids and calixarene sulphonates was
investigated by Guével et al. to figure out the possible mechanisms of
protein recognition [9]. Some calixarenes accommodating ionic func-
tional groups could bind lysine-rich cytochrome c at three different
amino acid sites and attract proteins through electrostatic forces [10].
Calixarene-protein interactions in solutions have been extensively
studied in the literature, attempting to elucidate protein-calixarene
interaction mechanism. Calixarenes were mainly developed as “molec-
ular glues” for protein assembly by emerging cocrystal with specific
proteins. However, little understanding available about the protein
adsorption and separation on calixarene decorated on solid phase ma-
terials [11-13], which motivated us to investigate the application of
calixarene sulphonates for efficient solid phase extraction of proteins.
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Researches on protein adsorption, extraction and separation have
attracted considerable attention in recent years due to promising de-
velopments in diverse biomedical applications. Indeed, the application
of monoliths, magnetic materials and affinity adsorbents for peptides
and proteins extraction have been reported [14-16]. As calixarene
sulphonates are water-soluble, SiO, particles with large pore meso-
porous structure were utilized in this study as supporting materials for
loading calixarene sulphonates facilely and efficiently [17]. In the late
1960s, Stober and Fink reported the preparation of uniform size spher-
ical silica particles ranged from 0.05 to 2 pm in diameter, based on facile
sol-gel chemistry [18]. Furthermore, to reach the micron level size of
silica particles, multiple growth steps were introduced by continuous
addition of tetraethyl orthosilicate (TEOS) in the seeded experiments
[19]. On the basis of these nonporous silica particles, various methods
have been developed to prepare numerous types of porous silica spheres
with the advantages of uniform particle size, tunable pore size and good
monodispersity, which are very beneficial for the application in selective
adsorption and separation of biomolecules, drug delivery, molecular
recognition, and screening disease-relevant biomarkers [20,21].

Many of the previous researches focused on producing mesoporous
size silica due to high surface area, large pore volume and excellent
biocompatibility. However, the reported mesoporous materials exhibi-
ted considerable diffusion due to pore size limitation and were more
suitable for entrapping small molecules like drugs and metabolites. In
biomolecule adsorption process, the protein transport occurred not only
determined by solid or surface diffusion mechanism but also affected by
pore diffusion mechanism [22]. Therefore, while smaller mesoporous
sizes limited the practical applications for large molecule transportation
(such as protein enrichment and separation, biomolecules enzymolysis),
larger pore mesoporous structure showed superior prospects. The sur-
face chemistry of uniform larger pore mesoporous particles was very
important in the applications involving the detection or quantitative
analysis of biomolecules due to their unique properties e.g. lightweight
structural materials, high specific surface area, better mass transfer, easy
to collect and reuse [23]. Previously, Sun et al. (2011) synthesized hi-
erarchically ordered macroporous silica monolith with the macropore
entrance of about 50 nm [24]. The larger porous silica monoliths
exhibited much higher absorption capacity of BSA than that of the
mesoporous silica materials with smaller porous entrances. Cha et al.
(2018) produced large pore (approximately 25 nm) mesoporous silica
nanoparticles (MSNs), which have significantly higher loading of anti-
gen protein compared with conventional small-pore MSNs [25]. When
the pore size was larger than the biomolecule, transport was generally
influenced by adsorbent structure due to their larger pore volume and
pore diameter for better intraparticle diffusive transport. Thus, large
pore mesoporous structure had better permeability to provide better
mass transfer diffusion for biomolecules, which resulted in faster bind-
ing process.

In this work, water-soluble tetrasulfonate calix [4]arene was syn-
thesized under proper reaction conditions. Then, the tetrasulfonate calix
[4]arene was bonded to the surface of large pore mesoporous silica
microspheres and produced a novel solid adsorbent for proteins.
Contributed by the large number of binding sites and the high specific
surface area derived from tetrasulfonate calix [4]arene and the larger
mesopores, the obtained solid materials provided high adsorption effi-
ciency and excellent capturing capacity towards cytochrome c and
lysozyme, as solid phase extraction matrix. The practical applicability of
these microspheres was proved by selective isolation of lysozyme from
egg white and cytochrome c from pig heart.

2. Experimental section
2.1. Apparatus

The pH values of solutions were controlled with a FiveEasy Plus pH
meter (Mettler Toledo Instruments Co. Ltd., Shanghai, China). Fourier
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transform infrared (FTIR) spectra of materials were recorded on a
Nicolet-6700 spectrometer (Thermo Nicolet Corporation, WI, USA). The
scanning electron microscopy (SEM) images of the microspheres were
obtained using a JSM-7800F scanning electron microscope (JEOL,
Tokyo, Japan). {-potential measurements were carried out using
NanoBrook 90Plus Zeta Potential Analyzer (Brookhaven Instruments
Corporation, NY, USA). The elemental analysis (EA) was carried out
with an Vario EL III Elemental Analyzer (Elementar, Germany) using
oxygen as the combustion gas. Ny adsorption-desorption isotherms were
carried out on a Micromeritics ASAP 2020 BET surface analyzer system
(Micromeritics, Shanghai, China). The surface area was calculated by
using the Brunauer-Emmett-Teller (BET) equation, and pore size dis-
tribution was obtained by using the Barrett-Joyner-Halenda (BJH)
model. The pore size distribution of large pore mesoporous silica was
also investigated by a mercury intrusion porosimeter (Poremaster GT-
60, Quantachrome, USA). Thermo gravimetric analysis (TGA) curve
was investigated by a STA-499C thermal analyzer (Netzsch, Bavaria,
Germany) at a heating rate of 10 °C min " from 25 to 800 °C in air. X-ray
photoelectron spectroscopy (XPS) analysis was carried out on a PHI5000
Versa Probe photoelectron spectrometer (ULVAC-PHI, Kanagawa,
Japan). UV-vis spectra analysis was carried out with a NanoDrop 2000c
UV-vis spectrophotometer (Thermo Fisher Scientific, WI, USA).

2.2. Reagents and chemicals

Lysozyme (Lyz, Mw 14.3 kDa, pI 11.0) was purchased from GBCBIO
Technologies (Guangzhou, China). Cytochrome c (Cyt ¢, Mw 13.7 kDa,
pl 10.7) was purchased from Aladdin Chemical (Shanghai, China).
Ovotransferrin (OTF, Mw 80 kDa, pI 6.1) was purchased from Acros
Organics (Shanghai, China). Bovine serum albumin (BSA, Mw 66.43
kDa, pI 4.7), Ovalbumin (OVA, Mw 45 kDa, pl 4.5), and myoglobin
(Myo, Mw 16.7 kDa, pl 6.99) were purchased from Sigma-Aldrich
(Shanghai, China).

Other chemicals obtained from various suppliers (Table S1) were of
analytical reagent grade or better and used without further purification.
Ultrapure water of 18.25 MQ cm collected from a Milli-Q water system
(Millipore, Bedford, MA, USA) was used throughout the experiment.

2.3. Preparation of tetrasulfonate calix [4]arene bonded silica

The large pore mesoporous silica microspheres were prepared using
a template method according to previous study [26-30] with some
modifications. The specific synthesis steps were written in the Sup-
porting Information. The above-prepared large pore mesoporous silica
microspheres were used as reactant material. To show the superiority of
large pore mesoporous silica microspheres, commercial small pore
mesoporous silica microspheres provided by Alfa Aesar (5 pm particle
diameter, 100 A pore size) were also used as reactant material for the
following reaction steps as a contrast. First, the silica was immersed in
hydrochloric acid/water solution (1:1, v/v) for 24 h, then washed with
water and dried. Afterwards, the mixture of 5 g active silica micro-
spheres and 50 mL freshly distilled toluene were sonicated for 10 min,
then 6.0 mL y-(2,3-epoxypropoxy)propytrimethoxysilane (KH-560) and
1.0 mL triethylamine were added into the mixture. The mixture was
stirred at 80 °C for 8 h under the nitrogen atmosphere. The product was
washed by toluene and acetone, then dried at 80 °C. The obtained
y-glycidoxypropyl bonded silica gel (GBS) was used as another reactant
in the following procedure.

The tetrasulfonate calix [4]arene was prepared according to previous
study [31] with some modifications. The specific synthesis steps were
written in the Supporting Information. 0.6 g tetrasulfonate calix [4]
arene was dissolved in 100 mL freshly distilled dimethylformamide,
then 2.5 g GBS and 2 drops of perchloric acid were added into the so-
lution. The mixture was refluxed for 12 h under nitrogen atmosphere.
With the temperature elevating, the solution presented dark purple
gradually. The obtained product was washed in sequence with



W. Gao et al.

dimethylformamide, acetone, water and methanol. The modified silica
was dried at 80 °C under vacuum overnight. The tetrasulfonate calix [4]
arene modified large pore mesoporous silica microspheres and tetra-
sulfonate calix [4]arene modified small pore mesoporous silica micro-
spheres were referred to as SCLX4@LPMS and SCLX4@SPMS,
respectively. The preparation of tetrasulfonate calix [4]arene bonded
large pore mesoporous silica was illustrated as Scheme 1.

2.4. Proteins adsorption with SCLX4@LPMS

Batches of adsorption experiments for proteins were carried out by
using SCLX4@LPMS as solid adsorption matrix. A series of phosphate
buffer (pH 3.0-10.0) were consisted of a mixed solution of NaHj.
PO4-NayHPO4 (10 mmol LY, and the pH values were adjusted by
H3PO,4 and NagPO, (10 mmol L™1). The protein solutions were prepared
as below concentration: Cyt ¢, Myo: 0.1 mg/mL; OTF, Lyz: 0.2 mg/mL;
BSA, OVA: 0.5 mg/mL.

In the adsorption step, 0.25 mL of protein solution (10 mmol L~}
phosphate buffer as solvent) was transferred to a 1.5 mL centrifuge tube
containing adsorbent material of SCLX4@LPMS (2 mg). Then, the
centrifuge tube was put under vortex movement for 10 min to complete
the adsorption process. After adsorption, the SCLX4@LPMS was sepa-
rated by centrifugation at 16,800xg for 5 min (Eppendorf Centrifuge
5418/5418R) and the supernatant was collected for ensuing measure-
ment. In order to elute the adsorbed proteins on SCLX4@LPMS micro-
spheres, 0.25 mL of 10 mmol L™! phosphate buffer (pH = 10.0)
containing 1.5 mol L~ NaCl aqueous was added and the mixture was
shaken under vortex for 10 min. After centrifugation at 16,800xg for 5
min, the supernatant was separated as eluate and the materials were
separated for the succeeding regeneration experiment. A series of stan-
dard protein solutions were configured and their absorbance data were
determined at 278 nm for Lyz, BSA, OVA, OTF and 409 nm for Cyt c and
Myo via UV-vis spectrophotometer. The concentrations of target pro-
teins were quantified based on the absorbance according to the standard
curve.

3. Results and discussion
3.1. Fabrication and characterization of SCLX4@LPMS

FTIR was used to characterize the functional groups of the prepared
LPMS and SCLX4@LPMS as shown in Fig. 1. Bands at 1090 cm ™! and
3473 ecm ™', which presented in both the two materials, could be due to
the stretching vibration of siloxane (Si-O) group of silica backbone and
hydroxyl group (O-H), respectively. In the FTIR spectrum for
SCLX4@LPMS, the adsorption peaks at 2883 cm™! and 2945 cm™!
indicated the presence of -CH, and —~CHg respectively, and the adsorp-
tion peak at 1215 cm™! indicated the presence of -C-O-C-. The bands at
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Fig. 1. FTIR spectra of LPMS microspheres and SCLX4@LPMS microspheres.

1728 cm ™! and 1655 cm ™! originated from phenyl groups. These results
showed that the tetrasulfonate calix [4]arene has been bonded on the
silica surface. The surface morphology of polystyrene seed beads, poly
(glycidyl methacrylate-co-ethyleneglycol dimethacrylate) (Pgva-Epma)
microspheres, LPMS and SCLX4@LPMS were characterized by SEM as
shown in Fig. 2. The polystyrene seed beads displayed uniformly sized
spheres with smooth surface and the diameter was about 2.1 pm
(Fig. 2A). After the swelling and polymerization procedure, the di-
ameters of Pgyma-ppma microspheres were increased to 5-6 pm and
exhibited rough surface (Fig. 2B). After functionalized by tetraethyle-
nepentamine (TEPA) to generate amino groups, the surface of
TEPA-functionalized polymer spheres attracted Si-containing low mo-
lecular weight species, which were generated by TEOS hydrolyzation
using ammonia as catalyst. With the TEOS solution adding dropwise
slowly, the Si-containing low molecular weight species could be adsor-
bed into the rough porous surface of the TEPA-functionalized Pgya-Epma
microspheres and then condensated to form silica nanoparticles. Some
of the Si-containing low molecular weight species might emerge larger
silica nanoparticles, and those larger nanoparticles were adhered on the
surface of microspheres (Fig. 2C), which could be removed by centri-
fugation and washing steps. After modified by tetrasulfonate calix [4]
arene, the morphological structure of SCLX4@LPMS (Fig. 2D) showed
little change compared to the LPMS due to their stability and rigidity.
The SEM image of SCLX4@SPMS was also shown in Fig. S1, and these
mesoporous microspheres exhibited smoother surface.

Nitrogen adsorption/desorption isotherms of SCLX4@LPMS exhibi-
ted type III curves and sharp capillary condensation steps occurred at
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Scheme 1. Schematic illustration of the preparation of tetrasulfonate calix [4]arene bonded large pore mesoporous silica.
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Fig. 2. SEM images of the polystyrene seeds beads (A), Pgma-epma microspheres (B), LPMS microspheres (C), SCLX4@LPMS (D).

relative pressure of 0.9-1.0, which indicated weak gas-solid interactions suggesting it provided larger access for proteins easier to be adsorbed.
occurred on the uniform macropores formed on the microspheres sur- The most probable pore diameters value of SCLX4@LPMS and
face (Fig. S2B). SCLX4@SPMS exhibited type IV curves with pronounced SCLX4@SPMS were calculated to be 370.64 A and 86.32 A (Fig. S2C and
H2 hysteresis loops and sharp capillary condensation steps occurred at S2D), respectively. Meanwhile, the pore size distribution of the
relative pressure of 0.65-0.75 due to the existence of mesopores SCLX4@LPMS was also determined by mercury intrusion porosimetry

(Fig. S2A). SCLX4@LPMS had a smaller BET surface area (73.06 mz/g) (Fig. 3A). The results indicated that the most probable pore diameters
than SCLX4@SPMS (203.00 m?/g), considering its larger pore width. It value of SCLX4@LPMS was 380.38 A, consistent with the results ob-
was worth emphasizing that SCLX4@LPMS had larger pore volume of tained by Ny physisorption and we conjectured.

0.94 cm®/g than that of SCLX4@SPMS of 0.47 cm®/g (Table S2), Cyt ¢ was used as a model protein to investigate the adsorption
8
1 A) 20 B) . —m— before Cyt ¢ adsorption
7= i \\ —e— after Cyt ¢ adsorption
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Fig. 3. Pore-size distribution curve of SCLX4@LPMS determined by mercury intrusion porosimetry (A); {-potential value under different pH conditions of
SCLX4@LPMS before and after Cyt ¢ adsorption (B).
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property of SCLX4@LPMS for positive proteins. The isoelectric point (pI)
of the Cyt c used in this study was 10.7, indicating that it was positively
charged at pH < 10.7. The (-potential values of SCLX4@LPMS before
and after Cyt ¢ adsorption were measured in 10 mmol L™! phosphate
buffer at eight different pH levels (pH 3.0-10.0) as shown in Fig. 3B.
High-negative {-potential values made SCLX4@LPMS a suitable agent to
interact with positively-charged groups of compounds or materials.
After Cyt c adsorption, the {-potential value of SCLX4@LPMS increased
significantly overall. Thus, the adsorption of Cyt ¢ to SCLX4@LPMS was
likely dominated by electrostatic interaction.

The element analysis (EA) results of SCLX4@LPMS and
SCLX4@SPMS are listed in Table S3. The ratio of S element on
SCLX4@LPMS and SCLX4@SPMS was about 0.78, indicating that the
tetrasulfonate calix [4]arene bound more on the commercial meso-
porous SiO, spheres due to its larger surface area. Compared to EA
method for material bulk phase, XPS is a typical surface analysis method
as only the photoelectrons emitted from a thin layer near the surface
(about 3-5 nm) of the sample can escape under the X-ray penetration.
Unlike the EA results, the proportion of S elements in the XPS results of
the two materials were almost equal (Fig. S3), which revealed that the
two materials had similar amounts of tetrasulfonate calix [4]arene
modified on the surface. Chemical states of the two materials are further
given in Fig. S4. Fig. S5 corresponds to the TGA plots of the
TEPA-functionalized Pgya-epma microspheres, Pgya-epma/silica hybrid
microspheres and SCLX4@LPMS, respectively. When the temperature
reached around 600 °C, the polymer species in the Pgya-rpma/silica
hybrid microspheres were completely removed, revealing that the
amount of silica in the microspheres was about 38 wt%. The TGA plot of
SCLX4@LPMS showed that about 10 wt% tetrasulfonate calix [4]arene
were bound on the LPMS.

3.2. Protein adsorption performance on SCLX4@LPMS

Complex formation between the sulfonated calixarene and cationic
amino acids as well as peptides has been extensively studied in solution
[10,32,33]. Sulfonated calixarene binds efficiently with basic amino
acids arginine and lysine, while tryptophan and histidine also have
strong H-bonded interaction with the sulfonate group. However, little
understanding was available about protein adsorption on calixarene
supported adsorbents. For large biomolecule proteins, some of their side
chains may occur partial inclusion in the calixarene cavity and large
pore mesoporous surface also provides adequate pore accessibility for
proteins, thus making protein-SCLX4@LPMS interactions very complex.

In order to evaluate the interaction behavior between SCLX4@LPMS
and protein surface charges in the extraction performance, sample so-
lutions with different pH values were required. Two basic proteins, Cyt c
(pI 10.7) and Lyz (pI 11.0), two neutral proteins, OTF (pI 6.1) and Myo

100
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40

Adsorption rate (%)
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(pI 6.99), two acidic proteins, OVA (pI 4.5) and BSA (pl 4.7) were
employed to evaluate the adsorption performances of SCLX4@LPMS
within pH range of 3.0-10.0 (Fig. 4A). The initial concentration of
proteins in PB buffer solution was marked as cg. After adsorption by
SCLX4@LPMS, the concentration of the analyte in the raffinate was
noted as c;. After desorption, the concentration of the analyte in eluate
was recorded as cy. The adsorption and desorption rates were obtained
by Eq. (1) and Eq. (2), respectively. The recovery of proteins in the
whole process was related to both the adsorption and desorption steps,
which can be calculated as Eq. (3) as follows:

Adsorption rate :Coc;cl x 100% (€8]

0

. 2
Desorption rate =

x 100% (2)
Cy —C1

Recovery rate = adsorption percentage x desorption percentage

=25 100% )
Co

It could be clearly observed that SCLX4@LPMS exhibited higher
adsorption efficiency towards basic proteins than neutral proteins and
acidic proteins at high pH values. With the pH decreased from 10.0 to
4.0, the adsorption efficiency of OTF, Myo, OVA and BSA tended to
increase on the negatively charged adsorbents. This was mainly because
the net protein charge increased with decreasing pH, resulting in
increased adsorption efficiency by negatively charged adsorbents. When
the pH decreased to 3.0, the acidic groups on the surface of
SCLX4@LPMS microspheres tended to be partially protonated. The
lower the pH, the more they were protonated. On the other hand, at
more extremely acidic pH values, proteins were more expanded to so-
called “A state” or “molten globule state” [34]. With increasing elec-
trostatic interactions, partial extension occurred in the protein molecule
surface and fewer proteins molecules could be adsorbed on
SCLX4@LPMS compared to a more compact protein state. Moreover,
interprotein repulsive forces should also be considered and may have a
larger impact on reduction in protein adsorption. Therefore, as pH
decreased, both their negative charges and the adsorption efficiency
decreased. While for basic proteins Cyt ¢ and Lyz, their isoelectric points
were both lower than the maximum investigated pH (pH 10.0). Thus,
they tended to be fully protonated which counterbalanced the effect of
pH on the surface of SCLX4@LPMS and kept high adsorption efficiency
through the whole pH range. Moreover, unlike other acidic or neutral
proteins, OVA exhibited an adsorption rate of more than 50% between
pH 3.0-10.0, which we speculated was due to the fact that OVA was a
glycoprotein containing a large number of glycan groups. The n-n
stacking interaction and hydrogen-bonding between OVA and
SCLX4@LPMS also played an important role in the adsorption process.

100 %B)
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Fig. 4. The protein adsorption efficiencies on SCLX4@LPMS under different pH conditions (A); Ionic strength dependent adsorption efficiencies of Cyt ¢ and Lyz onto

SCLX4@LPMS (B).
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Cyt ¢ and Lyz were used as two model proteins to investigate the
adsorption properties of SCLX4@LPMS for basic proteins in the
following experiments.

The effect of ionic strength on the adsorption efficiency of Cyt ¢ and
Lyz on SCLX4@LPMS was studied by adding different concentrations of
NaCl in the protein solutions while the pH value was fixed to 10.0. As
shown in Fig. 4B, there was a significant reduction in the adsorption rate
of Cyt ¢ and Lyz with the increase of ionic strength from 0.1 mol L™} to
1.5 mol L1, This phenomenon might be explained by two reasons. The
salting-out effect reduced the solubility of protein and led to an increase
in the viscosity of the solution, which limited the mass transfer efficiency
of the extractant surface and proteins. Additionally, high ionic concen-
tration could compete with positively charged proteins and preferen-
tially bring a masking effect on the negatively charged adsorbents, thus
leading to the reduction of adsorption amount of Cyt ¢ and Lyz. More-
over, compared to Cyt c, the adsorption efficiency of Lyz was more easily
to be influenced by the ionic strength. As Lyz has smaller dipole moment
(130) than Cyt c (267), it has more uniform charge distribution and less
protein-protein repulsion, leading to a denser packing of Lyz within the
pores of SCLX4@LPMS [35]. Compared to Cyt ¢ with charge bipolar
distribution on its molecular surface, Lyz was subjected to more elec-
trostatic hindrance when ionic strength increasing. The hydrophobic
interaction between Cyt c and adsorbent was more evident under the
increasing ionic strength, thus its adsorption rate was less changed by
ionic strength. Eventually, the adsorption rate of both proteins was
significantly reduced at high ionic strength (1.5 mol L™} NaCl concen-
tration), which revealed that the electrostatic interaction was still the
main driving force between the two proteins and SCLX4@LPMS.
Non-specific electrostatic interactions also occurred between sulfonated
calixarene and peptide receptors in solution state and the complexation
was essentially driven by electrostatic effects [9], which was consistent
with the interaction between proteins and SCLX4@LPMS. The effect of
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ionic strength also implied that high concentration of NaCl would help
to desorb the adsorbed Lyz and Cyt ¢ from SCLX4@LPMS.

In order to draw the adsorption equilibrium isotherm and evaluate
the adsorption capacity of Cyt c and Lyz on SCLX4@LPMS, a series of Cyt
¢ and Lyz concentrations were carried out. The protein concentrations
ranged from 0.08 to 1.26 mg/mL for Cyt ¢ and 0.15 to 2.0 mg/mL for
Lyz. The adsorption volume and elution volume were both 1.0 mL. The
mass of SCLX4@LPMS and SCLX4@SPMS were both 2.0 mg. The other
experimental steps were performed as described previously. As shown in
Fig. 5A and Fig. 5B, the adsorption capacities of both SCLX4@LPMS and
SCLX4@SPMS adsorbents first increased dramatically and then slightly
with the increase of the initial concentration of Cyt ¢ and Lyz. Langmuir
and Freundich [36] adsorption isotherm models were introduced to
evaluate the adsorption properties.

1 1

=——+ ——— (Langmuir adsorption isotherm model)
qe Gmax KLqmaxCe

1
In g. =—1n ¢, + In K¢ (Freundich adsorption isotherm model)
n

while c. (mg-L™!) is the initial concentration of proteins in aqueous
solution, qe (mg~g’1) and gmax (mg~g’1) are the equilibrium and theo-
retical maximum adsorption capacities, respectively. Ky, is the Langmuir
isotherm constant, Kr and n are the Freundlich isotherm constants. The
Langmuir adsorption isotherm model is used to describe adsorption
process, assuming that the adsorbed layer is a monolayer on the
adsorbent surface. The Freundlich adsorption isotherm model is estab-
lished based on the assumption that the adsorption occurs on hetero-
geneous surface, in other words, the binding sites are inequivalent and
independent [37]. The Langmuir and Freundlich adsorption isotherm
models for adsorption of Cyt ¢ and Lyz were calculated with experi-
mental data (Fig. S6) and the parameters were listed in Table 1. It was
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Fig. 5. The adsorption isotherm of Cyt ¢ (A) and Lyz (B) on the SCLX4@LPMS and SCLX4@SPMS; The effect of adsorption time of Cyt ¢ (C) and Lyz (D) on the
SCLX4@LPMS and SCLX4@SPMS. Sample volume, 1 mL; Solution pH, 10.0; Eluent volume, 1 mL.
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Parameters of Langmuir and Freundlich adsorption isotherm models for adsorption of Lyz and Cyt ¢ on the SCLX4@LPMS and SCLX4@SPMS.

Proteins Adsorbents Langmuir isotherm Freundlich isotherm
Qmax (mg-g ™) Ky R? n Ky R2
Cytc SCLX4@LPMS 363.64 1.73 0.9964 1.69 227.35 0.9594
SCLX4@SPMS 223.71 2.68 0.9826 2.04 167.94 0.8911
Lyz SCLX4@LPMS 166.11 6.43 0.9424 5.06 137.51 0.7468
SCLX4@SPMS 94.61 13.52 0.9877 6.45 88.86 0.9519

obviously that the Langmuir model (R?> = 0.9964 for Cyt ¢ and R? =
0.9424 for Lyz) fitted the experimental data better than the Freundlich
model (R? = 0.9594 for Cyt ¢ and R? = 0.7468 for Lyz) on the
SCLX4@LPMS adsorbents, while the conditions are the same on the
SCLX4@SPMS adsorbents.

Furthermore, the adsorption capacity of SCLX4@LPMS was always
higher than that of SCLX4@SPMS for both Cyt c and Lyz. The theoretical
maximum adsorption capacities calculated by the Langmuir models
were also listed in Table 1. The maximum adsorption capacity ratios for
Cyt ¢ on SCLX4@LPMS (363.64 mg g~ ) and SCLX4@SPMS (223.71 mg
g™} was 1.63, and for Lyz on SCLX4@LPMS (166.11 mg g~) and
SCLX4@SPMS (94.61 mg g_l) was 1.76. Table 2 summarized the per-
formance of some reported adsorbents for both Cyt ¢ and Lyz adsorption
[38-40]. It could be seen that SCLX4@LPMS exhibited excellent
adsorption capacity towards Cyt c¢ and Lyz compared to the
SCLX4@SPMS and these reported adsorbents, which might be ascribed
to the enhanced interaction between SCLX4@LPMS and proteins, by
taking advantage of the combination of the tetrasulfonate calix [4]arene
and large pore mesoporous silica structure. It was worth noting that Lyz
always showed a higher maximum capacity than Cyt c in the reported
literatures of Table 2. The difference in the binding capacity was
considered to be due to the difference in the primary structure and
structural flexibility of the two proteins [41]. However, Cyt c exhibited
an approximate 2.2 times higher maximum capacity than Cyt c for the
SCLX4@LPMS which might be ascribed to the presence of tetrasulfonate
calix [4]arene. The bowl-shaped compound provided a hydrophobic
cavity than that can target the cationic side chains of lysine and arginine
[42]. Lysine recognition was more important given the prevalent roles of
histones (bearing modified lysine) in the regulation of gene expression
[10,33]. The Cyt c possesses 16 lysine and 3 arginine, while Lyz possess
6 lysine and 11 arginine. As lysine had stronger binding affinity with
tetrasulfonate calix [4]arene, the lysine rich protein Cyt c¢ exhibited
higher maximum capacity, which also meant that the hydrophobic
interaction also contributed to the adsorption of Cyt ¢ and Lyz on
SCLX4@LPMS.

Adsorption time was another important factor because it affected the
adsorption performance. The influence of adsorption time of Cyt ¢ and
Lyz was investigated in the range of 1-60 min. Fig. 5C and D revealed
that the extraction capacity increased rapidly with the elapse of time for
the two proteins. The extraction equilibrium of Cyt c¢ could be estab-
lished rapidly in 5 min and Lyz need 10 min to reach the maximum
adsorption. They both remained unchanged with the extension of the
adsorption time up to 60 min, suggesting that the adsorption has
reached equilibrium. Ultimately, the optimal adsorption time was set as

Table 2
Comparison of adsorption capacities of various adsorbents towards both Cyt ¢
and Lyz.

Adsorbents Adsorption capacity (mg-g~1) Ref.

Cytc Lyz
Peptide-HAp 65 115 [38]
PLGA/PSS nanoparticles 103 250 [39]
mesoporous silica-16 37 120 [40]
bimodal mesoporous silica 231 391 [40]
SCLX4@LPMS 364 166 This work

10 min for Cyt ¢ and Lyz.

The SCLX4@LPMS adsorbents also had enrichment effect to Cyt c
and Lyz, and exhibited good recovery performance. 0.1 mg Cyt c and 0.2
mg Lyz were dissolved in 1 mL phosphate buffer (10 mmol L™}, pH =
10.0) for adsorption respectively, and were eluted by 100 pL phosphate
buffer (10 mmol L™}, pH = 10.0) containing 1.5 mol L ! NaCl aqueous.
The recovery solution after 5 times enrichment had 81 + 1% and 86 +
1% recovery rates for Cyt ¢ and Lyz, respectively, which were calculated
by the Eq (4) (The initial concentration of proteins in PB buffer solution
was marked as c(. After enrichment, the concentration of the analyte in
eluate was recorded as c.). Fig. S7 shows the Cyt c and Lyz adsorption
performance for five adsorption-desorption cycles. Nearly no obvious
deterioration on the adsorption efficiencies was observed, suggesting
the favorable reusability of SCLX4@LPMS.

2
10 x ¢o

Recovery rate = x 100% “@

3.3. Selective isolation of Lyz from egg white and Cyt c from pig heart
with SCLX4@LPMS

The SCLX4@LPMS were applied as adsorbents for the selective
isolation Lyz from egg white and Cyt c from pig heart. Specific SDS-
PAGE and real samples preparation methods were described in Sup-
porting Information. As shown in Fig. 6A, there were several clear bands
in Lane 2, which was mainly assigned to OTF (80 kDa), OVA (45 kDa)
and Lyz (14.3 kDa). After processed with SCLX4@LPMS, most of the Lyz
in egg white diluted solution was adsorbed onto the SCLX4@LPMS, and
thus the bands of Lyz became lighter, while the bands of other proteins
were virtually unchanged in Lane 6 and Lane 7. For the recovery solu-
tion (Lane 4 and Lane 5), only one band was observed, which shared the
same position with standard Lyz (Lane 3), demonstrating that selective
isolation of Lyz from real sample was achieved. According to the
adsorption/recovery efficiencies and the Lyz level in egg white, the
content for recovered Lyz from 15-fold diluted egg white sample was
about 240 mg L™}, which was much lower than the concentration level
of Lyz standard used in SDS-PAGE (Lane 3, 500 mg L’l). Therefore, the
intensity of protein bands in Lane 4 or Lane 5 was lighter than that of
Lane 3. The SCLX4@LPMS was also applied as adsorbent for the selec-
tive isolation Cyt c from pig heart. As shown in Fig. 6B, there were
several clear bands in Lane 2, which were attributed mainly to myosin
heavy chain (200.0 kDa), myosin light chain (20.0 kDa, 27.0 kDa), BSA
(66.4 kDa), Myo (16.7 kDa) and Cyt ¢ (13.7 kDa). After adsorption, the
band intensity of Cyt ¢ at 13.7 kDa (Lane 4 and Lane 5) became weaker
than that in Lane 2, while the other protein bands remained virtually
unchanged. After recovering the retained protein from the
SCLX4@LPMS, only a single band was observed at 13.7 kDa (Lane 6 and
Lane 7). As a comparison, the band of 200 mg L™! standard Cyt ¢ so-
lution was given in Lane 3. For further determination, we added 100 mg
L~! standard Cyt c to the pig heart diluted solution as adsorption sample.
As shown in Fig. S8, the color of recovery solution (Lane 6 and Lane 7)
was much stronger compared to the recovery solution (Lane 6 and Lane
7 of Fig. 6B) without standard Cyt c. After SDS-PAGE separation, both
Lane 4 and Lane 6 had protein subunit bands which molecular weights
(Mw) were about 12-15 kDa. To further confirm their specific protein
composition, these band gels were accurately cut off by blades. The
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Fig. 6. SDS-PAGE assay result: Lane 1: protein marker (kDa); Lane 2: 15-fold diluted egg white without pretreatment; Lane 3: Lyz standard of 500 mg L~!; Lane 4 and
Lane 5: Recovered solution from SCLX4@LPMS; Lane 6 and Lane 7: 15-fold diluted egg white after adsorption by SCLX4@LPMS (A). Lane 1: protein marker (kDa);
Lane 2: crude pig heart fraction after pretreatment; Lane 3: Cyt c standard of 200 mg L™'; Lane 4 and Lane 5: crude pig heart fraction after adsorption by
SCLX4@LPMS; Lane 6 and Lane 7: Recovered solution from SCLX4@LPMS (B). Sample volume, 1 mL; Solution pH, 10.0; Eluent volume, 1 mL.

fragments were enzymatically processed to obtain peptides solution,
which could be further analyzed by nanoLC - TripleTOF/MS. Table S4
and Table S5 showed the protein accession, protein name, content ratio
and Mw of detected proteins. In particular, it should be noted that only
relative content ratios rather than absolute contents of different proteins
could be obtained. Proteins of Mw about 12-15 kDa on Lane 4 were
mainly composed by myoglobin, hemoglobin subunit beta, and fatty
acid-binding proteins, while proteins of Mw about 12-15 kDa on Lane 6
were mainly composed by Cyt c. The results demonstrated that the se-
lective isolation of Lyz and Cyt ¢ from real sample have been achieved.

4. Conclusion

In summary, water-soluble tetrasulfonate calix [4]arene modified
large pore mesoporous silica microspheres have been successfully pre-
pared for efficient adsorption Cyt ¢ and Lyz. The adsorbent exhibited
favorable selectivity as well as excellent capturing capacity towards the
adsorption of Cyt c and Lyz via electrostatic interaction and hydrophobic
interaction between the SCLX4@LPMS structure with functional groups
and the amino acids of the two proteins. In addition, it could be applied
as efficient adsorbent for the enrichment/separation of the Cyt ¢ from
pig heart and the Lyz from egg white in the presence of other proteins
and the complex sample matrix components. The study provided an
alternative approach for the development for selective adsorption of
biomacromolecules from complex biological samples and bioanalytical
applications.

Credit author statement

Wei Gao: Investigation, Methodology, Formal analysis, Data cura-
tion, Visualization, Writing - original Draft. Ye Wang: Investigation,
Formal analysis, Data curation, Visualization. Feng Zhang: Methodol-
ogy, Data curation, Visualization. Sen Zhang: Formal analysis, Visual-
ization. Hong-zhen Lian: Conceptualization, Resources, Project
administration, Supervision, Funding acquisition, Writing - review &
editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was supported by the National Key R&D Program of China
(No. 2019YFC1605400), the National Natural Science Foundation of

China (No. 21874065, 21577057, 91643105), and the Natural Science
Foundation of Jiangsu Province (BK20171335).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.talanta.2021.122171.

References

[1] R. Ludwig, Calixarenes in analytical and separation chemistry, Fresenius’ J. Anal.
Chem. 367 (2000) 103-128.

[2] H.J. Schneider, D. Giittes, U. Schneider, Host-guest complexes with water-soluble
macrocyclic polyphenolates including induced fit and simple elements of a proton
pump, J. Am. Chem. Soc. 110 (1988) 6449-6454.

[3] J. Rebek, Host-guest chemistry of calixarene capsules, Chem. Commun. (2000)
637-643.

[4] M. Lee, S.J. Lee, L.H. Jiang, Stimuli-responsive supramolecular nanocapsules from
amphiphilic calixarene assembly, J. Am. Chem. Soc. 126 (2004) 12724-12725.

[5] D. Coquiere, S.L. Gac, U. Darbost, O. Séneque, 1. Jabin, O. Reinaud, Biomimetic and
self-assembled calix[6]arene-based receptors for neutral molecules, Org. Biomol.
Chem. 7 (2009) 2485-2500.

[6] J.M. Notestein, A. Katz, E. Iglesia, Energetics of small molecule and water
complexation in hydrophobic calixarene cavities, Langmuir 22 (2006) 4004-4014.

[7] R.K. Castellano, J. Rebek, Formation of discrete, functional assemblies and
informational polymers through the hydrogen-bonding preferences of calixarene
aryl and sulfonyl tetraureas, J. Am. Chem. Soc. 120 (1998) 3657-3663.

[8] S. Shinkai, K. Araki, T. Matsuda, N. Nishiyama, H. Ikeda, I. Takasu, M. Iwamoto,
NMR and crystallographic studies of a p-sulfonatocalix[4]arene-guest complex,

J. Am. Chem. Soc. 112 (1990) 9053-9058.

[9] N.D. Guével, A.W. Coleman, J.P. Morel, N.M. Desrosiers, Complexation of basic
amino acids by water-soluble calixarene sulphonates as a study of the possible
mechanisms of recognition of calixarene sulphonates by proteins, J. Phys. Org.
Chem. 11 (1998) 693-696.

[10] R.E. McGovern, H. Fernandes, A.R. Khan, N.P. Power, P.B. Crowley, Protein
camouflage in cytochrome c-calixarene complexes, Nat. Chem. 4 (2012) 527-533.

[11] 1. Guven, O. Gezici, M. Bayrakci, M. Morbidelli, Calixarene-immobilized
monolithic cryogels for preparative protein chromatography, J. Chromatogr. A
1558 (2018) 59-68.

[12] M. Keskinates, B. Yilmaz, Y. Ulusu, M. Bayrakei, Electrospinning of novel
calixarene-functionalized PAN and PMMA nanofibers: comparison of fluorescent
protein adsorption performance, Mater. Chem. Phys. 205 (2018) 522-529.

[13] E.M. Cagil, F. Ozcan, S. Ertul, Fabrication of calixarene based protein scaffold by
electrospin coating for tissue engineering, J. Nanosci. Nanotechnol. 18 (2018)
5292-5298.

[14] W. Gao, X.L. Liu, J.Y. Li, H.Z. Lian, L. Mao, One-pot preparation of zwitterionic
sulfoalkylbetaine monolith for rapid and efficient separation of lysozyme from egg
white, J. Pharmaceut. Biomed. Anal. 175 (2019) 112761.

[15] J.Y. Li, Z.M. Cao, Y. Hua, W. Gao, X.Z. Yu, W.B. Shang, H.Z. Lian, Solvothermal
synthesis of novel magnetic nickel based iron oxide nanocomposites for selective
capture of global- and mono-phosphopeptides, Anal. Chem. 92 (2020) 1058-1067.

[16] Y. Yao, J. Dong, M. Dong, F. Liu, Y. Wang, J. Mao, M. Ye, H. Zou, An immobilized
titanium (IV) ion affinity chromatography adsorbent for solid phase extraction of
phosphopeptides for phosphoproteome analysis, J. Chromatogr. A 1498 (2017)
22-28.

[17]1 A.M. Nechifor, A.P. Philipse, F. de Jong, J.P.M. van Duynhoven, R.J.M. Egberink,
D.N. Reinhoudt, Preparation and properties of organic dispersions of monodisperse
silica receptor colloids grafted with calixarene derivatives or alkyl chains,
Langmuir 12 (1996) 3844-3854.


https://doi.org/10.1016/j.talanta.2021.122171
https://doi.org/10.1016/j.talanta.2021.122171
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref1
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref1
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref2
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref2
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref2
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref3
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref3
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref4
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref4
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref5
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref5
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref5
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref6
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref6
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref7
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref7
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref7
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref8
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref8
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref8
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref9
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref9
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref9
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref9
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref10
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref10
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref11
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref11
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref11
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref12
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref12
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref12
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref13
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref13
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref13
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref14
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref14
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref14
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref15
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref15
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref15
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref16
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref16
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref16
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref16
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref17
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref17
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref17
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref17

W. Gao et al.

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

W. Stober, A. Fink, Controlled growth of monodisperse silica spheres in the micron
size range, J. Colloid Interface Sci. 26 (1968) 62-69.

K. Nozawa, H. Gailhanou, L. Raison, P. Panizza, H. Ushiki, E. Sellier, J.P. Delville,
M.H. Delville, Smart control of monodisperse stober silica particles: effect of
reactant addition rate on growth process, Langmuir 21 (2005) 1516-1523.

T.X. Bui, H. Choi, Influence of ionic strength, anions, cations, and natural organic
matter on the adsorption of pharmaceuticals to silica, Chemosphere 80 (2010)
681-686.

M. Manzano, V. Aina, C.O. Arean, F. Balas, V. Cauda, M. Colilla, M.R. Delgado,
M. Vallet-Regi, Studies on MCM-41 mesoporous silica for drug delivery: effect of
particle morphology and amine functionalization, Chem. Eng. J. 137 (2008) 30-37.
J.R. Deka, D. Saikia, Y.S. Lai, C.H. Tsai, W.C. Chang, H.M. Kao, Roles of
nanostructures and carboxylic acid functionalization of ordered cubic mesoporous
silicas in lysozyme immobilization, Macroporous Mesoporous Mater 213 (2015)
150-160.

T. Camli, M. Tuncel, S. Senel, A. Tuncel, Functional, uniform, and macroporous
latex particles: preparation, electron microscopic characterization, and nonspecific
protein adsorption properties, J. Appl. Polym. Sci. 84 (2002) 414-429.

Z. Sun, Y. Deng, J. Wei, D. Gu, B. Tu, D. Zhao, Hierarchically ordered macro-/
mesoporous silica monolith: tuning macropore entrance size for size-selective
adsorption of proteins, Chem. Mater. 23 (2011) 2176-2184.

B.C. Cha, J.H. Jeong, J. Kim, Extra-large pore mesoporous silica nanopartilces
enabling co-delivery of high amounts of protein antigen and toll-like receptor 9
agonist for enhanced cancer vaccine efficacy, ACS Cent. Sci. 4 (2018) 484-492.
A.J. Paine, W. Luymes, J. McNulty, Dispersion polymerization of styrene in polar
solvents. 6. Influence of reaction parameters on particle size and molecular weight
in poly(V-vinylpyrrolidone)-stabilized reactions, Macromolecules 23 (1990)
3104-3109.

B.L. Gong, C.Y. Ke, X.D. Geng, Preparation of weak cation exchange packings based
on monodisperse poly(glycidyl methacrylate-co-ethylene dimethacrylate) beads
and their chromatographic properties, Anal. Bioanal. Chem. 375 (2003) 769-774.
B.L. Gong, C.Y. Ke, X.D. Geng, Synthesis of monodisperse poly
(glycidylmethacrylate-co-ethylene dimethacrylate) beads and their application in
separation of biopolymers, Chin. J. Chem. 22 (2004) 283-289.

H. Xia, G. Wan, J. Zhao, J. Liu, Q. Bai, Preparation and characterization of
monodisperse large-porous silica microspheres as the matrix for protein separation,
J. Chromatogr. A 1471 (2016) 138-144.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Talanta 226 (2021) 122171

J. He, C. Yang, X. Xiong, B. Jiang, Preparation and characterization of
monodisperse porous silica microspheres with controllable morphology and
structure, J. Polym. Sci., Part A: Polym. Chem. 50 (2012) 2889-2897.

S. Shinkai, S. Mori, T. Tsubaki, T. Sone, O. Manabe, New water-soluble host
molecules derived from calix[6]arene, Tetrahedron Lett. 25 (1984) 5315-5318.
L. Memmi, A. Lazar, A. Brioude, V. Ball, A.W. Coleman, Protein-calixarene
interactions: complexation of bovine serum albumin by sulfonatocalix[n]arenes,
Chem. Commun. (2001) 2474-2475.

R.E. McGovern, A.A. McCarthy, P.B. Crowley, Protein assembly mediated by
sulfonatocalix[4]arene, Chem. Commun. 50 (2014) 10412-10415.

K. Ralla, U. Sohling, D. Riechers, C. Kasper, F. Ruf, T. Scheper, Adsorption and
separation of proteins by a smectitic clay mineral, Bioproc. Biosyst. Eng. 33 (2010)
847-861.

J.C. Simoes-Cardoso, H. Kojo, N. Yoshimoto, S. Yamamoto, Microcalorimetric
analysis of the adsorption of lysozyme and cytochrome ¢ onto cation-exchange
chromatography resins: influence of temperature on retention, Langmuir 36 (2020)
3336-3345.

V.K. Gupta, A. Rastogi, Equilibrium and kinetic modelling of cadmium(II)
biosorption by nonliving algal biomass oedogonium sp. from aqueous phase,

J. Hazard Mater. 153 (2008) 759-766.

Z. Ren, X. Zhu, J. Du, D. Kong, N. Wang, Z. Wang, Q. Wang, W. Liu, Q. Li, Z. Zhou,
Facile and green preparation of novel adsorption materials by combining sol-gel
with ion imprinting technology for selective removal of Cu(II) ions from aqueous
solution, Appl. Surf. Sci. 435 (2018) 574-584.

S. Kojima, H. Nakamura, S. Lee, F. Nagata, K. Kato, Hydroxyapatite formation on
self-assembling peptides with differing secondary structures and their selective
adsorption for proteins, J. Mol. Sci. 20 (2019) 4650.

C. Cai, U. Bakowsky, E. Rytting, A.K. Schaper, T. Kissel, Charged nanoparticles as
protein delivery systems: a feasibility study using lysozyme as model protein, Eur.
J. Pharm. Biopharm. 69 (2008) 31-42.

Y. Wang, F. Caruso, Mesoporous silica spheres as supports for enzyme
immobilization and encapsulation, Chem. Mater. 17 (2005) 953-961.

D. Hao, J. Ge, Y. Huang, L. Zhao, G. Ma, Z. Su, Microscopic insight into role of
protein flexibility during ion exchange chromatography by nuclear magnetic
resonance and quartz crystal microbalance approaches, J. Chromatogr. A 1438
(2016) 65-75.

J.M. Alex, M.L. Rennie, S. Volpi, F. Sansone, A. Casnati, P.B. Crowley,
Phosphonated calixarene as a “molecular glue” for protein crystallization, Cryst.
Growth Des. 18 (2018) 2467-2473.


http://refhub.elsevier.com/S0039-9140(21)00092-8/sref18
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref18
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref19
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref19
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref19
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref20
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref20
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref20
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref21
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref21
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref21
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref22
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref22
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref22
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref22
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref23
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref23
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref23
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref24
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref24
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref24
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref25
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref25
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref25
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref26
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref26
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref26
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref26
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref27
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref27
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref27
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref28
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref28
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref28
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref29
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref29
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref29
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref30
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref30
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref30
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref31
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref31
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref32
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref32
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref32
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref33
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref33
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref34
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref34
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref34
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref35
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref35
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref35
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref35
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref36
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref36
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref36
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref37
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref37
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref37
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref37
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref38
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref38
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref38
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref39
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref39
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref39
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref40
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref40
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref41
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref41
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref41
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref41
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref42
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref42
http://refhub.elsevier.com/S0039-9140(21)00092-8/sref42

	Tetrasulfonate calix[4]arene modified large pore mesoporous silica microspheres: Synthesis, characterization, and applicati ...
	1 Introduction
	2 Experimental section
	2.1 Apparatus
	2.2 Reagents and chemicals
	2.3 Preparation of tetrasulfonate calix [4]arene bonded silica
	2.4 Proteins adsorption with SCLX4@LPMS

	3 Results and discussion
	3.1 Fabrication and characterization of SCLX4@LPMS
	3.2 Protein adsorption performance on SCLX4@LPMS
	3.3 Selective isolation of Lyz from egg white and Cyt c from pig heart with SCLX4@LPMS

	4 Conclusion
	Credit author statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References




