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ARTICLE INFO ABSTRACT

The applications of viral protein cages have expanded rapidly into the fields of bionanotechnology and materials
science. However, the low-cost production of viral capsid proteins (CPs) on a large scale is always a challenge.
Herein, we develop a highly efficient expression system by constructing recombinant Pichia pastoris cells as a
“factory” for the secretion of soluble cowpea chlorotic mottle virus (CCMV) CPs. Under optimal induction
conditions (0.9 mg/mL of methanol concentration at 30 °C for 96 h), a high yield of approximately 95 mg/L of
CCMV CPs was harvested from the fermentation supernatant with CPs purity > 90%, which has significantly
simplified the rest of the purification process. The resultant CPs are employed to encapsulate Ruthenium (Ru)
nanoparticles (NPs) via in-vitro self-assembly to prepare hybrid nanocatalyst, i.e. Ru@virus-like particles (VLPs).
The catalytic activity over Ru@VLPs was evaluated by reducing 4-nitrophenol (4-NP) to 4-aminophenol (4-AP).
The results indicate that, with the protection of protein cages, Ru NPs were highly stabilized during the catalytic
reaction. This results in enhanced catalytic activity (reaction rate constant k = 0.14 min~ ') in comparison with
unsupported citrate-stabilized Ru NPs (Ru-CA) (k = 0.08 min ™). Additionally, comparatively lower activation
energy over Ru@VLPs (approximately 32 kJ/mol) than that over Ru-CA (approximately 39 kJ/mol) could be
attributed to the synergistic effect between Ru NPs and some functional groups such as amino groups (-NH,) on
CPs that weakened the activation barrier of 4-NP reduction. Therefore, enhanced activity and decreased acti-
vation energy over Ru@VLPs demonstrated the superiority of Ru@VLPs to unsupported Ru-CA.
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1. Introduction

Virus-like particles (VLPs), a class of self-assembled nanocages from
viral capsid proteins (CPs), possess several significant characteristics:
They are reproducible, robust, and monodisperse hollow scaffolds with
highly organized structures. In addition to their use in the development
of viral vaccines [1,2], VLPs have garnered considerable attention re-
cently for their application in nanoreactors [3,4], biosensors [5-7], and
drug delivery systems [8,9]. In contrast to VLPs that are derived from
animal viruses, those derived from plant viruses are safer for us because
we cannot be infected by these pathogens. Hence, several plant viruses,
such as cowpea chlorotic mottle virus (CCMV), have been increasingly
studied. A native CCMV has an icosahedral capsid (triangulation
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number T = 3) with an outer diameter of 28 nm and an inner diameter
of 18 nm. It is formed of 180 copies of a 20-kDa CP subunit that as-
sembles around RNA [3,10]. A unique characteristic of CCMV that has
resulted in extensive interest is that changes in pH or ionic strength can
alter the morphology of CCMV protein cage, thus exhibiting dis-
assembly-reassembly behavior in-vitro [11,12]. This interesting feature
makes CCMV VLPs a versatile platform for the development of func-
tional nanomaterials in a wide range of applications in the fields of
materials science and bionanotechnology [13-16].

To date, CCMV CPs have often been produced by replicating viral
particles in plant hosts or expressing them in heterologous expression
systems including prokaryotic and eukaryotic ones. For the former
method, a long replication period and a tedious separation process are
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required to harvest wild-type CPs from plants, often leading to a low
output quantity [17,18]. Therefore, several heterologous expression
systems have been designed to overcome those disadvantages. Of these,
eukaryotic yeast-based systems (e.g., Pichia pastoris [P. pastoris]) for
expressing CCMV CPs have attracted much attention in recent years
[18-21]. Yeast cells have advantages similar to those of prokaryotic
cells, such as convenient genetic manipulation, low cost, rapid growth
rate, and high cell density for protein expression. More importantly,
yeast cells have the capability to induce complex post-translational
modifications including proteolytic maturation, glycosylation, and
disulfide bond formation [22]. They favor the production of properly
folded active proteins, thus avoiding the formation of numerous in-
soluble inclusion bodies, which are often produced in prokaryotic cells
[23-25]. Additionally, yeast cells have the capability to secrete het-
erologous proteins into a fermentation supernatant. Thus, active pro-
teins can be directly collected from the medium without disrupting the
cell. Yeast cells significantly facilitate the subsequent purification pro-
cess and reduce production costs [25-28]. Thus far, CCMV CPs have
been successfully expressed on several P. pastoris platforms [18,19,29].
However, they primarily have been intracellularly expressed, leading to
multiple purification processes.

Herein, we report a P. pastoris-based expression system for the se-
cretion of recombinant CCMV CPs. This system gives a high yield of
active CPs (95 mg/L) in the supernatant with a high CPs purity (over
90%). Cell disruption was excluded, which simplified the purification
process considerably. Secreted CPs were further employed to en-
capsulate Ruthenium (Ru) nanoparticles via in-vitro self-assembly to
prepare a core-shell hybrid nanocatalyst. The reduction of 4-ni-
trophenol (4-NP) to 4-aminophenol (4-AP) was selected as a model
reaction to estimate the catalytic activity of this nanocatalyst. This
study provides a simple and environmentally friendly method for the
large-scale production of the protein cages of plant viruses in several
emerging industries, such as biopharmaceuticals and nanomaterials.

2. Material and methods
2.1. Strain, plasmid, and materials

P. pastoris CN15349 was acquired from BioTOP (Suzhou, China);
Plasmid pPIC9K (Invitrogen, USA) was employed for recombinant
protein secretion due to its signal peptide-encoding sequence.

Pfu-DNA polymerase; dNTP; T4 ligase; restriction enzymes, in-
cluding EcoR I, Avr 11, SnaB I, Not I, Sac I, Sal I, and Bgl II; DNA; and
protein markers were purchased from Fermentas, Canada. Phosphatase
was purchased from TaKaRa (Dalian, China). PCR product purification
and gel recovery kits were purchased from Watson Biotechnologies
(Shanghai, China). A TIANamp yeast DNA kit (Tiangen Biotech, Beijing,
China) was employed to isolate genomic DNA from yeast cells.
Geneticin G418 was purchased from Aladdin (Shanghai, China) for
multicopy recombinant screening.

2.2. Culture media

A yeast extract-peptone—dextrose medium (YEPD, 1 L) consisting of
20 g of peptone, 10 g of yeast extract, and 20 g of dextrose (another
15 g of agar for the solid medium) was employed for yeast screening.

A buffered glycerol-complex medium (BMGY, 1 L) consisting of
10 g of yeast extract, 20 g of peptone, 3 g of K;HPOy, 11.8 g of KH,PO,,
100 mL of 10 X YNB (13.4 g/L), 1 mL of 500 X biotin (4 X 10~4 g/L)
and 10 mL of glycerol was employed for cultivating recombinant P.
pastoris to a high cell density before the expression of target proteins.

A buffered methanol-complex medium (BMMY, 1 L) consisting of
10 g of yeast extract, 20 g of peptone, 3 g of K;HPOy4, 11.8 g of KH,PO,,
100 mL of 10 X YNB (13.4 g/L), 1 mL of 500 X biotin (4 x 10~4 g/L),
and 5 mL of methanol was employed for inducing recombinant P.
pastoris to secrete target proteins.

Protein Expression and Purification 174 (2020) 105679

2.3. Gene construction of CCMV CP

The gene sequence of CCMV CPs was fully synthesized according to
the publicly available nucleotide sequence of CCMV (NCBI accession
no. AAA46373.1) [30]. A 6 x His tag sequence was also designed on
the N-terminus of CPs for facile purification via Ni-NTA affinity chro-
matography. The designed gene sequence of CCMV CPs is given in
Electronic Supplementary Information (ESI). Then, the constructed
nucleotide sequence of CCMV CPs was cloned into EcoR I and Not I
restriction sites of pPIC9K plasmid vector for protein expression (shown
in ESI). The obtained recombinant vector was named pPIC9K-CP.

2.4. Recombinant strain construction

First, through electroporation, pPIC9K-CP was transformed into
chemically competent cells of yeast strain P. pastoris CN15349 for
protein induction and expression. Multicopy recombinants were then
obtained through aminoglycoside antibiotic geneticin G418 con-
centration gradient screening (1-6 mg/mlL) in the YPD medium.
Subsequently, PCR amplification was carried out to screen for positive
genomic clones. Finally, the selected recombinant was named P. pastoris
CN15349-CP. It exhibited Mut™ phenotype due to its rapid growth in
methanol medium.

2.5. CCMV CP secretion

Yeast cells were inoculated in 100 mL of liquid BMGY culture
medium at 28 °C and agitated at 250 rpm. When the adsorption of the
cell suspension reached 2-6 absorbance units at a wavelength of
600 nm (Agoo), they were removed from the BMGY medium via cen-
trifugation and re-suspended in 100 mL of the liquid BMMY medium.
Cells were cultivated at 15°C-35 °C and agitated at 250 rpm for
24-144 h. Methanol was added to the medium at a final concentration
of 0%-2.0% every 24 h to induce P. pastoris CN15349-CP to secrete
CCMV CPs. At the end of the fermentation, yeast cells were discarded by
centrifugation, and the supernatant was collected for the further pur-
ification of secreted CPs. Four identical tests were carried out for sta-
tistical analysis.

2.6. CCMV CP purifications

Two chromatography methods were employed for CP purification:
Ni-NTA affinity and anion exchange. In a typical purification process
using the former method, the fermentation supernatant was first con-
centrated via ultrafiltration (10 kD, Amicon® Ultra-15, Millipore, USA)
at 4 °C and 5000 x g for 30 min. The concentrate was then filtered
through a filter with 45-ym membrane and loaded into a Ni-NTA affi-
nity column (Smart Lifesciences Co., China) that was pre-equilibrated
with 10 vol of buffer (0.02 M Tris-HCl, 0.5 M NaCl, pH 7.4).
Consecutive elutions were obtained using buffers with imidazole at a
gradient concentration (0.02 M Tris-HCl, 0.5 M NaCl, 0-0.25 M imi-
dazole, pH 7.4). Eluents with 10 vol of the column was collected in each
elution process.

The purification process using anion exchange chromatography was
similar to that of Ni-NTA affinity chromatography. First, an anion ex-
change column (Suzhou Bogen Bioseparation Technology, BG32-3220-
02) was equilibrated with 5 vol of buffer (0.02 M Tris-HCl, 0.1 M NaCl,
pH 8.9). The supernatant concentrate was loaded and re-equilibrated in
the column. The target protein was eluted by elution buffer (0.02 M
Tris-HCl, 1 M NaCl, pH 8.9). Next, the eluates containing recombinant
CPs were dialyzed using a dialysis membrane of 8 kDa MWCO
(Spectrum Labs, CA, USA) for 24 h at 4 °C in 10 vol of disassembly
buffer (0.02 M Tris-HCI, 0.9 M NaCl, 0.001 M DTT, pH 7.4) to retain the
CPs. Dialysis buffers were renewed every 8 h. Finally, the purified CPs
were stored at 4 °C.
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2.7. In-vitro assembly of CCMV CPs to VLPs

The CP self-assembly process was carried out via dialysis for 24 h at
4 °C against 10 vol of assembly buffer (0.1 M NaAc, 0.9 M NacCl, 0.01 M
MgCl,, pH 4.8) using a dialysis membrane of 8 kDa MWCO (Spectrum
Labs, CA, USA). Assembly buffers were renewed every 8 h, and finally,
CPs were reassembled to VLPs.

2.8. Characteristics of CCMV CP secretion and assembled VLPs

SDS-PAGE was employed to analyze the molecular weight (Mw) and
purity of secreted CCMV CPs. A UV-vis spectrophotometer (756 S,
Lengguang Tech. Co. Ltd., Shanghhai, China) was used to measure the
adsorption of the supernatant at 280 nm (A,go), and the CP con-
centration was determined using Equation (1):

Ay =ecp X bXc 1)

where A,gy is the adsorption of CCMV CPs in the supernatant at a
wavelength of 280 nm; &, is the extinction coefficient of CCMV CPs
(433 x 10° M~ ! em ™}, according to Ref. [3]); and b and c are the
optical path length (1 cm, the width of a cuvette) and CP concentration,
respectively.

Transmission electron microscopy (TEM) images were acquired by
JEOL JEM 2100PLUS to verify the formation of VLPs that were as-
sembled from CCMV CPs. The sizes of the VLPs were analyzed by
measuring 20 randomly selected particles.

2.9. Encapsulation of Ru nanoparticles (Ru NPs) into CCMV VLPs

First, citrate (CA)-stabilized Ru NPs (Ru-CA) were prepared via the
colloidal method. Specifically, a RuCl; aqueous solution (6 mM) was
mixed in a sodium CA aqueous solution (1.0 wt%) and stirred for
15 min to maintain the 11:1 M ratio of CA to Ru. Next, a NaBH, solution
(0.1 M) was added to reduce Ru®" and stirred for 5 min to maintain the
5:1 M ratio of NaBH, to Ru. Thus, the Ru colloid solution was prepared.
The sizes of the Ru NPs were analyzed by measuring 50 randomly se-
lected particles.

The encapsulation of Ru NPs in CCMV VLPs was conducted as fol-
lows: CP dispersion (0.4 mg/mL) was mixed with a Ru-CA solution
(6 mM). The solution was well mixed for 30 min and then dialyzed in an
assembly buffer at 4 °C overnight. As-prepared CCMV VLPs that had
encapsulated Ru NPs were named Ru@VLPs. The sizes of Ru@VLPs
were analyzed by measuring 20 randomly selected particles.

2.10. Catalytic performance over Ru@VLPs for the reduction of 4-NP

Catalytic activity over hybrid nanocatalyst Ru@VLPs was estimated
according to the reduction of 4-NP to 4-AP, as shown in Scheme 1. The
result was compared with that of unsupported Ru colloidal NPs (Ru-
CA). The experiments were conducted in a 96-well plate. Specifically,
30 uL of a 4-NP aqueous solution (1 mM) and 20 pL of a Ru@VLP
aqueous solution (1.7 uM Ru) were fully mixed in the wells of the plate.
The reaction began once 150 pL of the NaBH, aqueous solution
(16 mM) was added to the mixed solution. Real-time data was

OH OH OH
very fast slow
—_—

Ha Ha

NO, NS NH,
HO H
4-nitrophenol 4-hydroxyamine phenol 4-aminophenol

(4-NP) (4-HP) (4-AP)

Scheme 1. Reduction of 4-NP to 4-AP.
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monitored by a microplate reader (Spark 10 M, Tecan, Switzerland) at a
wavelength ranging from 200 to 500 nm. The reactions proceeded for
15 min. Ru-CA was employed as the control. 4-NP, ionized 4-NP, and
final-product 4-AP had the maximal adsorptions at wavelengths of 320,
400, and 296 nm, respectively. It is worth noting that 4-NP can be io-
nized by adding an excess amount of NaBHy, after which its maximal
absorption wavelength increases from 320 to 400 nm. Since the ex-
tinction coefficient (¢) of 4-NP is much larger than that of 4-AP, the
reaction kinetics for evaluating the catalytic activity of as-prepared
catalysts was studied by observing the absorption decrease of 4-NP
during the reaction at 400 nm. Hence, the conversion of 4-NP (Con) in
the reaction was employed to evaluate the catalytic activity over as-
prepared catalysts and calculated by Equation (2):

Adp — A
NPiONP X 100%
Anp 2)

where A%p and Ayp are the initial adsorption value of ionized 4-NP and
the instant adsorption value during the reaction at A4 nm, respectively.
Four identical tests were carried out for statistical analysis.

Since 4-NP hydrogenation is generally considered a pseudo first-
order reaction [3,31], apparent reaction rate constants (k) for the re-
duction of 4-NP were calculated based on the total conversion of 4-NP
over Ru catalysts using Equation (3):

n—1%
100 — Con 3

Con =

where Con and t represent the total conversion of 4-NP and reaction
time, respectively.

Moreover, activation energies for 4-NP hydrogenation over Ru@
VLPs and Ru-CA were determined using the Arrhenius equation
(Equation [4])

Ea
Ink = InA — RT )
where Ea is activation energy, T is reaction temperature, A and R are
the frequency factor and ideal gas constant (8.314 J mol "K™1), re-
spectively.

Finally, four runs of Ru@VLP recycling was carried out in a 15-mL
autoclave. The total volume of the reaction system was 5 mL.
Specifically, 750 pL of the 4-NP aqueous solution (1 mM) and 500 pl of
the Ru@VLP aqueous solution (1.7 pM Ru) were fully mixed in the
autoclave. The reaction began once 3.5 mL of NaBH, (16 mM) was
added to the mixture. The reaction proceeded at 30 °C for 10 min. At
the end of the reaction, the solution was dialyzed for 24 h at 4 °C
against 10 vol of assembly buffer to remove reactants and products.
After ultrafiltration, the recycled Ru@VLP was employed for the next
run.

3. Results and discussion

3.1. Construction of recombinant strain P. pastoris CN15349-CP and
secreted CCMV CP expression

Multicopy recombinants containing positive genomic clones were
first screened through antibiotic G418 (Figure S1, ESI) and PCR (Figure
S2, ESI). The resultant strain P. pastoris CN15349-CP was then em-
ployed for the secreted expression of recombinant CCMV CPs via two
stages: cultivating cells to a high density and secreting CP under me-
thanol induction. At the end of the fermentation, centrifugation was
used to discard the yeast cells, and the supernatant was collected for
SDS-PAGE analysis. It is obvious that merely two protein bands were
discovered in this sample (Lane 1 in Figure S3, ESI). A clear band with a
molecular weight of 22 kDa corresponded to the recombinant CCMV
CPs, and another light band at 15 kDa likely originated from the culture
medium. Results indicate that the purity of secreted CCMV CPs in the
fermentation supernatant exceeded 90%. As such, CCMV CPs may
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Fig. 1. Concentration of secreted CPs as a function of (a) induction temperature
(methanol added to the medium at a final concentration of 1.0% every 24 h;
induction time, 72 h), (b) concentration of methanol (induction temperature,
30 °C; induction time, 72 h), and (c) induction time (methanol added to the
medium at a final concentration of 0.9% every 24 h; induction temperature,
30 °C). (Mean value: four parallel tests + standard error).

significantly simplify the downstream purification process.

3.2. Optimization of induction conditions

To improve the yield of secreted CCMV CPs, some induction con-
ditions, including temperature, methanol concentration, and induction
time, were optimized. First, various induction temperatures in the
range of 15°C-35 °C were used to investigate the effect of temperature
on CP secretion. When the temperature was 15°C-30 °C, the amount of
secreted CCMV CP clearly increased due to the yeast cells’ accelerated
metabolism (Fig. 1a). The concentration of secreted CPs in the fer-
mentation supernatant reached a peak (83.0 = 4.1 mg/L) at 30 °C,
similar to the optimal growth temperature for P. pastoris. Next, CP ex-
pression level decreased dramatically if the induction temperature in-
creased further. Hence, an induction temperature greater than 30 °C
inhibited the activity of intracellular alcohol oxidase and the energy
levels of cells, improved the cell mortality rate, and increased the ne-
gative effects of proteases on protein degradation during the fermen-
tation process. These disadvantages hinder the expression of exogenous
proteins [32-35]. Therefore, 30 °C was chosen as the optimal induction
temperature for CP secretion.

Next, the methanol concentration was optimized. As shown in
Fig. 1b, the concentration of secreted CPs in the fermentation super-
natant reached a peak (87.6 * 3.8 mg/L) at a methanol concentration
of 0.9 mg/mL. Methanol, as a bifunctional reagent, is a nutriment that
fosters the growth of P. pastoris cells and induces the expression of
exogenous proteins. When the concentration of methanol is high, the
growth of the cells is inhibited due to cytotoxicity, while a low con-
centration leads to little protein secretion [33,36]. Hence, in this study,
the optimal methanol concentration of 0.9 mg/mL can simultaneously
meet the requirements of both cell growth and exogenous protein se-
cretion.

In addition, the rate at which cells secreted CPs was positively
correlated with induction time. The concentration of secreted CPs
reached a high level (95.1 + 4.8 mg/L) after 96 h (Fig. 1c). However,
it only decreased slightly when induction time increased
(97.5 = 3.3 mg/L after 120 h, Fig. 1c). Hence, the capability of cells to
secrete proteins continued to decline as nutrients were consumed,
products accumulated, and cells aged.

When cost and yield were considered simultaneously, optimal in-
duction conditions were 0.9 mg/mL of methanol concentration at 30 °C
for 96 h. Under these conditions, a high yield of approximately 95 mg/L
CCMV CPs was harvested from the fermentation supernatant.

Therefore, the secretory expression system we constructed here is
simple, efficient, and gives a high yield of active CPs (95 mg/L) in the
supernatant with a high CPs purity (over 90%) at a lower cost in
comparison with several reported expression systems (summarized in
Table 1).

3.3. CCMV CP purification

Anion exchange and Ni-NTA affinity chromatography were used
separately to further purify CCMV CPs from the fermentation super-
natant. The former process was carried out while considering the dif-
ferent isoelectric points between CCMV CPs (theoretical pI ~9.3 ac-
cording to ExPASy, Figure S4 in ESI) and other proteins from host cells
(pI < 6.0). The results indicate that CCMV CPs can be successfully
purified when an elution buffer with a pH of 8.9 is applied. As shown in
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Table 1
CCMV CPs expression in several strains.
Expression host (strain, vector) CPs yield CPs property Purification process Reference
E. coli (BL21, pET23a); 75-100 mg/L Intracellular expression Cell disruption, denaturation, renaturation, [23,37]
E. coli (BL21(DE3), pET28a) Inclusions ultracentrifugation
E. coli (Rosetta 2, pET19b) 25.92 mg/L Intracellular expression Cell disruption, affinity chromatography [25]
Soluble CPs
Pseudomonas fluorescens (DC487, 2.6 g/L Intracellular expression Cell disruption, PEG precipitation, sucrose density [24]
pDOW3250) Soluble CPs gradient centrifugation
Pichia pastoris (pPICZA) 0.05-0.5 mg/g wet cell mass; Intracellular expression Cell disruption, PEG precipitation, CsCl gradient [18,19]
4.8 g/L Soluble CPs centrifugation
Pichia pastoris (pPIC9K) 95 mg/L Secretion expression Anion exchange chromatography This work

Soluble CPs

Marker 1 p 4 3
kDa 250

130

100
70

S5

35

2§

15

Fig. 2. SDS-PAGE before and after CCMV CP purification by anion exchange
chromatography. (Lane 1: fermentation supernatant; Lane 2: effluent after
elution using the buffer with 1 M NaCl; Lane 3: effluent during adsorption
equilibrium in the column).

Fig. 2, most proteins that originated from host cells were negatively
charged at pH 8.9. They primarily adsorbed on anion exchange column
(Lane 2). However, CCMV CPs outflowed straightly from the column
(Lane 3) due to their electrical neutrality at the same pH.
Additionally, we attempted to use Ni-NTA affinity chromatography
for CCMV CP purification due to the design of the N-terminal 6 X His
tag in the protein sequence. The eluents were collected and analyzed by
SDS-PAGE, as shown in Figure S3 (Lanes 2-8, ESI). Obviously, CCMV
CPs were only discovered in the adsorption equilibrium effluent and the
elution with 0 mM imidazole (Figure S3, Lanes 2 and 3, ESI). However,
no CCMV CPs were found in the effluents that were collected from
elution steps, as shown in Figure S3 (Lanes 4-8, ESI), thus indicating
that in this study, secreted CPs were difficult to adsorb on the Ni-NTA

affinity column. They directly flowed out with effluents. This is possibly
related to the structure of CCMV CP. The N-terminal of the CP from
wild-type CCMV contains a nine-residue domain that is generally folded
toward the interior of the capsid for RNA binding [10]. Therefore, the
N-terminal 6 X His tag in recombinant CP might possibly fold the same
way, leading to the ineffective purification by Ni-NTA affinity chro-
matography.

In summary, anion exchange chromatography was an efficient
method to purify CCMV CPs, and the purity after said chromatography
was performed was > 90%. The purified CPs could be employed for the
further encapsulation of Ru NPs.

3.4. In-vitro CCMV CP self-assembly to VLPs and encapsulation of Ru NPs

CCMV CPs were dialyzed in an assembly buffer for 24 h at 4 °C to
verify their self-assembly capability to form VLPs in-vitro. The TEM
image in Fig. 3a illustrates the successful assembly of CCMV CPs into
spherical VLPs with the average size being 27.7 + 0.6 nm, which
corresponds to that of the native CCMV. Assembled VLPs possessed an
icosahedral structure, are composed of 180 CP subunits, and have a
Caspar-Klug icosahedral triangulation number T = 3 [10]. The results
prove the strong self-assembly capability of recombinant CCMV CPs.

Fig. 3b illustrates the efficient encapsulation of Ru NPs into CCMV
VLPs. The encapsulation rate was approximately 70%, and most VLPs
contained several Ru NPs. It is worth noting that the sizes of hybrid
Ru@VLPs ranged from 18 to 30 nm with an average size of
22.8 + 0.6 nm. It can be inferred that the resulting Ru@VLP particles
may simultaneously contain assemblies with triangulation numbers
T = 1, 2, and 3. Specifically, T = 1 cages that consist of 60 CP subunits
accounted for ~42% of the total (18-22 nm), T = 2 cages consisting of
120 CP subunits accounted for ~40% of the total (22-26 nm), and
T = 3 cages consisting of 180 CP subunits accounted for ~18% of the
total (26-30 nm). This relatively large size range may be due to the size
variations of encapsulated cargo templates.

The quantity and size ranges of Ru NPs in VLPs were further cal-
culated from the TEM image (Fig. 3b), as shown in Figure S5 (ESI). The
results indicate that most Ru@VLPs contained 5-10 Ru NPs. Those
containing 6-7 Ru NPs accounted for 50%, the highest proportion of the
counted Ru@VLPs (Figure S5a). Ru NPs in VLPs exhibited a narrow size
range of 2.5-3.5 nm, with a mean size of 2.72 = 0.05 nm (Figure S5b).
This suggests the protection lent by protein nanocages leads to the high
dispersion of Ru NPs.

Therefore, based on above results, the formation path of a Ru@VLP
is likely as follows: Upon mixing with CP solution, some Ru NPs partly
aggregate due to the increased ionic strength. Aggregates of Ru NPs
with different sizes are quickly encapsulated into VLPs via self-assembly
due to electrostatic interactions between the two. Thus, Ru NPs are
protected by VLPs, hampering any further aggregation. This results in
the enhanced stability of Ru NPs. In contrast, unsupported CA-stabilized
Ru NPs, i.e., Ru-CA, exist primarily in an aggregated state (Figure S6,
ESI). As-prepared hybrid nanocatalysts, i.e., Ru@VLPs, were further
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Fig. 3. TEM images of CCMV VLPs (a) and encapsulated Ru NPs (b).

applied in catalysis.
3.5. Catalytic activity of Ru@VLPs on the reduction of 4-NP

The reduction of 4-NP to 4-AP was selected as a model reaction to
estimate the catalytic activity of Ru@VLPs (Scheme 1). Since the me-
chanism of reducing 4-NP is well studied, it is widely applied for in-
vestigating the catalytic activity of metallic NPs, hybrid nanostructures,
and constituted devices [38-40]. Prior to reaction, the 4-NP solution
without NaBH, has a maximal adsorption at a wavelength of 320 nm.
However, by adding an excess amount of NaBH,, 4-NP can be ionized,
and its maximal absorption wavelength increases from 320 to 400 nm
(Fig. 4a). Simultaneously, 4-NP reduction proceeds, and the resulting
final product, 4-AP, reaches a small peak at 296 nm (Fig. 4b). Since the
extinction coefficient (¢) of 4-NP is much larger than that of 4-AP, the
reaction kinetics for evaluating the catalytic activity of as-prepared
catalysts was studied by observing the absorption decrease of 4-NP
during the reaction at 400 nm [38].

Fig. 5a indicates the enhanced activity of Ru NPs after their en-
capsulation into CCMV VLPs. 4-NP conversion over Ru@VLPs, for ex-
ample, was calculated by Equation (2) to be 93.4% = 2.7% after
14 min. In contrast, that over Ru-CA was merely 85.8% = 2.3% after
14 min. The reaction rate constant (k) over Ru@VLPs was further cal-
culated by Equation (3) to be ~0.14 min ! (Figs. 5b), 1.8 times of that
over Ru-CA (~0.08 min~'). The improved activity of Ru@VLPs can be
reasonably attributed to the enhanced stability of Ru NPs with the
protection of CCMV VLPs in comparison with unsupported Ru-CA.

The reaction rate constants over Ru@VLPs and Ru-CA at different
temperatures (25°C-40 °C) were further studied, as shown in Figure S7
(ESD). Clearly, as the temperature increased, so did the reaction rates
over both catalysts. For example, k over Ru@VLPs increased from 0.14
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Fig. 4. Real-time data of 4-NP reduction to 4-AP: (a) blank test without any
catalysts but with the addition of an excess amount of NaBH,; (b) 4-NP re-
duction over Ru@VLPs.

to 0.30 min~! when the reaction temperature increased from 25 °C to
40 °C. According to the fitting curves in Fig. 6, activation energies (Ea)
of 4-NP reduction over Ru@VLPs and Ru-CA were further estimated
using Equation (4). The activation energy over Ru@VLPs was calcu-
lated to be ~32 kJ/mol, which is lower than that over Ru-CA (~39 kJ/
mol). The comparatively lower activation energy over Ru@VLPs can
possibly be attributed to the synergistic effect between Ru NPs and
some functional groups such as amino groups (-NH,) on CPs that
weakened the activation barrier of 4-NP reduction. Therefore, en-
hanced activity as well as decreased activation energy over Ru@VLPs
showed the superiority of Ru@VLPs to Ru-CA.

3.6. Recycling of Ru@VLPs

Finally, the reusability of Ru@VLPs was examined by recycling
them for four runs. The results given in Fig. 7 demonstrate a decline in
catalytic activity. For example, 4-NP conversion in the first run was
approximately 81.4% =+ 3.2% after 10 min. In comparison, it de-
creased to 68.1% = 2.7% in the fourth run (less than 4% each run).
This occurred primarily due to some mass loss during the recycling
process. Hence, as-prepared Ru@VLPs showed good recyclability.
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Fig. 5. Catalytic activity of Ru-CA and Ru@VLPs: (a) 4-NP conversion versus
reaction time; (b) estimation of reaction rate constants (k). (Mean value: four
parallel tests = standard error).

4. Conclusion

In summary, we successfully constructed a P. pastoris-based ex-
pression system for the secretion of recombinant CCMV CPs in a large
yield with high purity, thus simplifying the rest of the purification
process considerably. The resultant CPs were employed to encapsulate
Ru NPs through in-vitro self-assembly to prepare core-shell hybrid na-
nocatalyst Ru@VLPs. In the reduction of 4-NP to 4-AP, the system ex-
hibited enhanced activity and decreased activation energy in compar-
ison with unsupported Ru-CA, which contributed to the improved
stability of Ru NPs with the protection of CCMV VLPs as well as the
synergistic effect between the two. In this study, a simple and en-
vironmentally friendly method of synthesizing large-scale protein cages
of plant viruses was created, which could potentially play a role in
emerging industries, such as biopharmaceuticals and nanomaterials.
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