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a  b  s  t  r  a  c  t

In  this  study,  Co3O4 nanopolyhedrons,  nanocubes,  nanoplates  and  nanorods  were  synthesized  and  char-
acterized.  Furthermore,  the  peroxidase-  and  catalase-like  activities  of  these  Co3O4 nanoparticles  (NPs)
were  studied  and  influence  of  the  exposed  crystal  planes  was  explored.  According  to  their  morphology  and
peroxidase-like  activity,  dimercaptosuccinic  acid  (DMSA)  modified  Co3O4 nanopolyhedrons  synthesized
via  coprecipitation  method  (Co3O4 NHs)  were  selected  as  a proper  candidate  for the  immunohistochem-
eywords:
o3O4 nanoparticles
eroxidase
rystal plane
is-Tag

mmunohistochemistry

ical  (IHC)  detection  of  epidermal  growth  factor  receptor  (EGFR)  expression  in  non-small  cell lung  cancer
(NSCLC)  tissues.  Bivalent  cobalt  ions  were  coupled  to the  carboxyls  on  the surface  of  the  obtained  Co3O4

NHs  so  as  to  chelate  the  hexahistidine  residues  (His-Tags)  at the  C-terminal  of  EGFR  single-domain  anti-
bodies  (EGFR  sdAbs).  Finally,  the as-obtained  EGFR  sdAbs-binding  Co3O4 NHs  (Co3O4 nanoprobes)  were
successfully  applied  to  the  detection  of EGFR  expression  in NSCLC  tissues.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nowadays with the rapid development of the synthesis and
haracterization techniques, nano-catalysts are no longer consid-
red simply as the stack of inorganic crystals, instead, the catalytic
ctivity and specificity are being researched at the layer of atomic
evel and crystal structure [1–9]. Bratlie et al. [1] reported the
tructure-dependent surface chemistry of benzene hydrogena-
ion on Pt (100) and Pt (111) single-crystal surfaces, the former
atalyzed only the formation of cyclohexane while the latter con-
ributed to cyclohexene production besides cyclohexane. Tian et al.
2] found that in the electro-oxidation processes of small organic

uels such as formic acid and ethanol, platinum nanoparticles
PtNPs) with high-index facets including (730), (210) and (520)
xhibited higher catalytic activity than PtNPs with stable facets

∗ Corresponding authors at: State Key Laboratory of Bioelectronics, Jiangsu Key
aboratory for Biomaterials and Devices, School of Biological Science and Medical
ngineering, Southeast University, Nanjing 210096, PR China.

E-mail addresses: guning@seu.edu.cn (N. Gu), zhangyu@seu.edu.cn (Y. Zhang).
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927-7765/© 2017 Elsevier B.V. All rights reserved.
such as (111), (100) and (110). Narayanan et al. [3] studied the
electron-transfer reaction between hexacyanoferrate(III) ions and
thiosulfate ions in colloidal solutions mainly containing tetrahe-
dral, cubic or near spherical PtNPs as catalysts. The results show
that the catalytic activity of these PtNPs hinges on the fraction of Pt
atoms located at corners and edges of each surface. Besides PtNPs,
studies on the relationship of crystal facets exposure and the cat-
alytic activity of all kinds of nanoparticles (NPs) have also been
presented [4–8].

As a kind of p-type semiconductor material, Co3O4 continues
to be of great interest due to its excellent physical and chemical
properties, which have been extensively exploited in the areas of
magnetics, photology, electronics and catalysis [10,11]. Our previ-
ous study [12] indicated that Co3+ plays the chief role in the catalytic
behavior of Co3O4 NPs. In this study, the relationship between the
catalytic activity of Co3O4 NPs and the exposed crystal planes con-
taining different density of Co3+ was  discussed. For this, Co3O4
nanoplates, nanopolyhedrons, nanorods and nanocubes with dif-

ferent exposed crystal faces were selectively synthesized and their
peroxidase- and catalase-like activities were investigated.

Contrast to conventional VH (variable domains of heavy chain)-
VL (variable domains of light chain) paired antibody, single-domain

dx.doi.org/10.1016/j.colsurfb.2017.02.034
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ntibody (sdAb) has some advantages including enhanced stability,
educed size, improved solubility, facile structure variations, abil-
ty of recognizing small hidden antigenic sites, enzyme inhibition,
igher production yield, shorter serum half-life and lower immuno-
enicity [13–17]. In our study, an antibody conjugation method was
eveloped taking use of the chelation between the hexahistidine
esidues (His-Tags) at the C-terminus of epidermal growth factor
eceptor (EGFR) sdAbs and divalent cobalt ions coated on the sur-
ace of Co3O4 NPs. Finally, the obtained Co3O4 nanoprobes were
pplied on the immunohistochemistry (IHC) detection of EGFR
xpression of non-small cell lung cancer (NSCLC) tissues.

. Experimental section

.1. Reagents and materials

All chemicals used in the experiment were analytical
rade reagent and were used as received. 2, 2′-azinobis
3-ethylbenzo-thiozoline) −6-sulfonic acid (ABTS), 3, 3′, 5, 5′-
etramethylbenzidine (TMB) and 30% H2O2 were obtained from
igma-Aldrich. Dimethyl sulfoxide (DMSO), glacial acetic acid,
nhydrous sodium acetate, sodium hydroxide, ethanol, glycol
nd acetone were purchased from Sinopharm Chemical Reagent
o., Ltd. Cobalt(II) nitrate (Co(NO3)2·6H2O) and oleylamine were
btained from Aladdin Co. Ltd. 5-Cl-PADAB was brought from
okyo Chemical Industry Co., Ltd. Urea (CO(NH2)2) was  brought
rom Xilong Chemical Co., Ltd. Ammonia water, dimercaptosuccinic
cid (DMSA), sodium dodecyl benzene sulfonate (SDBS), citric acid,
lacial acetic acid, boric acid, anhydrous sodium sulfate, sodium
etraborate and octanol were reagents from Shanghai Ling Feng
hemical Reagent Co., Ltd. Hydrochloric acid was  produced by
anjing Chemical Reagent Co., Ltd. Albumin bovine (BSA) was
btained from Nanjing Bookman Biotechnology Co., Ltd. Hema-
oxylin, pepsin and Diaminobenzidine (DAB) were produced by
uzhou Maixin Biotechnology Development Co., Ltd. BCA Protein
ssay Kit was produced by KeyGEN BioTECH Co., Ltd. Deionized
ater used throughout all experiments was purified with the Mil-

ipore system.

.2. Synthesis of Co3O4 nanopolyhedrons via coprecipitation
ethod

Co3O4 nanopolyhedrons were prepared via coprecipitation
ethod described by Wang [18] with some minor modifications.

irstly, mix  50 mL  of Co(NO3)2·6H2O (20 mM)  with 0.84 mL  ammo-
ia water, add 60 �L 30% H2O2 into the mixture under 1000 rpm
tirring at 60 ◦C and add 20 mL  of Co(NO3)2·6H2O (10 mM)  imme-
iately to react for 3 h. Then the precipitate was separated by
entrifugation at 9000 rpm for 20 min  and then washed with pure
ater for three times. Next, dissolve the product in pure water and

djust the pH of the solution to 2 before adding 0.045 g of DMSA (in
 mL  DMSO) under ultrasonic stirring for 30 min, and then mechan-

cally stir the solution for 3 h, adjust pH of the solution to 9 and
isperse the solution until it becoming clear with by ultrasonic dis-
ersing technology. Finally, adjust pH of the solution to 7 and purify
he NPs via dialysis using cellulose dialysis tubing (MWCO  13000,
iskase Co., USA).

.3. Synthesis of Co3O4 nanopolyhedrons via solvothermal
ethod

Co3O4 nanopolyhedrons were synthesized via solvothermal

ethod referring Duan’s method [10]. 1.0 g of Co(NO3)2·6H2O was

issolved in 22 mL  n-octyl alcohol, 3.3 g of SDBS was added to react
or 30 min  under magnetic stirring, the solution was  then moved to

 high temperature high pressure reactor in a muffle furnace and
: Biointerfaces 154 (2017) 55–62

reacted at 90 ◦C for 6 h and then at 200 ◦C for 48 h. After that, 15 mL
of hexane, 10 mL  of ethanol and 25 mL  of pure water were added
to the solution in the previous step for the extraction of oil phase
Co3O4. Finally the precipitation was separated with centrifugation
and pure Co3O4 nanopolyhedrons were obtained after getting rid
of organic impurities in the precipitation via calcining at 350 ◦C.

2.4. Synthesis of Co3O4 nanocubes

Co3O4 nanocubes were synthesized according to Li’s method
[11]. 0.04 mmol  of Co(NO3)2·6H2O was  dissolved in 40 mL  of pure
water and mixed with 0.01 mmol  of NaOH, and then the obtained
violet solution was added in a high temperature high pressure reac-
tor and reacted at 180 ◦C for 5 h. When cooled to room temperature,
the precipitation was  washed with pure water and ethanol for three
times, respectively. Finally, the precipitation was resuspended in
10 mL  of ethanol.

2.5. Synthesis of Co3O4 nanoplates

Co3O4 nanoplates were also synthesized according to Li’s
method [11]. Mixture of 20 mL  of Co(NO3)2·6H2O (50 mM),  2 mL
of oleylamine and 10 mL  of enthanol was  stirred under magnetic
stirring for 30 min. Then the solution was  moved to a high temper-
ature high pressure reactor in a muffle furnace and reacted at 180 ◦C
for 48 h, the product was washed with ethanol for 3 times. Finally,
the power was calcined at 350 ◦C for 3 h to get the end-product.

2.6. Synthesis of Co3O4 nanorods

Co3O4 nanorods were prepared according to Zeng’s method
[19]. 1.92 g of Co(NO3)2·6H2O and 4 g of CO(NH2)2 was dissolved in
20 mL  of pure water and placed into a high temperature high pres-
sure reactor in a 90 ◦C muffle furnace to react for 20 h. Next, the
obtained precipitation was  dried at 50 ◦C in an oven. Finally, Co3O4
nanorods were obtained via calcining the precipitation at 450 ◦C for
3 h.

2.7. Characterization

The size and morphology of Co3O4 NPs were determined by
transmission electronic microscopy (TEM, JEOL JEM-2100). Sam-
ples were dropped onto a carbon-coated copper grid and dried at
room temperature and characterized using TEM. Electronic diffrac-
tion (ED) was  used to determine the crystalline structure of the
obtained NPs. X-ray diffraction (XRD) data were collected with a
diffractometer (ARL X’TRA). Ultraviolet visible (UV-vis) absorption
spectra were recorded on an UV–vis spectrophotometer (Shimadzu
UV-3600).

2.8. Cobalt concentration detection of Co3O4 NPs

Coloring spectrophotometric determination of Cobalt
concentration was operated via 4-(5-chloro-2-pyridyl)-azo-1,3-
diaminobenzene (5-Cl-PADAB) method [20,21]. Firstly, a standard
curve was set up according to the absorbance of Co(NO3)2 aqueous
solution of different concentration; more narrowly, 20 �L, 40 �L,
60 �L, 80 �L and 100 �L of 1 mg/mL  Co(NO3)2 solution was mixed
respectively with 5 mL  of citric acid (0.45 M),  2 mL  of ammonium
hydroxide (13%) and 5 mL of sodium acetate (10%). 1 mg/mL
5-Cl-PADAB ethanol solution was then added and the mixture was
incubated at 80 ◦C for 10 min. When cooled to room temperature,

15 mL  of sulfuric acid solution (25%) was  added. The solution
was diluted to 50 mL  with pure water and absorption at 570 nm
was measured. Secondly, Cobalt concentration in Co3O4 NPs was
measured using the same method. In brief, some Co3O4 NPs was
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issolved in 1 mL  of hydrochloric acid (6 M)  by an ultrasonic
ethod and mixed with 5 mL  of citric acid (0.45 M),  and then a

easonable amount of ammonium hydroxide (13%) was used to
djust pH to 8. Finally, 5-Cl-PADAB method was employed to finish
he detection as previously mentioned. Cobalt concentration was
alculated according to the absorbance at 570 nm.

.9. Peroxidase-like activity detection

Co3O4 NPs were dispersed in pure water and adjusted to a con-
entration of 0.1 mg/mL. 10 �L of Co3O4 NPs (0.1 mg/mL) were
ixed with 200 �L of acetate buffer (0.2 M,  pH 3.6), 10 �L of TMB

10 mg/mL  in DMSO) and 32 �L of H2O2 (30%). The absorbance val-
es of the reaction systems catalyzed by Co3O4 NPs were recorded
t each 30 s for 2 min  with a microplate reader [12,22]. Reaction
elocity was calculated via linear fitting the absorbance and time.

.10. Catalase-like activity detection

The catalytic reaction was performed in the PBS buffer (pH 7.4).
riefly, adding 50 �L of Co3O4 NPs (0.1 mg/mL) in 4.5 mL  of PBS
uffer (pH 7.4) in presence of 0.5 mL  of H2O2 (30%). The generated
xygen in the reaction systems were measured by multi-parameter
nalyzer (DZS-708) at every 1 min  for 4 min  [12,23].

.11. Conjugation of Co3O4 NHs and the His-Tag fused EGFR
dAbs

A recombinant protein named EGFR sdAbs consisting of an
nti-EGFR VHH (the variable domain from the heavy chain of
he antibody) with a His-Tag placed at the C-terminus was pro-
ided by Cao’s group [24]. Incubate 1 mL  DMSA coated Co3O4 NHs
0.01 mg/mL) with different volume (1, 2.5, 5, 10, 50, 100, 200 �L)
f 10 mg/mL  Co(NO3)2·6H2O for 30 min  to fulfill the adsorption
f Co2+. Zeta potential of Co3O4 NHs was detected to determine
he optimal adsorption quantity. Incubate 1 mL  of the optimal Co2+

dsorbed Co3O4 NHs with different volume (20, 40, 60, 80, 100 �L)
f His-Tag fused EGFR sdAbs (0.92 mg/mL) for 30 min  and then
entrifuge the sample to remove the free sdAbs. Finally, block the
anoprobes with 100 �L of BSA solution (10%) for the following IHC
etection.

.12. Quantitative analysis of antibody content in the nanoprobes

Centrifuge the nanoprobes at 10000 rpm for 30 min  at 4 ◦C to
eparate the conjugated sdAbs and the free ones. The antibody
oncentration in the supernatant was determined using a BCA kit
25]. The amount of antibody conjugated to Co3O4 NHs was  the
ifference value of total antibody amount and the antibody in the
upernatant.

.13. IHC assay

IHC experiments were performed using NSCLC tissue sections
o detect EGFR overexpressed tumor cells [12,15,26,27]. The NSCLC
issue slides used in this study were obtained from Zhongda hos-
ital with a clinical report of EGFR expression for reference. One
xperiment group and three control groups were set in each NSCLC
issue to validate that Co3O4 nanoprobes can be served as a use-
ul probe. Paraffin sections were deparaffinized by submerged in
imethylbenzene for three times; each for 10 min, then rehydrated
he sections using graded ethanol (100%, 100%, 90%, 80%, 70%) and

istilled water, each socked for 10 min. After that the tissue sec-
ions were moved into a wet box, the water around the tissues was
iped off and the tissues were incubated with 3% H2O2 for 15 min

n darkness to block the endogenous peroxidase (EGPO) activity.
: Biointerfaces 154 (2017) 55–62 57

The sections were submerged in PBS (pH 7.4) for 3 times after
the residual H2O2 was washed off with distilled water. The fluid
around the tissues were wiped off, proper amount of pepsin was
added on the tissues which were then incubated at 37 ◦C for 30 min.
The tissue sections were washed for three times with PBS, each for
5 min, and then in a wet box the tissues were blocked with 1% BSA
at for 20 min  37 ◦C, washed with PBS as described before. After-
wards, group 1 (EGFR positive NSCLC tissue) and group 4 (EGFR
negative NSCLC tissue) were incubated with Co3O4 nanoprobes at
37 ◦C for 30 min, group 2 (EGFR positive NSCLC tissue) was  blocked
with 0.92 mg/mL  EGFR sdAb at 37 ◦C for 30 min  and then incubated
with Co3O4 nanoprobes at 37 ◦C for 30 min, group 3 (EGFR positive
NSCLC tissue) was  incubated with Co3O4 NHs at 37 ◦C for 30 min. All
of the sections were treated with freshly prepared DAB for 20 min
after recovering at room temperature for 1 h and washed with PBS
for three times, they were counterstained with hematoxylin (blue
stain) after washed with PBS, then the sections were dehydrated
with an ethanol gradient (70%, 80%, 90%, 100%, 100%), each for
10 min. And then the slides was  washed twice with xylene, each
for 10 min, the sections were then sealed with coverslip using neu-
tral balsam. Finally, the stained sections were observed under a
microscope.

3. Results and discussion

3.1. Characterization of Co3O4 nanopolyhedrons-CP

As shown in Fig. 1a and b, the as-prepared Co3O4
nanopolyhedrons-CP have irregular polyhedral morphology.
The XRD pattern of Co3O4 nanopolyhedrons-CP can be indexed to
(111), (220), (311), (222), (400), (422), (511) and (440), which is
in accord with the reported data of Co3O4 [28–30] (Fig. S1). The
electron diffraction (ED) pattern also displays (440), (511), (400),
(311) and (220) crystal planes (Fig. S2a). The d spaces calculated
according to the ED patterns are 0.468 nm for (111) plane, 0.286 nm
for (220) plane and 0.234 nm for (222) plane. These results indicate
that the obtained nanopolyhedrons are a cubic spinel phase of
Co3O4 (JCPDS No. 43-1003). Fig. S2b and c demonstrates (220)
planes at a 35◦ angle and (222) planes at a 60.5◦ angle from the
(111) planes. Therefore, (110) plane is the dominating crystal
plane exposed in Co3O4 nanopolyhedrons-CP because it is per-
pendicular to all the crystal planes shown in Fig. S2b and c [11].
UV–vis spectrum (Fig. S3, blue line) shows two absorption peaks
in the wavelength ranges of 200–300 nm and 400–550 nm. The
foregoing peak concerns O2−-Co2+ charge transfer while the latter
is correlated with O2−-Co3+ charge transfer [31,32].

3.2. Characterization of Co3O4 nanocubes

TEM images (Fig. 1c, d) show regular cubic Co3O4 nanocubes,
whose size distributes in the range of 200–500 nm.  The XRD pattern
(Fig. S1) of the obtained Co3O4 nanocubes is in accord with the
reported data of Co3O4. ED pattern (Fig. S2d) displays perpendicular
(220) planes and (400) planes. HR-TEM images (Fig. S2e, f) show
mutually perpendicular (220) planes and 45◦ angle crossed (440)
and (220) planes. Thus we inferred Co3O4 nanocubes expose (100)
planes.

3.3. Characterization of Co3O4 nanoplates

As shown in Fig. 1e, the as-prepared Co3O4 nanoplates (without
calcination) present hexagonal morphology and their size ranging

from 0.5 to 2.5 �m. The black thin strips are vertically oriented
nanoplates, indicating their thickness is within 150 nm.  To prevent
the impurities on the surface of Co3O4 nanoplates from inhibiting
the affinity to enzyme substrates, the obtained Co3O4 nanoplates
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ig. 1. TEM images of (a, b) Co3O4 nanopolyhedrons-CP, (c,d) Co3O4 nanocubes, (e)
anopolyhedrons-ST, (i) Co3O4 nanorods before calcination, and (j) Co3O4 nanorod

ere calcined to remove the organics. The holes (Fig. 1f) appeared
n the Co3O4 nanoplates offered larger contact area for the enzyme
ubstrates and H2O2 [18]. In addition, the by-product ˇ-Co(OH)2
Co2+) was transformed into Co3O4 (Co3+/2+) after the calcination.

or these reasons, the catalytic activity could be greatly promoted
ia calcination. The XRD pattern (Fig. S1) of these Co3O4 nanoplates
s in keeping with the reported data of Co3O4. ED pattern (Fig. S2g)
hows (111), (220) and (311) planes. HR-TEM images (Fig. S2h, i)
4 nanoplates before calcination, (f) Co3O4 nanoplates after calcination, (g, h) Co3O4

 calcination.

show mutually perpendicular (220) and (222) planes, indicating
the exposed crystal plane of Co3O4 nanoplates is (112), which is
perpendicular to both (220) and (111) planes.
3.4. Characterization of Co3O4 nanopolyhedrons-ST

TEM image of the Co3O4 nanopolyhedrons-ST (Fig. 1g and h)
contains irregular cubic or polyhedral nanoparticles (Fig. S5b). The



W.  Zhang et al. / Colloids and Surfaces B: Biointerfaces 154 (2017) 55–62 59

Table  1
Peroxidase- and catalase-like activities of the five kinds of Co3O4 NPs.

Co3O4 NPs exposed crystal planes peroxidase-like activity (U/�g Co3O4) catalase-like activity (U/�g Co3O4)

Co3O4 nanoplates (112) 0.031 3.23
Co3O4 nanopolyhedrons-CP (110) 0.018 2.70
Co3O4 nanopolyhedrons-ST (110) 0.016 2.32
Co3O4 nanorods (110) and (111) 0.012 1.33
Co3O4 nanocubes (100) 0.006 0.92

Scheme 1. Scheme representation of the preparation of Co3O4 nanoprobes. (a) Il

S
n

X
a
(
w
c
a
n
(
f

3

n
i

cheme 2. IHC assay taking use of the high peroxidase-like activity of Co3O4

anoprobes.

RD pattern (Fig. S1) of these Co3O4 nanopolyhedrons-ST is in
ccord with the reported data of Co3O4. ED pattern (Fig. S2j) reveals
220), (311), (400), (511) and (440) planes, which is in consistence
ith cubic spinel phase of Co3O4 (JCPDS No. 43-1003). 60.5◦ angle

rossed (111) planes were observed in HR-TEM images (Fig. S2k
nd l), showing that similarly to Co3O4 nanopolyhedrons-CP, Co3O4
anopolyhedrons-ST also expose (110) planes. UV–vis spectrum
Fig. S3) of Co3O4 nanopolyhedrons-ST fits with the absorption
eature of Co3O4 nanopolyhedrons-CP.

.5. Characterization of Co3O4 nanorods
The precursors (Co3O4 nanorods without calcination) of Co3O4
anorods showed rod-like structures with the diameter rang-

ng from 10 nm to 20 nm while the length is in the range of
lustration of His-tagged EGFR sdAb. (b) Construction of Co3O4 nanoprobes.

0.5 �m–2  �m (Fig. 1i). The main composition of the precursors
is Co(OH)x(CO3)0.5(2-x) according to the reported references [19].
Co(OH)x(CO3)0.5(2-x) was  transformed to Co3O4 after calcination.
Moreover, the calcining process removed many components from
the precursors and caused the reduction in length and appearance
of small gaps, as shown in TEM image (Fig. 1j). The XRD pattern
(Fig. S1) of these Co3O4 nanorods fits the reported data of Co3O4.
The brightest crystal planes in ED pattern (Fig. S2m) are (111) and
(222), indicating the axial direction of Co3O4 nanorods is (111)
plane, hence the exposed plane on the ends of Co3O4 nanorods is
(111). HR-TEM results (Fig. S2n and o) of side face show 35◦ angle
crossed (111) and (220) planes, hinting the exposed crystal plane
on the side surface of Co3O4 nanorods is (110).

3.6. Study of peroxidase- and catalase-like activities

To obtain higher catalytic activity, we studied the relationship
between catalytic activity and the crystal planes of Co3O4 NPs. Fig.
S4a gives the peroxidase-like activity of the as-obtained five kinds
of Co3O4 NPs, demonstrated as curves of oxidized TMB  absorbance
versus time. Fitting linearly, the velocities were 0.038, 0.019,
0.016, 0.012 and 0.007 for Co3O4 nanoplates, nanopolyhedrons-
CP, nanopolyhedrons-ST, nanorods and nanocubes, respectively.
Fig. S4b shows catalase-like activity curves, as function of dis-
solved oxygen concentration versus time. The reaction rates
were 4.30, 2.16, 1.94, 1.08 and 0.97 mg  L−1 min−1 for Co3O4
nanoplates, nanopolyhedrons-CP, nanopolyhedrons-ST, nanorods

and nanocubes, respectively. To study the peroxidase- and catalase-
like activities of the five kinds of Co3O4 NPs directly and accurately,
we introduced the concept of “enzyme unit” [33]. Definition of
enzyme unit (U) is the necessary amount of enzyme to catalyze
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ig. 2. Microscope images of IHC detection results. (a) EGFR positive NSCLC tissue 

o3O4 nanoprobes when simultaneously competed with high concentration of EGFR
egative NSCLC tissue detected using Co3O4 nanoprobes (100×).

 �mol  of enzyme substrate per minute in a certain condition.
he quantity of enzyme unit contained in a unit mass of enzyme
eflects its catalytic activity (U/�g enzyme). Thus the peroxidase-
nd catalase-like activities can be evaluated according to Eqs. (1)
nd (2).

POD = A

� × L
× V/m (1)

CAT = DO × V

M
× 2/m (2)

EPOD and ECAT refer to the quantity of enzyme unit per
g Co3O4 NPs, A is absorbance of oxidized TMB  products (at
50 nm)  generated per minute, ε is to molar absorption coefficient
39000 M−1 cm−1), L is length of optical path, V is the volume of
eaction solution, m is the mass of enzyme, DO represents dissolve
xygen concentration generated per minute and M is molecular
eight of oxygen. The calculated results of the five kinds of Co3O4
Ps are presented in Table 1.

It has been shown that the acreage enclosed by the cobalt
toms in (112), (100) and (110) planes is

(
1/2

)
a2,

(√
2/2

)
a2 and√

3/2
)
a2, respectively. Therefore, (112) plane is the most open

nd active among these three planes. [11] Because Co3+ plays the
hief role in the catalytic behavior of Co3O4 NPs, [12] exposing
ore Co3+ on the surface of Co3O4 NPs is a beneficial way to

nhance their catalytic activity. As shown in the literatures, [33,34]
111) and (100) planes do not contain any Co3+ while each (110)
lane contains 5 Co2+ and 4 Co3+. (111) plane contains more Co2+

han (100) plane. Considering the above analysis, the catalytic
ctivity of Co3O4 NPs corresponding to the crystal planes fol-
ows (112) > (110) > (111) > (100) order, fitting well with our results
hown in Table 1, which shows Co3O4 nanoplates with exposed

112) plane possess the highest catalytic activity. The catalytic
ctivities of the (110) planes exposed Co3O4 nanopolyhedrons-CP
nd Co3O4 nanopolyhedrons-ST are similar, the former is slightly
tronger due to the smaller size of the nanopolyhedrons (Fig. S5).
ed using Co3O4 nanoprobes (400×). (b) EGFR positive NSCLC tissue detected using
 (100×). (c) EGFR positive NSCLC tissue detected using Co3O4 NHs (100×). (d) EGFR

The results show that Co3O4 nanorods expose active (110) plane
on their side surface and less active (111) planes on the end
surface, hence their catalytic activity is higher than (100) plane
exposed Co3O4 nanocubes and lower than (110) plane exposed
Co3O4 nanopolyhedrons.

3.7. Coupling of EGFR sdAbs and Co3O4 NHs

Considering both the catalytic activity and morphology of the
five Co3O4 NPs, Co3O4 nanopolyhedrons-CP were selected as a can-
didate to establish a new conjugation method. The as-prepared
Co3O4 nanopolyhedrons-CP were termed as Co3O4 NHs for conve-
nience. The synthesis of Co3O4 NHs underwent a burst nucleation
stage and a growth stage, which were not well separated and con-
trolled so that the as-obtained Co3O4 NHs show irregular shapes
and the crystal growth rates in different directions were not fully
consistent. Therefore, abundant vacancies and bare atoms formed
in the crystals, which promotes the affinity of Co3O4 NHs with the
substrates and thereby increases their catalytic activity.

In 1975, Porath [35] introduced immobilized metal ions affinity
chromatography (IMAC) taking use of the affinity of the His-Tag to
metal ions including Cu2+, Co2+, Ni2+ ions. IMAC was then widely
used in separation and purification of His-Tag fused recombinant
proteins. Identically, the gene of EGFR sdAb was  fused in frame
with a series of nucleotides encoding His-Tag (Scheme 1a). Co3O4
NHs were conjugated with EGFR sdAbs taking advantage of the spe-
cific coordination ability between Co2+ and His-Tag. As shown in
Scheme 1b, Co2+ adsorbing on the surface carboxyl goups of Co3O4
NHs allows the chelation of His-Tags of sdAbs. Co3O4 NHs were neg-
atively charged due to the carboxyl on their surface and the absolute
value of zeta potential decreased when chelated by the positively

charged Co2+ (Fig. S6). When adding more than 5 �L Co2+ (10 mg/mL
Co(NO3)2·6H2O), Co3O4 NHs became instable due to the insuffi-
cient electrostatic repulsion induced by the low Zeta potential (the
absolute value is lower than 15 mV). Finally, 5 �L Co(NO3)2·6H2O
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10 mg/mL) was incubated with 1 mL  Co3O4 NHs to prepare Co2+

helated Co3O4 NHs.
Table S1 shows the quantitative analysis of EGFR sdAbs cou-

ling ratio. 18.4 �g sdAbs were all conjugated to Co3O4 NPs because
here was almost no residual sdAbs in the supernatant. When the
eight of sdAbs goes higher than 36.8 �g, the amount of coupling

dAbs remained at approximately 27 �g, indicating 10 �g at most
o3O4 NPs (in cobalt mass) can be coupled with approximately
7 �g sdAbs. The number of EGFR sdAbs coupled on each Co3O4
P can be calculated according to the following equations.

NP = 4
3
�r3 × � = 1.097 × 10−18g (3)

NP = 13.62 × 10−6

mNP
= 1.241 × 1013 (4)

Ab = 27 × 10−6

MAb
× NA = 1.083 × 1015 (5)

ouplingratio = nAb
nNP

= 87 (6) (6)

Co3O4 NHs were approximated as spheres. mNP refers to mass of
ne Co3O4 NH, r is the average radius of a single Co3O4 NH (3.5 nm),

 is the density of Co3O4 NHs (6.11 g/cm3), nNP and nAb represent
umber of Co3O4 NHs and EGFR sdAbs, MAb is molecular weight
f EGFR sdAb (15 kD), while NA is Avogadro’s constant. The mass of
o3O4 NPs in the reaction system is 13.62 �g, whose cobalt content

s 10 �g. Calculations indicate that 87 EGFR sdAbs were conjugated
o each Co3O4 NH on average.

.8. IHC assay

EGFR is overexpressed in many solid tumors, which is closely
elated to tumor cell proliferation, angiogenesis, tumor invasion
nd metastasis and apoptosis inhibition [36,37]. Many EGFR tar-
eted drugs have been developed, such as gefitinib, erlotinib,
imotuzumab, cetuximab and strastuzumab [38,39]. Therefore,
ffective detection of EGFR has the vital clinical significance. The
btained Co3O4 nanoprobes were applied to EGFR detection of
SCLC tissues with treatment procedures shown in Scheme 2.
ig. 2a demonstrates the membrane of EGFR overexpressed NSCLC
ells with large nucleuses in the tissue were stained brown,
ndicating EGFR on the membrane were captured by the Co3O4
anoprobes, hence the Co3O4 NHs were fixed in the corresponding
egions, which catalyzed the oxidation of DAB by H2O2. As shown
n Fig. 2b, before incubating with Co3O4 nanoprobes, the tissue

as blocked with EGFR sdAb of high concentration, slight brown
hown in the tissue could be derived from the nonspecific adsorp-
ion of Co3O4 nanoprobes. Fig. 2c shows the tissue incubated with
ole Co3O4 NHs and slight nonspecific adsorption was also been
bserved. No apparent stained region was detected in EGFR nega-
ive tissue after incubating with Co3O4 nanoprobes (Fig. 2d). These
HC results indicate the as-obtained Co3O4 nanoprobes have high
ensitivity and specificity for EGFR detection.

. Conclusions

In this study, we successfully synthesized Co3O4 nanopolyhe-
rons, nanocubes, nanoplates and nanorods. It is evident that the
xposed crystal planes of these NPs are very important to their
eroxidase- and catalase-like activities. The specific exposure of
rystal planes with higher density of Co3+ provides higher activ-

ty. Furthermore, Co3O4 NHs with smaller size and higher activity

ere selected to establish EGFR targeted nanoprobes. The Co3O4
anoprobes were obtained by simply blending Co2+ coupled Co3O4
Hs with His-Tag fused EGFR sdAbs. This method has several

[

: Biointerfaces 154 (2017) 55–62 61

advantages compared to the conventional conjugation methods.
Firstly, the obtained Co3O4 nanoprobes have low tendency to aggre-
gate and to cross-link during the conjugation, resulting in good
stability. Secondly, the His-Tag labeled at the C-terminal of EGFR
sdAb assured fully exposure of the active N-terminal domain site.
IMAC is a traditional and ancient technique, basing on which we
developed a new type of coupling method of NPs and antibodies.
The obtained Co3O4 nanoprobes showed outstanding sensitivity
and specificity and may  find potential applications in biotechnol-
ogy.
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