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ABSTRACT: A nickel monosubstituted polyoxometalste (POM )/polyaniline orgamice— -
inorganic hybrid SIW,NifPANT was synthesied using the liquid-phase method at room

temperature to achieve the solidification of water-soluble POMs. The SiWy,Ni/PANT |
hybAd was chamotedzed by scanning electron microscopy, themogravimetric analyss, |
Fouder transform infrared spectroscopy, Xeray difraction, and zeta potential. On the basis

[shl Metrics & More |

S, NERANT

of w=x stacking and affinity interaction between the SIW, Ni/PANI hybrid and proteins, | -3.‘.,;3 oy|am
the SWyNi/PANI hybdd showed good adsorption selectivity to hemoglobin (Hb). At | e AR 1;? Rmsx |
pH 7.0, 05 mg of STW , Ni/PANI resubed in an adsorption effidency of 92.4% for 1 mL of | . @ N =

100 pg mL=" Hb. The adsorption behavior of Hb on the surface of the hybdd fited with | %

the Langmuir model, and the mavimum adsorption capacty was 92 mg g~ The | L

adsorbed Hb was eluted by BR (004 mol L™, pH 9), providing a recovery of %4%. | o LI
N/
—y

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis assay results indicated that the ™, -
Hb in human whole blood could selectively be adsorbed by the SiW,Ni/PANI hybrid, -
and the obtained Hb was with high purity. it could expand the application of POMs in life science due to the application of the POM
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hiybrd in protein solation/purification.

B INTRODUCTION
Polyoxometalates (POMs) are a dass of polymetallic coygen
cluster compounds, formed by the former trangtion metal lons
{malnly V¥, Mc®™, and W™) through oxygen lnking, with
excellent redox characteristics, large size, high negative charge,
nudeicity, and thermal stability. Moreover, POMs generally
show a cage structure, which is a better receptor molecule and
can bind with inorganic molecules, organic molecules, or jons
to form the mptmdecuhrcmpmni_"l Therefore, they have
been widely used in many fields, such as drugs, catalyss,
electrochemistry, photochromic, magnetism, and medicne,
and have attracted the attention of researchers*™* Moreover,
the negative electrcity and the cxygen atoms of POMs provide
many effective binding sites for their interaction with proteins,
For example, through electrostatic interactions between the
protein and POMs, the POMs [Cel(a-PW,,0,,),]" of the
Keggin type can selectively hydrolyze lysoryme in egg white,
the POMs of Ze"-substituted Keggin, Wels-Dawson, and
Lindquist types can selectively hydrolyze myoglobin under
mild addic and nentrl conditions. Therefore, the study of
interactions between POMs and different protein molecules
has become an interesting topic "™

However, POMs are well soluble, which make them difficult
to be separated from the solution system and limit their
application in sample pretreatment. Therefore, the immobiliea-
tion of POMs is very practical for broadening their application
in the field of sample pretreatment. In recent years, organic—
inorganic hybrds have promoted the development of
functiomlized materals and have attracted wide attention '™
2002 This Mo Prablisbesd
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A combination of POMs and transition metal complexes will
form an inorganic=organic hybrid combining the advantages
of each component with a complex and attractive structure.”
There are weak intermolecular interactions, including hydro-
gen bonds and anjon—x interactions in POMs, due to many
oxygen atoms of FOMs, which i better for constructing high-
dimensional supramolecular architectures. Many ligands can
be used to build inorganic—organic bybrid materials, for
example, N-heterocydic carboxylic acids, H,FDA (110
phemmhdhe—l,‘)-dtarbn?lic add), and pyridine-2,3-dicar-
boxylic add (2,3-pyde).'’™" POMs possess a wvariable
structure and favomble physical and chemical properties,
such a1 catalytic, photochemical, and electrochemical activ
ity.*" For example, Fashapoyeh's group has reported the first
example of hydrogen evolution reactivity of lanthanide-
substituted Keggin-type pdynmnm?aes under photochem-
ical and electrochemical condiions ™ The inorganic—arganic
functonalized materials can be formed between inorganic
andons and organic lige cations in aqueous sohtion through
electrostatic interaction and layer by layer self-sssembly. Their
structural features such a8 a porous structure and high surface
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Figure L FT-IR (A} and XRD (B) spectra of fSiW,,Ni and SiW ,Nif PANL

area and special surface activity give it potenitial a_)_:giknbm in

3

solid-phase extraction and separation of proteins ™~ Polyani-
line is a polymer compound, with a simple syntheds process,
good chemical and environmental stability, and excellent
optical, electric, and magnetic properties. Moreover, polyani-
line is poody soluble due to its chain rigidity and strong
interchain interaction, which ako lays the foundation for the
synthesis of solid materbal *7 Therefore, the synthess of POM
functionalized materials through the combination of POMs
and polyaniline for isolation and purfication of proteins s
expected to provide effective technical support of protein
separation analysis and theoretical suppornt of sample pretreat-
ment for protecmic analysis and disease analysis.

In the present work, the organic—inorganic hybrid SIW, Nif
PANI is synthesized using the hquid-phase method at room
temperature, and it shows high selectivity for sepamtion and
purfication of hemoglobin (Hb) in human whole Blood as an
adsorbent.

W EXPERIMENTAL SECTION

Materials and Reagents. See detaiks in the Supporting
Informmation

Instruments. See details in the Supporting Infbmnation.

Preparation and Characterization of the SiW, NV
PANI Hybrid. The SiW, Ni/PANI hybrd is prepared by the
following procedure. 6.4 g of f-KS50Wy 04y 14H,0 & added
into ddFL0 (30 mL), and Ni(NO, ), sohution (4 mL, 2 mmal)
is added dropwise to the solution alter FESIW,, 0y 14H,0
dissolved. The reaction is conducted for 10 min under stirring
at 40 *C. After reaction, KCI (2 g) is dissolved into the filtrate,
the mivture is crystallized at 5 °C, and - SW,,Ni is obtained.
The 50, Ni is disolved inte HOl solution (1 mal L=, 30
mlL); then, aniline (093 g) and ammonium perocydisulfate
(23 g) are added into the sbovementioned solition Through
electrostatic interaction, the F-SIW, Ni imerts nto the
polyaniline st the —N= position, and the final product
SiW, Ni/PANT hybdd is successfully prepared after reaction
for 24 b The product is deaned with methanol and ddH,O
and dded under vacoum for 48 b

Protein Adsorption with the SiW,,Ni/PANI Hybrid. In
this experiment, the performance of the STW , Ni/PANT lylbrid
for protein adsorption is evaluated by employing Hb and BSA
as the protein model BR solution (0004 mol L) & used to
adjust the pH walue of the mediom The SMW,Ni/PANT
hybdd (50 mg) and | mL of deonized water are added toa 2

mL centrifige tube. After somication, 100 ul of the suspension
is remowved from the 2 mL centrifuge tube, and the supernatant
is discarded after cemtrfogation Then, the protein solation
(100 pg mL=", 1.0 mL) & added into the shovementoned
centrifuge tube The mivture osdllates for 10 min to Eaclitate
the adsorption process. After centrifugating (6000 rpm, 5 min),
the chamcteristic absorbance of the protein i determined for
deducing the contents of residual proteins in the supernatant
using a U-3900 UV=vis spectrophotameter.

Then, the BR solution (0104 mal L=!, pH = 9) & adopred as
a stripping reagent for eluting the adsorbed protein by
SIWyNI/PANL BR sclution (L0 mL) is mived with the
SIW NI /PANT hybrid, and the mixture is vibrated for 10 min
ta facilitate recovery of the adsorbed protein from the surface
of the SIW, Ni/PANT hybrid. The supermatant after
centrifugation at 000 mpm for 5 min is collected for the
following study.

B RESULTS AND DISCUSSION

Preparation and Characteristics of the SiW,,MNi/PANI
Hyhbrid. The Fourier transform infrared spectroscopy (FT-IR)
spectrum results of S0, NI and SIW, Ni/PANT in Fgure
LA show that four charmaedstic bands of the POM structure
are identified at 800, 880, 951, and 993 em~', which
demonstrates that F-SIW) NI has been inserted into the
framewordk of polyaniline. In the meantime, it & olviowsly
observed that the bands of polyaniline at 1139, 1300, 1484,
and 1565 cm™" belong to vibration of berzoquinone stretching
vibrations of C=N, stretching vibrations of phenyl ring modes,
and the absorption of quinold stroctures, respectively, which
demenstrate the formation of the SMW,Ni/PANT hybrid
Figure 1B shows X-ray difaction (XRD) spectra of f-50W, Ni
and SIW NI PANT It is seen that the distinct diffraction peaks
at 28 = TE®, 186°, 25° 20°, and 346" are observed in the
XRD spectra of prepared f-8W, NI After aniline doping, a
diffraction peak is observed at 28 = 76°, and the diffraction
peaks of S50, Ni are not present in the XRD spectra of the
SIW, Ni/PANT hybrid. Moreover, the difffaction figure of
SIW N PANT is completely different from that of F-SiW, NI,
indicating that the new hybrid is prepared after aniline doping
and it is not a mechanical miving of the reactive substances.
The diffraction peak of SIWyNYPANT indicates that the
prepared SIW, NiPANT hybrid is non-stereatype powder.

The thermogravimetdc analyss (TG) result of the SIW,, Nif
PANI hybrid is shown in Figure 24 The result indicates that
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Figure 2. TG result (A) and zeta potential (B) of $iW,,Ni/PANL

there are three weightlessness stages along with the temper- PANI hybrid. First, the effect of pH on adsorption effidency of
ature increase between 25 and 900 °C. The first weightlessness proteins on the surface of the SIW, Ni PANI & studied, and
is observed between 25 and 100 °C due to the loss of crystal the results are shown in Figure 4A It is seen that the
water. Another weightlessness is followed between 100 and adsorption efficiency of Hb and BSA fist increases and then
520 °C which is surely attributed to the decomposition of the decreases. The madmum adsorption effidency is obtained
PANI framework in the hybrid. With the temperature being when the pH is at the isoelectric point (pl) ofa protein. When
further increased to 900 °C, the third weightlessness is the pH approaches to the pl of a protein, hydrogen bonds
obtained due to decomposition of the POMs. The zeta between the hybrid and protein are the main driving force to
potential of the SIWy,Ni/PANI hybrd is shown in Figure 2B. prompt protein adsorption to the surface of the hybrid. When
The hybrid is negatively charged at pH 4-8. the pH is below the plI of a protein, the protonation of O and

The scanning electron microscopy (SEM) images of fi-  NH, on the surface of the hybrd is detrimental to form
SiW,Ni and SiW,,Ni/PANI are shown in Figure 3, and the hydrogen bonds, so adsorption efficdency of proteins decreases.
results reveal that f5-SiW, Ni exhibits a block structure and the However, when pH is higher than pl of a protein, the hybrid
prepared SIW,Ni/PANI & a hybrid stacked by multiple and the protein are both negatively charged, and the
particles with 3 smooth surfice and micron size. electrostatic repubion causes a decrease in adsorption
efficiency.

The adsorption effidency of the SiW,,Ni PANI hybrd is
924 and 5.7% for Hb and BSA, respectively, which {llustrates a
favorable selectivity toward Hb at pH 7. Hb is a globular
protein with two kinds of existence forms, that is, loose
oxygenation form and tight deoxygenation form. With
increasing pH, Hb molecules could bind oxygen molecules,
which makes the structure of Hb change into an oxygenation
Figure 3. SEM images of SW,,Ni (A) and SiW,,Ni/PANI (B, C). form, and Fe** in heme enters the porphyrin ring to form a
plnar structure. Meanwhile, the position of the histidine

Protein Adsorption by the SiW,,Ni/PANI Hybrid. resddue changes, which makes the structure of Hb become
Albumin (BSA, pI 5) and Hb (pI 7) are used as protein loose.™ When the pH approaches to pl of Hb, the Hb residuves
modelks to investigate the adsorption properties of the Siw, Ni are better exposed and the affinity interactions between the
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Figure 4. Effect of pH (A) and adsorption time (B) on adsorption efficiencies of protei to the surface of the $iW,,Ni/PANI hybrid. Amount of
the SiW,,Ni/PANI hybrid: 0.5 mg and protein: 100 yg mL™, 1 mL.
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exposed histidine residues and the nickel jons on the hybrid
and the 7—x interactions between the porphyrin fng and the
hybrd promote Hb adsorption to the surface of the lylrid.
However, due to the framework structure of BSA without the
heme group, the afinity interactions and F—x interactions
between the hybad and BSA are much weaker than those of
Hb. Therefore, inferior adsorption capability s obtained at pH
T

In order to make the protein more completely adsorbed on
the surface of the hybrid and make the adsorption process
reach equilibrium, the effect of the adsorption time on
adsorption effidency of Hb is studied The results are shown
in Figure 4B. It is seen that adsorption efficiency of Hb
gradually increases with the increase in time. The adsorption
effidency of Hb reaches the maximum at an adsormption time of
10 min, and the further increase in adsorption time has litte
effect on adsorption efficiency of Hb.

Adsorption Isotherm of Proteins and Recovery of
Retained Proteins. To investigate adsormption behavior of Hb
on the sudace of the SIW, Ni/PANI hybrd, a series of Hb
solutions with different concentrations are treated with the
hybrd After adsorption, the content of Hb in the supernmatant
is quantified, and dynamic adsorption isotherm of Hb i
obtained, & shown in Figure 5, by dedving IgG adsorption

Adsorbed protein (mg g')
F 5§ § 858828

" L 1
SO0 [[EE 1500 200 0 2500
Protein concentration (g mL™)

Figure 5 Adsorption isotherm for Hb on the 5iW,, Ni/ PANI hybrd.
Volume of Hb solution: 1.0 mL, pH 7.0; adsorption time: 10 min; and
amount of SiW Ni/PANI hybnd: 0.5 mg.

capadity from the following equation, where K (,ug mL=t)
attributes to the equilibdum constant, Q__ (mg g=') is the
theoretical maximum adsorption capacity, C, (mg mL™")
represents the equilibrium concentration, and ( (mg ¢~') &
the adsorption capacity.

By fitting the data into the abovementioned equation, the
theoretical madmum adsorption capacity of Hb is concluded
to be 8920 mg ¢!, and adsorption behaviors of Hb fit well
with the Langmisr model

For subsequent biological analysis and studies, the adsorbed
protein on the SIW, Ni/PANI hybad surface needs to be
eluted into agueows medium wsing stripping reagents.
According to Figure 44, the adsomption efficiency of Hb &
low under acidic and alkaline condiions. Therefore, the acidic
or alkaline buffer solution may be chosen as stripping reagents.
For this purpose, the recovery of Hb from the surface of
SW Ni/PANT is investigated using different stripping
reagents, which includes NaCl (0.1 mol L"), BR buffer
(004 mol L=, pH 4, 9), sodium dodecyl sulfate (SDS) (0.1

226386

mol L™, and so on. The results in Figure 6 indicated that BR
buffer (004 mal L=, pH 9) offers fwvorable recoveries of 94%
for Hb, while other stripping reagents mentioned lead to
virtually no recovery of adsorbed Hb.
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Figure 6. Elution efficiency of Hb wing different kinds of stripping
reagents. Volume of Hb solution: 1.0 mL, pH 7.0 adsorption time: 10
min; amount of S7W, Ni/PANL hybrid: 0.5 mg.

Isolation of Proteins from Human Whole Blood. The
practicability of the SiW,,Ni/PANI hybrid is investigated by
separation and purification of Hb in human whaole blood. In
practice, human whole blood is diluted 100 times, and the pH
value of solution is adjusted to 7. Subsequently, the sample
solution is added into the hybrid following the process
described in the Experdmental Section. The adsorbed Hb is
eluted by BR buffer solution (0.04 mol L™, pH 9) for the
following analysds of SDS-PAGE asay, and the results are
shown in Figure 7. The protein bands in human whole blood

n L] © d *

Figure 7. SDSPAGE assmy resubs. Lane 2, molecular weight
standards (Marker in kDa); Lane b, 100-fold diluted human whole
blood; Lane <, 10d-fold diluted human whole blood adsorbed by the
S5iW NifPANI hybrid; Lane d, collected Hb by eluting with BR
buffer (0.4 mol L™, pH 9); Lane e, Hb standard (100 g mL™").

(Lane b) mainly correspond to Hb (14.3 kDa) and HSA (664
kD). After eluting adsorbed proteins from the hybrid, Lane 5
shows the protein profile in the supermatant where only a
single band appears at 14.3 kDa (Lane d) consistent with Hh.
Lane e shows the band of standard Hb (100 pg mL™") solution
for comparson. The abovementioned result indicates that Hb
in human whole blood could be effectively separated and
purified using the SIW, NifPANI hybrid as the adsorbent.

B CONCLUSIONS
The organic—inorganic hybrd SiW, Ni/PANI is syntheszed
using the lquid-phase method at room temperature. In the

o ek eI 2 e g 1) 10
ACS fmegs 202, T, 20633-2858



ACS Omega

httpd/pubsacs org/journalaciodf

experiment, the SiW,Ni/PANI hybrd shows excellent
adsorption selectivity toward Hb according to the affinity
interactions and A—x interactions. Therefore, a new method
for wolating Hb is established, and solation of Hb in buman
whole blood is realized with high pority, which further
broadens the applicaion of POMs in sample pretreatment
and provides a method for bio-macromolecules, especially
proteins with highly selective isclation and purification from
complex biclogical samples a5 an altemative to other nonmild
proceses,
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