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Abstract 
In this work, a new viral protein cage based nanoreactor was successfully constructed via encapsulating Tween 80 stabi-
lized palladium nanoparticles (NPs) into rotavirus capsid VP2 virus-like particles (i.e. Pd@VP2). The effects of stabilizers 
including CTAB, SDS, Tween 80 and PVP on controlling the particle size of Pd NPs were investigated. They were further 
immobilized on graphene oxide (i.e. Pd@VP2/GO) by a simple mixing method. Some characterizations including FT-IR 
and XPS were conducted to study adsorption mode of Pd@VP2 on GO sheets. Their catalytic performance was estimated in 
the reduction of 4-nitrophenol (4-NP). Results showed that Tween 80 stabilized Pd NPs with the molar ratio of Pd to Tween 
80 at 1:0.1 possessed the smallest size and the best stability as well. They were encapsulated into viral protein cages (mean 
size 49 ± 0.26 nm) to assemble confined nanoreactors, most of which contained 1–2 Pd NPs (mean size 8.15 ± 0.26 nm). 
As-prepared Pd@VP2 indicated an enhanced activity (apparent reaction rate constant kapp = (3.74 ± 0.10) × 10−3 s−1) for the 
reduction of 4-NP in comparison to non-confined Pd-Tween80 colloid (kapp = (2.20 ± 0.06) × 10−3 s−1). It was logically due 
to confinement effects of Pd@VP2 including high dispersion of Pd NPs and high effective concentration of substrates in 
confined space. Pd@VP2 were further immobilized on GO surface through C-N bond. Pd@VP2/GO exhibited good reus-
ability after recycling for four runs, confirming the strong anchoring effects of GO on Pd@VP2.
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1 Introduction

Metal catalysis within a nanoscopic confinement environ-
ment (e.g. nanocage and nanotube) has caught enormous 
attention very recently due to its superiority over non-con-
fined analogues, such as maintaining high dispersion and 
stability of metal nanoparticles (NPs), imposing steric hin-
drance on catalyst-bound reactants and enhancing effective 
concentration of substrates in confined space [1–8]. These 
positive confinement effects remarkably improve the cata-
lytic performance in the reaction.

To date, several chemically synthesized nanoscopic 
confinement systems, such as zeolites [9–11], carbon 
nano materials [12–15], polymers [16–18], metal organic 
frameworks (MOFs) [19–21] and micelles [22–24], have 
been developed as nanoreactors for various catalytic reac-
tions. However, these confinement systems meet some 
challenges. Metal nanoparticles, for example, are hard to 
recycle from zeolites and MOFs due to the poor disas-
sembled properties of those supports. Also, the size and 
morphology of micelles is difficult to effectively control in 
preparation process. Undoubtedly, these defects restricted 
their wide applications in sustainable chemistry and green 
chemistry.

Compared with chemically synthesized confinement 
systems, biological supramolecular ones, especially protein 
nanocages, have several significant characterization featur-
ing reproducible, robust and monodisperse hollow scaffolds 
with highly organized structures [25]. Virus-like particles 
(VLPs), a class of protein cages, are of self-assembled hol-
low structures from viral coat proteins (CPs). As a new type 
of natural confinement structure, VLPs are often employed 
to encapsulate some external guest molecules (e.g. poly-
mers, nanoparticles and proteins) to construct functional-
ized nanocages for drug delivery, biosensing and especially 
catalysis [26–30]. Liu et al. [30] encapsulated commercial 
Au NPs into cowpea chlorotic mottle virus (CCMV) protein 
cages with the sizes of 18 nm. This confined nano catalyst 
exhibited a high catalytic activity in nitroarenes reduction.

Unfortunately, due to the highly dispersed nature of 
VLPs, the required separation of product and VLPs as well 
as VLPs recovery limited their applications. This issue could 
be addressed by immobilizing VLPs on solid supports such 
as silica [31], thereafter serving as heterogeneous catalysts 
for the reactions. At present, protein immobilization pro-
cess often involves two steps including surface modifications 
(e.g. amine functionalization) on solid supports and further 
covalent combinations of proteins to them via amide, ester 
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or ether linkages [32, 33]. Obviously, this process is fussy 
and environment-unfriendly due to the use of toxic organic 
solvents and coupling agents.

Graphene oxide (GO), a promising candidate for VLPs 
immobilization, takes several advantages over other solid 
supports such as the well-dispersion nature in water, large 
surface area, small mass transfer limitations and low manu-
facturing cost [34, 35]. More importantly, GO is endowed 
with abundant epoxy groups (C–O–C) [36, 37] that can 
directly react with amino groups (–NH2) on VLPs under the 
mild conditions, resulting in the immobilization of VLPs 
on GO surface via a simple and green process without any 
coupling agents and organic solvents.

In our previous work [38], we constructed a genetically 
engineered strain Escherichia coli. (E. coli) BL21 (DE3) for 
the expression of rotavirus capsid VP2 proteins in the field 
of vaccine development. 120 copies of VP2 monomers can 
high-efficiently assemble to a spherical VLP with the outer 
size of 54 nm and the inner one of 45 nm. This large protein 
cage helps the encapsulation of various cargoes at the same 
time in it. Noted that, VP2 VLP possesses 60 pores with a 
diameter of about 2–3 nm on its surface, conducive to the 
diffusion of guest molecules into and out of the cages for 
catalysis.

Herein, for the first time, we successfully encapsulated 
Pd nanoparticles in rotavirus VP2 VLPs by self-assembly. 
This confined nanocatalyst was further immobilized on GO 
for catalyzing the reduction of 4-nitrophenol (4-NP). Appar-
ently, this study created a simple and environment-friendly 
route to develop immobilized VLPs confined catalysts for 
highly efficient aqueous reactions, which further broaden 
their application in sustainable and green chemistry.

2  Experimental

2.1  Synthesis of Pd Nanoparticles

Pd NPs were synthesized via colloidal method. Some 
ligands including cetyltrimethyl ammonium bromide 
(CTAB, Sinopharm, China), Sodium dodecyl sulfate 
(SDS, Sinopharm, China), Tween 80 (Sinopharm, China) 
and polyvinylpyrrolidone (PVP, average MW = 10,000, 
Sinopharm, China) are employed to maintain the sta-
bility of synthesized Pd NPs. In a typical experiment, 
Tween 80 (0.1 μmol), for example, was firstly dissolved 
in water (3 ml) at room temperature. Aqueous solution 
of  Na2PdCl4 (78 μL, containing 2.0 μmol Pd) was then 
mixed in above freshly prepared Tween 80 solution with 
stirring for 15 min under the protection of argon. After 
that,  NaBH4 solution (200 μL, 30 μmol) was further added 
in it to reduce  Pd2+ for 5 min under stirring. Finally, Pd 
colloid solution was formed. The preparation procedures 

of Pd colloids with other ligands including CTAB, SDS 
and PVP were similar to that of Tween 80. In the pro-
cedure, the molar ratio of Pd to ligand was kept fixed at 
20:1 (mol:mol). The size distribution of Pd colloidal NPs 
was measured here to investigate the effects of ligands on 
maintaining the stability of synthesized Pd NPs. The best 
ligand among four ones was selected to further optimize 
Pd colloid preparation via varying the molar ratio of Pd 
to this ligand.

2.2  Encapsulation of Pd NPs into Rotavirus VP2 
VLPs

Recombinant rotavirus capsid VP2 proteins were expressed 
and purified according to a method described in our previous 
literature [38]. Ligands modified Pd NPs were encapsulated 
into rotavirus VP2 VLPs by assembling VP2 capsid proteins 
around Pd NPs. In a typical experiment, 100 μL of Pd col-
loid solution (about 0.035 mg/mL in water) was injected to 
1.0 mL of pre-purified rotavirus VP2 capsid protein solution 
(0.25 mg/mL) in Tris–HCl buffer (50 mM Tris–HCl, pH8.0, 
500 mM NaCl), maintaining the molar ratio of VLPs and 
Pd NPs at nearly 1:1. The solution was mechanically mixed 
for 3–5 min and keep stored at 4 °C over night. VP2 VLPs 
encapsulated Pd NPs, named Pd@VP2, were further puri-
fied by dialysis (MWCO: 25 kD, SPECTRA/POR, USA) in 
Tris–HCl buffer (50 mM, pH 8.0) over night.

2.3  Immobilization of Pd@VP2 on Graphene Oxide 
Sheets

Before Pd@VP2 immobilization, GO was prepared through 
a modified Hummers’ method [36, 39]. The prepared 
GO was then dispersed in water with a concentration of 
0.2 mg/mL. After that, 1 mL of Pd@VP2 aqueous solution 
(0.25 mg/mL) and 1 mL of GO aqueous solution was mixed 
together, keeping stirring for 6 h. Finally, immobilized Pd@
VP2 on GO, labelled as Pd@VP2/GO, was obtained through 
centrifugation. The efficiency of Pd@VP2 immobilization 
(E) was determined via adsorption change of Pd@VP2 in 
aqueous solution before and after their immobilization on 
GO at the wavelength of 280 nm (λ280 nm), as shown in Eq. 1.

where A0

280
 and A280 are the adsorptions of Pd@VP2 in aque-

ous solution before and after their immobilization on GO at 
λ280 nm, respectively.

After that, Pd@VP2/GO was resuspended in 1 ml of 
deionized water for the following reaction.

(1)E =
A0

280
− A

280

A0

280

× 100%
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2.4  Characterization of Rotavirus VP2 VLPs, Pd@
VP2 and Pd@VP2/GO

Molecular weight of recombinant rotavirus VP2 protein 
were tested by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). Fast protein liquid chroma-
tography (FPLC) was employed for the purification of Pd@
VP2 nanocages and elution was monitored using a UV–vis 
spectrometer at the wavelength of 280 nm. Appearance of 
rotavirus VP2 VLPs, Pd@VP2 and Pd@VP2/GO were nega-
tive stained with 2.0 wt% uranyl acetate and observed by 
transmission electron microscopy (TEM) (JEOL-2010) at 
200 kV. Size distribution and zeta potential of Pd colloi-
dal NPs dispersed in the suspension was characterized by 
a Zetasizer Nano ZES instrument (Malvern Instruments) at 
25 °C using laser with wavelength of 633 nm. Some char-
acteristic functional groups on GO and Pd@VP2/GO were 
obtained by Fourier transform infrared (FT-IR) spectra, col-
lecting on a Bruker Tensor 27 spectrometer. X-ray photo-
electron spectroscopy (XPS) measurements were performed 
using a Thermo Scientific K-Alpha + X-ray photoelectron 
spectrometer using Al Ka radiation as the excitation source.

2.5  Catalytic Performance over Pd Catalysts

The catalytic performance over confined nano catalyst Pd@
VP2 was evaluated in the reduction of 4-nitrophenol (4-NP) 
to 4-aminophenol (4-AP), shown in Fig. 1. The result was 
compared to that of non-confined Pd colloidal NPs. The tests 
were conducted in a 96-well plate at room temperature. Spe-
cifically, 30 µL of 4-NP aqueous solution (0.4–4.0 mM) and 
30 µL of Pd@VP2 aqueous solution and 110 µL of deionized 
water were fully mixed in the well of the plate. The reaction 
began once 30 µL of 0.1 mol/L  KBH4 aqueous solution was 
added to the mixed solution. The final concentration of Pd 
was controlled to 2–8 μM. Results were monitored on line by 
microplate reader (Spark 10 M, Tecan, Switzerland) from the 
wavelength of 200 nm to 450 nm. Reactions were ended when 
there was no absorption change. Non-confined Pd colloidal 
NPs were employed as the control. 4-NP and 4-AP have the 
maximal adsorptions at the wavelengths of 320, and 296 nm, 

respectively. Noted that, 4-NP solution without  NaBH4 has a 
maximal adsorption at the wavelength of 320 nm, while it is 
ionized by the addition of excess amount of  NaBH4 and its 
maximal absorption wavelength transfers from 320 to 400 nm 
(Fig. S1 in supplementary information, SI). 4-NP reduction 
will not proceed until the addition of the catalyst. The adsorp-
tion at the wavelength of 296 nm representing 4-AP was not 
observed in the blank test even after 17 min (Fig. S1), proving 
this opinion. Hence, the conversion of 4-NP (X) in the reac-
tion was estimated by the decline of adsorption intensity at the 
wavelength of 400 nm using Eq. 2.

where A0

NP
 and ANP are the initial adsorption of 4-NP and 

the instant one during the reaction at λ400 nm, respectively.
Since 4-NP hydrogenation is generally considered as a 

pseudo-first-order reaction [30, 40], apparent reaction rate con-
stants (kapp) for 4-NP hydrogenation were calculated based on 
total conversion of 4-HP over Pd catalysts by Eq. 3.

where X and t represents the total conversion of 4-NP and 
reaction time, respectively.

The normalized reaction rate constant (knor) was introduced 
for a quantitative comparison. It was calculated by Eq. 4.

where nPd represents molar number of Pd.
Initial reaction rates in Turnover frequency (TOF) over 

Pd@VP2 was further calculated by Eq. 5 and 6.

where DPd is Pd dispersion that could be estimated by spher-
ical model of metal particles; and n0

NP
 is initial molar number 

(2)X =
A0

NP
− ANP

A0

NP

× 100%

(3)ln
100

100 − X
= kapp × t

(4)knor = kapp ×
(

nPd
)−1

(5)initialTOF = kapp × n0
NP

×
(

nsurfacePd
)−1

(6)nsurfacePd = nPd × DPd

Fig. 1  Reduction of 4-NP to 
4-AP
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of 4-NP; nsurface Pd is the molar number of surface Pd that 
could be calculated by Eq. 6.

Also, immobilized catalyst Pd@VP2/GO was employed 
for recycling test through four consecutive reactions. At the 
end of the reaction, Pd@VP2/GO was filtered and rinsed 
with water for three times at the room temperature. The recy-
cled catalyst was employed for the next run.

2.6  Analysis in Statistics

4-NP reduction over Pd catalysts in this work were all car-
ried out with four parallel tests and the results were analyzed 
in statistics.

3  Results and Discussion

3.1  Synthesis of Pd Nanoparticles

Metal nanoparticles without any protection prefer agglom-
eration to large particles if they diffuse freely in the liquid 
phase due to their high surface energies as well as van der 
Waals forces among them. Hence, some stabilizers such 
as polymers or surfactants are often employed surround-
ing individual nanoparticles to prevent their agglomera-
tion. Herein, PVP (nonionic polymer) and three types of 
surfactants including CTAB (cationic one), SDS (anionic 
one) and Tween 80 (nonionic one), were used to control 
particle sizes of synthesized Pd NPs. As-prepared Pd col-
loidal NPs were labelled as Pd-PVP, Pd-CTAB, Pd-SDS and 
Pd-Tween80, respectively.

Properties of above Pd colloidal NPs were summarized 
in Table 1. Obviously, the order of stabilizers for effi-
ciently controlling the particle size of Pd NPs was Tween 
80 > SDS > PVP > CTAB. Tween 80, the best stabilizer 
among four ones, for example, had the size distribution in 
the range of 10–1000 nm in aqueous medium and its mean 
size was calculated to be about 37.26 nm (Fig. S2c, SI). In 
comparison, Pd-CTAB had the size distribution mainly in 
the range of 60–1000 nm with the mean size at 233.2 nm. 
Results closely related to the properties of stabilizers. CTAB, 
a cationic surfactant, is hard to adsorb on electrophilic Pd 
NPs surfaces. Hence, it is unfavorable to the stability of Pd 

NPs (Zeta potential only − 0.21 mV). However, SDS, an 
anionic one, is opposite to CTAB. Electrostatic stabiliza-
tion occurs in this case by adsorbing SDS molecules on the 
surface of Pd NPs, resulting in coulombic repulsion between 
the nanoparticles [41]. Apparently, it helps the stability of Pd 
NPs (Zeta potential − 13.5 mV). In addition, Tween 80 and 
PVP, both nonionic stabilizers, achieve steric stabilization 
by a protective barrier composed of large molecules. They 
can chemically bond with some part of Pd surface as well as 
physically occupy the interspace between Pd NPs, prevent-
ing direct contact between them [42]. Actually, Tween 80 
stabilized Pd NPs possessed the smallest mean size and the 
best stability (Zeta potential -22.3 mV) as well in this work. 
Compared to Pd-Tween80, Pd-PVP had the larger mean par-
ticle size, very possibly attributing to the polymer with a 
long chain surrounding individual Pd NPs. Also, negatively 
charged Pd-Tween80 favors the encapsulation of it into VLP 
via self-assembly due to its strong interaction with cationic 
VP2 capsid proteins. In summary, Tween 80 was selected to 
stabilize Pd NPs in the following studies.

Pd colloid preparation process was further optimized via 
varying the molar ratio of Pd to Tween 80 and results were 
shown in Fig. 2. In general, with the addition amount of 
Tween 80 increasing, the mean size of Pd colloidal NPs had 
a tendency of concave curve. For instance, when the molar 
ratio of Pd to Tween 80 declined from 1:0.015 to 1:0.1, 
the corresponding mean size of Pd colloidal NPs greatly 
decreased from 160 to 16 nm. However, if the molar ratio 
of Pd to Tween 80 continued descending, its mean size rose 
up. It was reasonably attributed to the formation of micelles 
with large sizes that were composed of excessive surfactant 
molecules in liquid phase. Hence, the optimal molar ratio 
of the Pd to Tween 80 was 1:0.1 in this work. As-prepared 
Pd-Tween80 with the mean size of 16 nm will be further 

Table 1  Properties of Pd colloids with some stabilizers

Sample Average size of Pd col-
loid (nm)

Zeta potential /mV

Pd-CTAB 233.2  − 0.21
Pd-SDS 48.66  − 13.5
Pd-Tween80 37.36  − 22.3
Pd-PVP 118.4  − 6.95

1:0.015 1:0.03 1:0.05 1:0.1 1:0.2 1:0.5 1:1
0

20
40
60
80

100
120
140
160
180)

mn(
diolloc

dPfo
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nae
M

Molar ratio of Pd to Tween 80 (mol:mol)

Fig. 2  Mean size of Pd colloid as a function of molar ratio of Pd to 
Tween 80
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employed to prepare rotavirus VP2 VLPs confined Pd nano 
catalyst (Pd@VP2).

3.2  Encapsulation of Pd NPs into Recombinant 
Rotavirus Capsid VP2 VLPs

The expressed and purified recombinant rotavirus capsid 
VP2 proteins were firstly tested by SDS-PAGE, as shown 
in Fig. 3. Clearly, VP2 proteins with a high purity (greater 
than 98%) were achieved through purification process. The 
molecular weight of VP2 was estimated to be about 102 
kD, hinting a monomeric form in reducing SDS-PAGE 
conditions. VP2 proteins can further assemble into spheri-
cal VLPs in Tris–HCl buffer (50 mM, pH8.0) [43] with the 
average size of 49.5 ± 0.6 nm (Fig. 4), corresponding to that 
of the native rotavirus [44]. Figure S3 (SI) indicated a good 
stability of assembled VP2 VLPs in a wide pH environment 

(pH 3.0–9.6). Its average sizes in aqueous solution at pH 
3.0, for example, was measured by dynamic light scatter-
ing to be 55.82 ± 4.52 nm (Fig. S3a), similar to that at pH 
9.6 (53.61 ± 6.973 nm, Fig. S3c). Results proved the strong 
self-assembly capability of recombinant VP2 proteins. They 
favored the encapsulation of metal nanoparticles in them for 
constructing confined nano catalysts.

Fast protein liquid chromatography (FPLC) was employed 
for the purification of Pd@VP2 nanocages, as shown in Fig. 
S4 (SI). Results showed that Pd@VP2 passed through the 
column with the elution volume at about 10 mL, followed 
by VP2 VLPs at about 16 mL. TEM image of purified Pd@
VP2 (Fig. 5a) hinted the successful encapsulation of Pd NPs 
into recombinant rotavirus VP2 VLPs. Most VLPs contained 
1–2 Pd NPs with the mean size of 8.15 ± 0.26 nm. Further-
more, based on adsorption intensity ratio of Pd@VP2 to 
VP2 VLPs, encapsulation rate was beyond 80%.

3.3  Immobilization of Pd@VP2 on GO

As-prepared Pd@VP2 was immobilized on GO sheets by 
a simple mixing method. Figure 5b showed TEM image 
of their appearance. Clearly, a great number of Pd@VP2 
were observed to adsorb on GO (Fig. 5b). The appearance 
and size of Pd@VP2 maintained unchanged before and 
after immobilization, hinting the stability of Pd@VP2. The 
efficiency of Pd@VP2 immobilization was determined via 
adsorption change of Pd@VP2 in aqueous solution before 
and after immobilization on GO at the wavelength of 280 nm 
(λ280 nm), the maximum absorption wavelength of proteins. 
Based on UV/Vis spectrum in Fig. S5 (SI), Pd@VP2 immo-
bilization efficiency was calculated to be 85%, indicating the 
high efficiency of this immobilization method.

Some characterizations including FT-IR and XPS were 
further conducted to investigate adsorption mode of Pd@
VP2 on GO sheets. At first, FT-IR spectra in Fig. 6 identi-
fied some functional groups on GO before and after Pd@
VP2 immobilization on it. Specifically, FT-IR spectrum 
of GO in Fig. 6 showed some typical groups such as  sp2 
carbon ring (C–C, 1610 cm−1), hydroxyl group (C–OH, 
1045 cm−1), epoxy group (C–O–C, 1216 cm−1) and carbonyl 
group (C = O, 1720 cm−1), corresponding to those reported 
in references [36, 37]. While after the immobilization of 
Pd@VP2 on GO, its FT-IR spectrum exhibited strong char-
acteristic peaks of amide II band (C–NH–, 1524 cm−1) and 
carbonyl group (C = O, 1649 cm−1) that were originated 
from proteins. Noted that, the weak peak of epoxy groups 
very possibly hinted that they were employed to covalently 
link to VP2 proteins. Therefore, FT-IR results provided the 
direct evidence for the successful immobilization of Pd@
VP2 on GO.

Moreover, XPS spectra were analyzed to characterize 
the surface chemical compositions of Pd@VP2/GO, for 

Fig. 3  SDS-PAGE analysis of 
recombinant rotavirus capsid 
VP2 proteins

Fig. 4  Self-assembly of recombinant VP2 proteins to VLPs and the 
size distribution
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testifying its adsorption mode on GO. From Fig. 7a, C1s 
spectrum of GO was deconvoluted in four characteristic 
peaks at 284.6, 286.4, 287.3 and 288.5 eV, corresponding 
to  sp2 carbon ring, C–OH, C–O–C and C = O groups, respec-
tively. However, after Pd@VP2 immobilization on GO, its 
C1s spectrum (Fig. 7b) exhibited a new peak at 285.7 eV, 
representing amine (C–N) group. It was reasonably origi-
nated from covalently linkage of VP2 proteins to GO. Noted 
that, the molar fraction of C–O–C group in C1s distribution 
was declined from 16.2% to 7.1% after Pd@VP2 immobi-
lization on GO. It proved that C–O–C groups on GO were 

employed to covalently link to VP2 proteins, in accordance 
with FT-IR results.

Based on above characterizations, Pd@VP2 were suc-
cessfully immobilized on GO surface via SN2 reaction. 
Specifically, the protein cage contains amino groups with 
lone pair electrons on its surface. As a nucleophilic reagent, 
protein cage could easily attack electropositive carbon atom 
of epoxy group on GO surface, leading to the ring open-
ing. Thus, Pd@VP2 were covalently linked to GO surface 
through C-N bond, as shown in Fig. 8.

3.4  Catalytic Activity of Pd@VP2 on the Reduction 
of 4‑NP

Active sites of Pd@VP2 were firstly analyzed by Pd3d XPS 
spectrum (Fig. 7c). Obviously, it showed four typical peaks 
at 336.2, 338.6, 341.5 and 343.7 eV, representing  Pd03d5/2, 
 Pd2+3d5/2,  Pd03d3/2 and  Pd2+3d3/2, respectively.  Pd0 spe-
cies accounted for approximately 86.5% of the total. The 
appearance of partial  Pd2+ species was possibly attributed 
to the coordination effect of surfactant on Pd. Oxygen atoms 
in some functional groups such as ethoxy groups of Tween 
80 may provide electrons for anchoring Pd ions, leading to 
insufficient reduction of  Pd2+ on anchoring sites [45–48]. 
Results further hinted that the addition of Tween 80 favors 
the dispersion of Pd NPs, preventing their aggregation.

The reduction of 4-NP to 4-AP is a consecutive reaction 
(Fig. 1). As mentioned in the experimental section, 4-NP is 
firstly ionized by the addition of excess amount of  BH4

−. 
After the further addition of Pd catalyst, 4-NP reduction 
begins. It is hydrogenated to intermediate 4-HP and then the 
final one 4-AP. Noted that, the reduction of 4-NP to 4-HP 
proceeds so fast that 4-HP is hard to detect in this study, 
as shown in Fig. S6a. Herein, reduction of 4-NP to 4-AP 
was employed for evaluating the catalytic activity over as-
prepared catalysts.

Fig. 5  TEM images of Pd@VP2 (a), Pd@VP2/GO (b) and recycled 
Pd@VP2/GO (c) with Pd size distributions
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Fig. 6  FT-IR spectra of GO and Pd@VP2/GO
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Effects of the molar ratio of 4-NP to Pd@VP2 on the 
reaction were then studied. The concentration of 4-NP was 
varied from 0.4 to 4 mM and that of Pd in Pd@VP2 solution 
kept constant at 5 μM. The reaction proceeded for 24 min. 
Results indicated that 4-NP conversion rose up with the 
decrease of 4-NP concentration (Fig. 9). For example, 4-NP 
conversion was only (66.12 ± 1.86) % with 4-NP concentra-
tion at 4 mM. However, it arrived at (98.14 ± 1.72) % when 
4-NP concentration declined to 1.6 mM at the same time 
(Experimental data in Table S1, SI). Clearly, excessive sub-
strates in the catalytic system led to the complete reaction 
for a longer time. Nevertheless, when 4-NP concentration 
decreased to lower than 1.6 mM, 4-NP conversion fell very 
slowly in this study due to the enough Pd sites for the reac-
tion in this case. Therefore, 4-NP with the concentration at 
1.6 mM was chose for the following reactions.

Moreover, the dependence of reduction rate constant with 
respect to the catalyst concentration was investigated here. 
The final concentration of Pd in Pd@VP2 was controlled 
to 2–8 μM and that of 4-NP kept constant at 1.6 mM. The 
reaction proceeded for 24 min. The result was shown in 
Fig. 10. Obviously, kapp climbed up with the concentration 
of the catalyst increasing. It was only (1.04 ± 0.05) × 10–3 s−1 
with final Pd concentration at 2 μM, while kapp was up to 

Fig. 7  XPS spectra of GO and 
Pd@VP2/GO: C1s spectrum of 
GO (a) and Pd@VP2/GO (b), 
Pd3d spectrum of Pd@VP2/
GO (c)
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(3.94 ± 0.11) × 10–3 s−1 when the final Pd concentration 
increased to 6 μM. Noted that, kapp values hardly changed 
with the final Pd concentration increasing from 5 to 8 μM in 
this study. It hinted the highest efficiency of Pd@VP2 with 
the final Pd concentration at 5–6 μM in this catalytic system.

Based on above results, 4-NP reduction on Pd catalyst 
proceeds very possibly in terms of Langmuir–Hinshelwood 
kinetics, in agreement with some reported literatures [49–51, 
56]. In this mechanism, both  BH4

− and ionized 4-NP in the 
catalytic system are firstly adsorbed on the surface of Pd 
NPs.  BH4

−, as a strong reducer, is then decomposed on Pd 
surface to form Pd-hydride. It provides activated hydrogen 
and electrons to nitro groups of 4-NP adsorbed on Pd sur-
face, resulting in the reduction of nitro groups to amino ones. 
After that, as-synthesized 4-AP was desorbed from the sur-
face of Pd NPs to the bulk.

Finally, we compared the catalytic performance of 
Pd@VP2 in 4-NP reduction to those of non-confined Pd-
Tween80 and some previously reported Pd-based catalysts 
(Table 2) [52–56], for investigating its potential prospect in 
catalysis. Figure 11 hinted an enhanced activity of Pd NPs 
after the encapsulation of them into VLPs. 4-NP conver-
sion over Pd-Tween80, for instance, was (91.56 ± 2.23) % 

after 1440 s reaction (Fig. 11a). In comparison, that over 
Pd@VP2 reached (98.14 ± 1.62) % at the same time. Its 
apparent reaction rate constants (kapp) was calculated to 
be (3.74 ± 0.10) × 10–3 s−1, 1.7 times higher than that over 
Pd-Tween80 (Fig. 11b). Additionally, the normalized rate 
constant (knor) and turnover frequency (TOF) for Pd@
VP2 in the reaction were further estimated to be about 
224  min−1·μmol−1 and 33  min−1, respectively. Clearly, 
Pd@VP2 exhibited comparatively high activity in contrast 
to most of Pd-based catalysts listed in Table 2. It was logi-
cally attributed to the confinement effects including the high 
dispersion of Pd NPs and high effective concentration of 
substrates in confined space.

3.5  Recycling of Pd@VP2/GO

After immobilization of Pd@VP2 on GO, its activity was 
examined by recycling it for four runs. Results exhibited 
a slight decline on catalytic activity (Fig. 12). 4-NP con-
version after 1440 s reaction, for instance, decreased from 
about 86 to 79% in four runs. It was mainly due to the partial 
mass loss during the recycling process (about 3% for each 
run). kapp of the recycled Pd@VP2/GO in the fourth run 
was further calculated to be (2.01 ± 0.11) × 10–3 s−1 (Fig. 
S7). Considering the immobilization efficiency and the mass 
loss of the catalyst after recycling, the molar number of Pd 
NPs in recycled Pd@VP2/GO was only about 70% of that 
before Pd@VP2 immobilization. Hence, knor of recycled 
Pd@VP2/GO was calculated to be (2.87 ± 0.16)  s−1·μmol−1, 
maintaining a high activity. However, it exhibited a slightly 
declined activity in contrast to Pd@VP2 before immobili-
zation ((3.74 ± 0.10)  s−1·μmol−1). We speculated that it was 
possibly related to the small part passivation of the catalyst 
after several runs of catalysis.

Moreover, the stability of Pd@VP2 after recycling was 
tested, for investigating the reusability of Pd@VP2/GO. 
TEM image of Pd@VP2 after four runs (Fig. 5c) exhib-
ited the similar appearance to that before reaction (Fig. 5b). 
It proved the strong anchoring effects of GO on Pd@VP2, 
in accordance with XPS analysis. The average size of Pd 
NPs in Pd@VP2 was measured to be 7.89 ± 0.56 nm (inner 
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Fig. 10  Apparent rate constant as a function of Pd concentration in 
Pd@VP2. (Statistics: mean value of four parallel tests ± standard 
error)

Table 2  Comparison of catalytic performance over several Pd-based catalysts for 4-NP reduction

Catalyst Mole ratio of 
4-NP to Pd

kapp  (min−1) knor  (min−1 μmol−1) TOF  (min−1) References

Pd embedded in polypyrrole nanocapsules (Pd/PPy) 4 0.53 9 5 [52]
PdP on carbon nanospheres (PdP/CNSs) 77 0.11 28 8 [53]
Yolk-shell Pd–N-doped carbon (YS-Pd–C/N) 81 0.42 114 42 [54]
Pd on iron-rich coal fly ash/silica (Pd/IRFA@SiO2) 32 14.97 1497 – [55]
Pd on porous polyurea microspheres (Pd@PPM2) 6 0.48 3 1 [56]
Pd@VP2 48 0.22 224 33 This work
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graph of Fig. 5c), keeping unchanged in comparison to that 
before reaction (7.72 ± 0.14 nm, inner graph of Fig. 5b). It 
hinted the high stability of Ru NPs with the protection of 
protein nanocages. Zeta potential of Pd@VP2/GO after four 
runs was measured to be -36.1 ± 9.8 mV (Fig. S8b), slightly 

less than that before reaction (− 38.7 ± 9.77 mV, Fig. S8a), 
possibly owing to the adsorption of a small amount of salt 
cations on GO surface. Results exhibited the strong electro-
static repulsions among Pd@VP2/GO particles. It favored 
the dispersion of them in aqueous solution, maintaining the 
high catalytic activity even after several runs. Additionally, 
Pd@VP2/GO particles after four runs possessed the mean 
size of 712.4 nm (Fig. S9b), similar to that before reaction 
(693.3 ± 33.54 nm, Fig. S9a). It proved the stability of as-
prepared Pd@VP2/GO, indicating its reusable potential in 
catalysis.

4  Conclusions

In summary, we synthesized a confined nanoreactor by 
encapsulating Tween 80 stabilized Pd nanoparticles into 
rotavirus VP2 VLPs (i.e. Pd@VP2). In comparison to non-
confined Pd-Tween80, Pd@VP2 exhibited an enhanced 
activity in the reduction of 4-NP to 4-AP thanks to the con-
finement effects including the high dispersion of Pd NPs and 
high effective concentration of substrates in confined space. 
Furthermore, Pd@VP2 was immobilized on GO sheets (i.e. 
Pd@VP2/GO) via a simple mixing method. It showed a 
slight decline on catalytic activity across four runs, hint-
ing the stable and reusable capability of Pd@VP2/GO. This 
work potentially created a facile and environment-friendly 
route to construct an immobilized catalytic nanoreactor 
based on viral protein cages with the cheerful prospects in 
sustainable and green chemistry.
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