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A porous nano-adsorbent with dual functional
groups for selective binding proteins with a low
detection limit

Xueyan Zou,*" Yu Zhang,® Jingiu Yuan,® Zhibo Wang,? Rui Zeng,® Kun Li,°
Yanbao Zhao*?*f and Zhijun Zhang & *2<f

In this study, porous silica nanoparticles functionalized with a thiol group (SiO,—-SH NPs) were synthesized
via a one-pot method. Subsequently, iminodiacetic acid was modified, and further adsorption of Ni2* ions
was conducted to obtain a SiO,—S/NH-Ni nano-adsorbent. Then, transmission electron microscopy (TEM),
scanning electron microscopy (SEM), Fourier transform infrared (FT-IR) spectroscopy, thermogravimetric
analysis (TG) and X-ray diffraction (XRD) were employed to characterize its morphology and
composition. The results indicate that the SiO,—S/NH-Ni nano-adsorbent is porous, has an average
diameter of 77.1 nm and has a small porous structure of about 3.7 nm in the silica skeleton. The
Brunauer—Emmett—Teller (BET) surface area and total pore volume were 537.2 m? gtand 33 cm® g
respectively, indicating a large BET surface area. The results indicate that the as-prepared SiO,—S/NH-Ni
nano-adsorbent would be suitable to selectively and efficiently bind His-tagged proteins from an E. coli
cell lysate. The SDS-PAGE results show that the as-prepared nano-adsorbent presents specifically to
both His-tagged CPK4 and His-tagged TRX proteins, indicating the nano-adsorbent can be used to
effectively separate His-tagged proteins and is universal to all His-tagged fusion proteins. We also found
that the as-prepared nano-adsorbent exhibits a low detection limit (1.0 x 10~7 mol L™ and a strong
regeneration ability based on four regeneration experiments that were particularly suited to the
separation of His-tagged proteins.

Introduction

Proteins play a variety of crucial roles in organisms, and the
enrichment and purification of proteins, particularly low-
abundance proteins, are currently hot topics."® Histidine is
a semi essential amino acid for humans that constitutes the
proteins of the body. It has a very wide range of applications,
such as in food, medicine and other fields.”*® Furthermore,
biotechnologies nowadays have enabled proteins to easily
express with a tag, and numerous protein-purification methods
are based on the specific interactions between immobilized
ligands and affinity tags."*'®* Among affinity tags, histidine tags
are particularly popular as they can be readily incorporated into
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desired proteins by the expression of the target gene in micro-
organism cells using commercial expression vectors.'”'®
Therefore, the easy separation and purification of His-tagged
proteins are very important in biology and medicine.

Recently, metal-chelate affinity precipitation has been
employed to separate His-tagged recombinant proteins based
on the interactions between metal ions (Ni**, Cu®*, Zn>" and so
on) and the histidine residues exposed on the surface of the
proteins.”®?* Although metal-chelate affinity precipitation is
easily adaptable to any protein expression system, there are
some limits to using this method, such as a requirement for
pretreatment, solvent consumption, and protein solubility.>***

With the development of nanotechnology, nanomaterials are
used in many fields, such as protein purification, environ-
mental treatment, targeted drugs and so on.*** However, the
major limitations of current nanomaterial systems are the
detection limit and poor regeneration ability, which leads to low
purification efficiency. In this study, porous silica with dual
functional groups (-SH and -NH, groups) was employed as an
adsorbent to separate His-tagged proteins. This material can
provide a larger surface area, comparable to solid particles, and
improve the separation capacity. The as-prepared nano-
adsorbent can be used to directly separate His-tagged proteins
from the E. coli lysate.

This journal is © The Royal Society of Chemistry 2020
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Results and discussion

Fig. 1 shows the SEM (a) and TEM (b) images of the as-
synthesized SiO,-S/NH-Ni sample. It can be seen in Fig. 1a
that the main products were spherical in shape and presented
uniform spheres. Moreover, we could see that the as-prepared
SiO,-S/NH-Ni sample displayed a narrow size distribution
and had an average diameter of 77.1 nm (Fig. 1c). Evidently, the
surfaces of these nanospheres were rough, which may be due to
the oriented growth and crystallinity.>” As shown in Fig. 1b, the
obtained SiO,-S/NH-Ni sample displays a small porous struc-
ture, with about 3.7 nm, in the silica skeleton.

Fig. 2a shows the FT-IR absorption spectra of the as-prepared
SiO,-SH NPs (curve 1) and SiO,-SH/NH, NPs (curve 2). In the
FT-IR spectra, the peak at 3430 cm ™ is attributed to the ~OH
stretching vibration of porous silica spheres. The peaks at
around 1105, 807 and 471 cm ™" were due to Si-O-Si stretching
vibrations. The strong peaks at 2939 and 2836 cm™ ' belong to
the stretching vibrations of the -CH,- bonds in MPS, which
indicates the presence of -SH in the SiO,-SH NPs (Fig. 2a curve
1). It is clear that the curve of the SiO,-SH/NH, NPs is very
similar to that of the SiO,-SH NPs, which indicates that the
main component of SiO,-SH/NH, NPs is SiO,. The presence of
the N-H bending vibration at around 695 cm ™" confirms the
incorporation of the imino group of IDA.*

Fig. 2b shows the TG curve of the SiO,-SH/NH, NPs. It can be
seen that the sample displays successive weight loss from room
temperature to 850 °C. The initial mass loss below 250 °C can be
attributed to the desorption of adsorbed water from the surface
of the sample powder, and the following mass loss was related
to the further release of the inner adsorbed or crystal water
(total mass loss 25%). The major mass loss (about 15.5%) took
place in the range of 250-600 °C, which might be attributed to
the thermal decomposition of the -SH and -NH, groups of the
as-prepared SiO,-SH/NH, NPs. This indicates that there are two
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Fig.1 SEM (a), TEM (b) images and distribution histogram (c) of the as-
prepared SiO,—S/NH-Ni NPs.
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groups (-SH and -NH,) on the surface of the as-synthesized
NPs. Fig. 2c shows the XRD pattern of the as-prepared SiO,-
SH/NH, NPs. The XRD pattern exhibits an obvious broad
diffraction peak at around 23°, which was indexed to the scat-
tering of amorphous SiO, (JCPDS 76-0933).*°

The surface and pore properties of the as-prepared SiO,-SH/
NH, NPs was examined via N, sorption, as shown in Fig. 3. It
can be seen in Fig. 3a that the N, adsorption-desorption
isotherms are characteristic of type IV curves with the H4
hysteresis loop in the relative-pressure range of 0.04-0.3, which
indicates the presence of well-defined mesoporous structures
with narrow slit-like pores.*"** It can be seen that the pore size
distributions calculated using the BJH method were 3.3 and
3.7 nm (Fig. 3b). Moreover, the Brunauer-Emmett-Teller (BET)
surface area and total pore volume were 537.2 m> g ' and 3.3
em® g, respectively, which represents a large BET surface area
that is suitable for separating proteins.

Fig. 4 shows a scheme of the preparation of the SiO,-S/NH-
Ni nano-adsorbent and their separation of His-tagged proteins.
It can be seen that there are three steps required to synthesize
the SiO,-S/NH-Ni nano-adsorbent. First, SiO,-SH was prepared
by the hydrolysis of TEOS and MPS via a one-pot method.
Second, the IDA molecules were modified on the surfaces of the
SiO0,-SH NPs. Third, the SiO,-S/NH-Ni nano-adsorbent was
obtained by chelating Ni**. Then, the nano-adsorbent can be
used to separate His-tagged proteins from the E. coli lysate, and
the obtained SiO,-S/NH-Ni/His-tagged proteins can be eluted
by imidazole. Subsequently, the His-tagged proteins can be
obtained, and the remaining SiO,-S/NH-Ni nano-adsorbent
could be reused by regeneration with EDTA and NiCl, solu-
tions. The results show that the as-prepared SiO,-S/NH-Ni
nano-adsorbent has a strong regeneration ability, particularly
suited to the separation of the His-tagged fusion proteins.

To estimate the separation effect of the as-prepared samples,
SDS-PAGE was employed as a general method for assessing the
target proteins. Fig. 5 shows the SDS-PAGE analysis of His-
tagged proteins that were purified by the SiO,-S/NH-Ni nano-
adsorbent. Lanes 1-4 contain the fractions washed off from
the SiO,—S/NH-Ni nano-adsorbent with different amounts of
imidazole (lane 1, 0.5 mol L™'; lane 2, 1 mol L™ lane 3,
2 mol L™%; lane 4, 3 mol L™ ). Lane 5 contains the marker, and
lane 6 contains the E. coli lysate. It was been found that the
SiO,-S/NH-Ni nano-adsorbent could efficiently enrich target
proteins from cell lysate. By changing the concentration of
imidazole (0.5-3 mol L") and keeping the others unchanged,
the quantity of disassociated proteins remained basically the
same with increment in the concentration of imidazole (Fig. 5
lane 1-4), so 0.5 mol L™ " imidazole was used in subsequent
experiments.

Keeping the imidazole concentration constant (0.5 mol L™ %),
the effect of the concentration of the target proteins was
investigated, as shown in Fig. 5. The concentrations in the lanes
7-10 are as follows: lane 7, 1.0 x 10~* mol L™; lane 8, 1.0 x
10~° mol L™%; lane 9, 1.0 x 10~° mol L™%; lane 10, 1.0 x
1077 mol L% lane 11, 1.0 x 102 mol L™'. When the concen-
trations of the TRX proteins were 1.0 x 10, 1.0 x 107>, 1.0 x
107° 1.0 x 1077 and 1.0 x 10 % mol L, the target proteins
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Fig. 2 FT-IR spectrum (a), TG curve (b) and XRD pattern (c) of the SiO

could be detected effectively by the as-prepared SiO,-S/NH-Ni
nano-adsorbent, which shows that the samples can be used to
detect target proteins with a detection limit lower than 1.0 x
10" mol L™ ™.

In order to investigate the reusability properties of the as-
prepared SiO,-S/NH-Ni nano-adsorbent, we separated the
target proteins four times. Fig. 6 shows the SDS-PAGE for the
four recycling times using lane 1, Ni-NTA agarose; lane 2,
marker; lane 3, His-tagged TRX E. coli lysate; lane 5, 1°'; lane 6,
274 lane 7, 3™ lane 8, 4. The adsorbent could be repeatedly
used in the experiment if it was treated with EDTA and NiCl, as
needed. It can be seen that the specificity and affinity of the
SiO,-S/NH-Ni nano-adsorbent remained unaffected after four
recycling times. The binding capacities of the target protein
were 9.8, 9.8, 9.6 and 9.2 mmol g~ .

»—SH/NH, NPs.

In order to verify the universality of the SiO,-S/NH-Ni nano-
adsorbent, we used the adsorbent to separate His-tagged Ca>"-
dependent protein kinase 4 (His-tagged CPK4) proteins from
the E. coli lysate, as shown in Fig. 6. The lanes are as follow: lane
3, His-tagged TRX E. coli lysate; lane 4, His-tagged CPK4 E. coli
lysate; lane 9, His-tagged TRX separated by the SiO,-S/NH-Ni
nano-adsorbent; lane 10, His-tagged CPK4 separated by the
SiO,-S/NH-Ni nano-adsorbent. It is clear that the His-tagged
CPK4 proteins could be separated specifically from the E. coli
lysate, and there was no nonspecific binding. These results
indicate that the as-prepared SiO,-S/NH-Ni nano-adsorbent
could be used effectively in His-tagged protein affinity separa-
tion or purification, and it is universally applicable to all His-
tagged fusion proteins. These results are due to the Ni of the
as-prepared SiO,-S/NH-Ni nano-adsorbent being specific to
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Fig. 3 N, adsorption—desorption isotherm (a) and the pore size distribution (b) of the SiO,—S/NH-Ni NPs.
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Fig. 4 Scheme for the preparation of the SiO,—S/NH-Ni samples and their separation of His-tagged proteins.

histidine and the specific binding being independent of the from Alfa-Aesar. Hexadecyl-trimethylammonium bromide (CTAB)
type of fusion proteins. was from Sinopharm Chemicals. Triethanolamine (TEA), ethylene
diamine tetraacetic acid (denoted as EDTA), absolute alcohol and
aqueous ammonia (28 wt%) were purchased from Tianjin Kermel

Experimental Chemicals.

Material . . .
atenals Synthesis of the SiO,-S/NH-Ni nano-adsorbent

Ni-NTA agarose was purchased from QIAGEN. Phosphate buffer
saline solutions (abridged as PBS; concentration 0.1 mol L™, pH =
8.0; concentration 0.01 mol L™, pH = 7.4) were purchased from
Sigma-Aldrich, America. 3-Glycidyloxy-propyltrimethoxysilane
(GPTMS) and iminodiacetic acid (IDA) were purchased from
Aladdin. Tetraethyl orthosilicate (TEOS) was from Tianjin Fuchen
Chemicals. 3-Mercaptopropyltrimethoxysilane (MPS) was supplied

In a typical synthesis, 93.75 pmol of CTAB was added into 19 mL
of an ethanol solution (v(CH;CH,OH)/v(H,0) = 6 : 1) and stir-
red for a few minutes. Then, 1.1 mL of TEA was also added into

Fig. 5 SDS-PAGE analysis of His-tagged proteins separated by the Fig.6 SDS-PAGE analysis of His-tagged proteins separated by the as-
SiO,—S/NH-Ni nano-adsorbent. prepared SiO,—S/NH-Ni nano-adsorbent.

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 23270-23275 | 23273
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the above solution. Subsequently, 1.54 mL of the mixed solution
of TEOS and MPS (v/v = 10: 1) was dropped slowly into the
above solution at 60 °C (28 pL s~ ') and reacted for 3 h. Then, the
precipitate was treated with an ethanol-HCI solution for 12 h to
remove the CTAB template and was then washed with deionized
water three times and dried for 48 h at 60 °C to obtain SiO,-SH
NPs.

Then, 20 mL of an IDA solution (0.085 g mL ™", pH = 11) was
added into a flask, and the solution was kept at 0 °C in an ice-
bath. Then, 2 mL of GPTMS was added under stirring condi-
tions, and the mixture was reacted at 65 °C for 12 h. Subse-
quently, 0.2 g of SiO,-SH NPs was dispersed in 6 mL of the
GPTMS-IDA solution (pH = 2), and the suspension was sus-
tained at 90 °C for 3 h. Finally, the suspension was centrifuged,
washed and dried to get SiO,-SH/NH, NPs. For chelating the
Ni** ions, 5 mg of SiO,-SH/NH, NPs was dispersed in 50 mL of
a 0.2 mol L™* NiCl, solution and reacted at 25 °C for 24 h. Then,
the SiO,-S/NH-Ni nano-adsorbent was washed by deionized
water for several times and stored at 4 °C.

Affinity separation of His-tagged proteins

After being washed with a 0.02 mol L™" Tris-HCI binding buffer
three times, the SiO,-S/NH-Ni nano-adsorbent was dispersed
directly into 1 mL of E. coli lysate and shaken for 2 h at a rotation
speed of 70 rpm at 4 °C. Then, the SiO,-S/NH-Ni nano-
adsorbent with the captured His-tagged proteins was washed
with Tris-HCIl buffer three times to remove any residual
uncaptured proteins. Finally, the SiO,-S/NH-Ni
adsorbent with the captured His-tagged proteins was eluted
with 0.3 mL of 0.05 mol L™ imidazole solution. The SiO,-S/NH-
Ni nano-adsorbent can be recovered and reused by washing
sequentially with 0.1 mol L™' EDTA and 0.2 mol L™" NiCl,
solutions.

nano-

Characterization

Transmission electron microscopy (TEM, JEM-2010), scanning
electron microscopy (SEM, JSM 5600LV), Fourier transform
infrared spectroscopy (FT-IR, AVATAR360) and thermogravi-
metric analysis (TG, EXSTAR 6000) were employed to detect the
morphology and composition of the as-prepared nano-
materials. The surface area was measured via the Brunauer-
Emmett-Teller method (BET, QUADRASORB). The separated
His-tagged proteins were detected with sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE, Power PAC 300).
The concentration of the target proteins was analyzed at 280 nm
on a UV-Vis spectrophotometer (UV-Vis, nanodrop 2000c).

Conclusions

In this study, thiol-functionalized porous silica nanoparticles
were synthesized via a one-pot method. Then, the SiO,-SH NPs
were further modified by iminodiacetic acid and chelating Ni**
ions to get the porous affinity absorbent, which could then be
applied to separate His-tagged proteins. The results showed
that the as-prepared absorbent had good specificity and
regeneration ability for use with His-tagged fusion proteins.

23274 | RSC Adv, 2020, 10, 23270-23275
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Moreover, the SiO,-SH NP absorbent had high sensitivity to
His-tagged proteins, and the detection limit for the target
proteins was lower than 1.0 x 10~” mol L™,
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