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Compartmentalized Thin Films with Customized Functionality 
via Interfacial Cross-linking of Protein Cages

Aijie Liu, Mark V. de Ruiter, Wei Zhu, Stan J. Maassen, Liulin Yang,* 
and Jeroen J. L. M. Cornelissen*

Hybrid thin films with a high loading and homogeneous dispersion of 
functional nanoparticles (and/or molecules) find applications in (bio)-
sensors and electronic devices. The fabrication of such hybrid thin films, 
however, suffers from the complex and diverse surface and physicochemical 
properties of individual nanoparticles. To address this challenge, a facile and 
general strategy toward compartmentalized thin films through the interfacial 
cross-linking of viral protein cages is reported. Employing these protein 
cages, gold nanoparticles, as well as enzyme horseradish peroxidase, are 
encapsulated into virus-like particles and then cross-linked into thin films with 
a thickness varying from monolayer to submicron dimensions. These com-
partmentalized thin films not only ensure that the cargo is homogeneously 
dispersed, but also display good catalytic activity. This strategy is, in principle, 
applicable for a wide range of (bio)-organic nanocontainers, enabling the  
versatile fabrication of 2D thin films with extensive application prospects.
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or macromolecules, often suffer from the 
complex and diverse surface and physico-
chemical properties of the individual NPs 
or the substantial loss of enzyme activity 
during crosslinking.[8] To address this 
challenge, a generally applicable strategy, 
which involves integrating nanocarriers 
together with their cargo into compart-
mentalized thin films, is proposed in this 
work. Ferritin and viral particles such 
as the Cowpea Mosaic Virus, Tobacco 
Mosaic Virus, P22, and Turnip Yellow 
Mosaic Virus, are able to assemble into 
ordered 2D or 3D arrays at interfaces.[12–20] 
Inspired by this well-defined assembly, the 
interfacial cross-linking of uniform and 
adaptable nanocarriers, e.g., protein cages, 
into thin films with the capacity to encap-
sulate various “cargos” without affecting 
their surface properties or activities, is 

suggested. This will allow a broad spectrum of functional 
building blocks to be organized into hierarchical architectures 
relevant to applications such as energy transduction, sensing, 
catalysis, and smart membranes.[9,15]

Viral protein cages, derived from viruses such as the Cowpea 
Chlorotic Mosaic Virus (CCMV), are natural biomaterials with 
uniform size and shape that are formed by the controlled self-
assembly of coat proteins, and can be functionalized in a robust 
and well-defined manner.[21–26] By taking advantage of the 
reversible assembly/disassembly properties of the CCMV pro-
tein cages, the inner space can be loaded with inorganic NPs, 
enzymes, polymers, and organic aggregates resulting in func-
tional virus-like particles (VLPs).[27–30] Combining the encapsu-
lation abilities of VLPs with their diverse surface chemistry, we 
explored the strategy to prepare viral protein cage-based (free-
standing) thin films with customized functionality via interfacial 
crosslinking of the constituent proteins. The abundant number 
of amine groups on the exterior surface of protein cages allows 
the interfacial cross-linking.[31,32] Through careful control of the 
reactant concentration and reaction time, films can be formed 
on a water/oil interface and the thickness is tunable from a 
monolayer to submicron size. Moreover, based on the versa-
tile loading ability of CCMV protein cages, gold NPs and the 
enzyme horseradish peroxidase (HRP) have been efficiently 
integrated into these thin films as model systems (Scheme 1). 
The resultant gold NP hybrid thin film and enzymatic HRP thin 
film display catalytic activity as expected, showing the straight-
forward introduction of functionality into the hybrid thin films.

Compartmentalized Thin Films

1. Introduction

Hybrid thin films with integrated nanoparticles (NPs) find 
intriguing applications in material science and nanodevices, 
for e.g. selective separation,[1,2] catalysis,[3] and sensors.[4,5] This 
integration of functional NPs, large molecules, or bioactive 
enzymes into thin films offers numerous advantages to tailor 
the structural and functional properties by well-defined design. 
To this date, several strategies have been developed to pre-
pare such hybrid thin films including surfactant templating,[6] 
spinning-assisted assembly,[7] layer-by-layer deposition, and 
cross-linking.[8–11] These strategies that deal directly with NPs 
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2. Results and Discussion

2.1 Interfacial-Crosslinking of CCMV into Thin Films

Thin films based on CCMV protein cages were prepared 
by interfacial crosslinking at the oil–water interface using 
trimesoyl chloride (TMC) as a cross linker (Scheme 1). CCMV 
protein cages with particle size of D = 28 nm (Figure 1a) were 
isolated from infected plants according to a reported method,[1] 
and redispersed in a phosphate-buffered saline solution (PBS, 
pH 7.2) as the bottom layer. Subsequently, TMC as a cross-
linker dissolved in hexane phase was gently added as the top 
layer. Based on the diffusion and migration of both CCMV NPs 
and TMC molecules towards the interfacial surface, a (free-
standing) thin film formed at the interface through amidation 
reactions between carboxyl chlorides from TMC and amine 
groups from CCMV. To demonstrate the customized function-
alization of this hybrid thin film system, an Au NPs integrated 
thin film and an enzyme HRP integrated ultrathin film have 
been fabricated following the same protocol using Au NPs or 
HRP loaded VLPs, respectively.

The thin film formed at the water/oil interface was visible by 
naked eye and its presence was further confirmed by a water 
droplet test. When a droplet of aqueous Black T solution was 
dropped into the biphasic solution, the small droplet finally 
stayed at the interface (Figure 1b), indicating the presence of a 
thin film. Moreover, the thin film can tolerate a certain extent 
of deformation without rupture when the droplet on top of the 
film is poked lightly (Figure S1a, Supporting Information). In a 
control experiment, the droplet would directly pass through the 
interface into aqueous phase when there is no thin film at the 

interface (Figure  S1b, Supporting Information). Furthermore, 
when transferred to a copper electron microscopy grid, a trans-
parent, free-standing thin film was observed by optical micros-
copy (Figure 1c). All this information confirmed the successful 
fabrication of CCMV protein cage-based free-standing thin film.

Infrared (IR) spectroscopy studies show that, as expected, 
the TMC concentration and reaction time influence the degree 
of CCMV crosslinking. The obtained films were transferred 
to polyacrylonitrile ultrafiltration membranes (PAN, SolSep, 
Netherlands) for characterization. The CN stretching mode 
(ν  = 2242 cm−1) from PAN was used as an internal reference, 
while the degree of crosslinking of the film was monitored  
by the increasing signal originating from the amide group 
(NHbend ν = 1650 cm−1, COstretch ν = 1540 cm−1) (Figure 1d).[3] 
The amide absorption bands initially increased with increasing  
TMC concentration, while beyond 0.25 wt% the intensity lev-
eled off (Figure 1d,e). The cross-linking between virus particles 
and TMC faces competition with the hydrolysis of TMC, which 
decreases the available cross-linkers and furthermore acidifies 
the aqueous solution. The latter reduces the reactivity of the 
basic, amine groups present on the virus shell by protonation. At 
a low concentration of TMC (<0.125 wt%), the amount of TMC 
at the interface is insufficient to crosslink the virus particles, 
while at higher concentrations (>0.25 wt%), the excess TMC 
molecules at the interface passivate most of the reactive amine 
groups on the virus shell and prevent them from cross-linking.

The degree of cross linking, and presumably the film thick-
ness, also depends on the reaction time. As shown in Figure 1e 
bottom image (IR spectrum shown in Figure  S2, Supporting 
Information), the IR intensity of the amide group increases 
within the first 15  min of the reaction. After 15  min, the 
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Scheme 1.  Schematic representation of the fabrication of compartmentalized thin films with customized functionality by interfacial crosslinking.
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increase of IR signal levels off, indicating a decreasing growth 
and/or cross-linking of the film. After the initial 15 min of reac-
tion, the thickness of the film as measured by scanning elec-
tron miscroscopy (SEM) is in line with the dimension of a few 
virus nanoparticles (Figure 1f). After 14 h, the thickness of the 
film reached 440 nm, containing about 15 layers of CCMV NPs 
(Figure 1g). The slower film growth after 15 min is likely due to 
a barrier effect of the formed monolayer film that hampers the 
diffusion of TMC molecules and virus particles across this film 
and in that way, inhibits the cross-linking.

2.2. Compartmentalized Thin Films with Customized 
Functionality

The films obtained in this way can be equipped with different 
properties by crosslinking VLPs with functional cargo. This 

allows for the straightforward quantification of the loading 
inside the film and increased stability of this cargo. Further-
more, since the surface property of the protein cage remains 
the same with varying cargo, the chemistry established in this 
section can be applied to construct films with different func-
tionalities. Two representative examples are given to show the 
versatility of this strategy.

2.3. Compartmentalized Thin Films with Gold Nanoparticles 
Loaded

For the first example, CCMV-based VLPs containing 7  nm, 
bis(p-sulfonatophenyl)phenylphosphine stabilized gold NPs 
(Au7B) (denoted as CCMV-Au7B) were prepared following 
procedures previously reported by van us.[27] The obtained 
hybrid VLPs (CCMV-Au7B) formed a thin film analogous to the 
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Figure 1.  a) TEM image of CCMV nanoparticles stained by 1 wt% uranyl acetate; Optical image of the CCMV protein cage based free-standing thin film 
with an aqueous drop on b) top or on c) a copper gird; d) FTIR spectra of CCMV powder, PAN support, and PAN supported free-standing thin films 
prepared with varied TMC concentrations; e) Plots of intensity ratio of signals at the k = 1650 cm−1 (NH bending, amide group) to k = 2242 cm−1 
(CN stretching in PAN) versus TMC concentration (e, top) and reaction time (e, bottom). SEM images of thin films formed with 1.5 mg mL−1 of 
CCMV and 0.25 wt% TMC at different reaction time f) 15 min and g) 14 h.
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CCMV NPs, and its catalytic activity was studied (Figure  2a). 
The formed CCMV-Au7B films were characterized by transmis-
sion electron microscopy (TEM), SEM, atomic force microscopy 
(AFM), and UV–vis spectroscopy. TEM with a low magni-
fication showed, a folded film on top of the grid (Figure  2b). 
Upon zooming, the Au NPs are found to be dispersed and 
densely packed but without aggregation across the whole film 
(Figure 2c). A single layer of NPs was clearly observed on the 
film edge by SEM (Figure 2d) and AFM (Figure S3, Supporting 
Information). Compared to dissolved CCMV-Au7B NPs, the 
formed CCMV-Au7B film has a slightly red-shifted (≈6  nm) 
absorption at λ = 532 nm in the UV–vis spectrum (Figure 2e), 
suggesting that a substantial part of the gold nanoparticles is 
densely packed in the film. In a control experiment, the red-
shift was not observed for a film prepared from VLPs con-

taining tannic acid stabilized gold nanoparticles (Figure  S4a, 
Supporting Information). In that case, the empty VLPs present 
in these samples dilute the gold nanoparticles in the film and 
consequently increase the gold–gold distance diminishing the 
local surface-plasmon resonance (LSPR) effect.[33–35] All of the 
results verify that the compartments in the film that originate 
from the protein cages can effectively separate and stabilize 
gold nanoparticles at high concentrations without aggregation.

To explore the catalytic activity of the formed CCMV-Au7B 
monolayer film, the reduction of 4-nitrophenol (4-NP) to 4-amini-
phenol, as a model reaction, was monitored by UV–vis spec-
troscopy (Figure 2f). As the reaction proceeds, the absorption of 
4-NP at λ  = 400  nm decreases, accompanied by an increase of 
the absorption at λ = 292 nm, in line with the generation of the 
product 4-aminophenol. In control experiments, the reduction of 
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Figure 2.  a) Schematic illustration of the fabrication of a CCMV-Au7B based free-standing film; TEM images of CCMV-Au7B films with b) low mag-
nification and c) high magnification; d) SEM analysis of CCMV-Au7B monolayer; e) UV–vis spectra of CCMV-Au7B VLPs in buffer solution and in the 
film formed after 15 min; f) Reduction of 4-nitrophenol monitored by UV–vis spectroscopy; g) Kinetic analysis of the catalytic reductions carried out by  
Au NPs, CCMV-Au7B VLPs, a CCMV thin film and the CCMV-Au7B thin film.
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4-NP catalyzed by CCMV-Au7B VLPs and a CCMV film was also 
carried out under the same conditions. Reaction rates were calcu-
lated from plotting ln(A/A0) versus the reaction time, in which A0 
is the initial absorption intensity at λ = 400 nm, and A is the real-
time absorption intensity at the same wavelength (see for details 
of the calculation, Section S1.2.2, Figures S5 and S6,Supporting 
Information). For the CCMV film without Au NPs, as expected, 
no catalytic activity was observed (Figure  2g, black dots). For 
CCMV-Au7B VLPs, after 12 min reduction time, the initial reac-
tion rate constant was calculated to be kCCMV-Au7B = 2.1 × 10−3 ± 6.1 
× 10−5 min−1. This rate constant is lower than the one found for 
bare Au NPs (kAu = 8.2 × 10−2 ± 2.5 × 10−3 min−1), presumably due 
to the diffusion barrier imposed by the protein shell (Figure 2g).[24] 
Surprisingly, the CCMV-Au7B film showed a higher catalytic 
activity compared to CCMV-Au7B VLPs with kCCMV-Au7B film  = 
4.3 × 10−2 ± 7.2 × 10−4 min−1. The relatively high catalytic activity 
of the film might be caused by a more acidic local environment 
compared to the bulk solution, resulting from the conversion of 
basic amine groups in the protein shells by crosslinking and the 
additional carboxylic acids from hydrolysis of the partially reacted 
TMC molecules. Such a local acidic environment can promote 
the hydrolysis of NaBH4 and thus enhance the reduction reac-
tion.[36–38] These results do clearly indicate that the catalytic activity 
of Au NPs can be maintained in the compartments within the 
films created by cross-linking the protein cages, which allows for 
further applications in, e.g., catalytic or sensor devices.[39–41]

2.4. Compartmentalized Thin Films with Horseradish  
Peroxidase Loaded

To further demonstrate the tunable functionality of protein cage-
based compartmentalized films, HRP was introduced as a repre-
sentative enzyme (Figure 3a). To encapsulate HRP into the CCMV 
based protein cage, HRP was first functionalized with negatively 
charged polystyrene sulfonate (PSS) and encapsulated in analogy 
with the procedure reported by Brasch et al.[42] To this end a pol-
ymer prepared by atom transfer radical polymerization (ATRP) 
from a disulfide based initiator (PSS-SS-PSS) was in situ reduced 
and coupled to HRP modified with a reactive maleimide moiety. 
HRP, HRPPSS, and CCMV-HRPPSS were purified and studied by 
fast protein liquid chromatography (FPLC). HRP eluted at V  = 
18 mL (Figure S7, Supporting Information, top image). The elu-
tion volume of HRPPSS was the same, while the absorption at λ = 
260  nm increased (Figure  S7, Supporting Information, bottom 
image), in line with the conjugating of PSS. The excess of PSS 
eluted at V = 13 mL, presumably in aggregated form. The HRPPSS 
fraction with V  = 18–19  mL was collected for encapsulation. 
From the HRPPSS-coat protein mixture, three fractions were iso-
lated: 1) V = 9.5 mL likely corresponding to aggregates or T = 3 
VLPs; 2) V = 12.5 mL corresponding to T = 1 CCMV-HRPPSS; 3) 
V = 18.5 mL corresponding to nonencapsulated HRP (Figure 3b). 
Fraction 2 was analyzed by TEM and dynamic light scattering 
(DLS), which both pointed to the formation of VLPs with D  = 
18 nm in line with a T = 1 structure (Figure 3c).[34] The presence 
of HRP was further confirmed by UV–vis spectroscopy, showing 
the characteristic absorption of the heme group at λ  = 403  nm 
(Figure  3d) and by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) (Figure S8, Supporting Information). 

The encapsulation efficiency of enzyme per capsid was 92%. (see 
Section S1.3.2, Figure S9, Supporting Information).

A CCMV-HRP-based film was prepared as described for the 
other protein cage systems, yielding a material with an average 
thickness of 21.3  ±  3.5  nm measured by AFM (Figure  3e, f). 
This is close to the particle diameter D = 18 nm, suggesting a  
CCMV-HRPPSS monolayer. The HRP activity in the obtained 
thin film was studied by oxidation of 2,2′-azino-bis(3-ethylben-
zothiazoline-6-sulphonic acid) (ABTS) (Figure 3g). All reactions 
were carried out in Tris-HCl buffer (10 × 10−3 m Tris,10 × 10−3 m 
NaCl, pH 7.5) and monitored by UV–vis, following the charac-
teristic ABTS radical cation absorption at λ = 420 nm. 100 µL 
of a catalyst dispersion, with a concentration of 2  × 10−9 m 
HRP (total number of enzymes, 1.20 × 1011) was used to deter-
mine the reaction rate as a function of substrate concentration 
(Figure  3g, left image). HRP, HRPPSS, and CCMV-HRPPSS all 
follow Michaelis-Menten kinetics with Vmax = (750 ± 71) × 10−9, 
(515 ± 49) × 10−9, and (330 ± 30) × 10−9 m s−1, respectively. The 
reduction in rate is tentatively ascribed to hamper accessibility 
of the substrate to the enzyme's active site by the polymer 
and/or the protein cage. The oxidation product, i.e., the ABTS 
radical cation, is green, allowing direct visualization in the 
cuvette (Figure S10, Supporting Information). A thin film was 
attached on one side of the inner wall of the cuvette and after 
addition of a H2O2/ABTS mixed solution, a green color was 
generated on the surface of the film and which then diffused 
into bulk solution. The catalytic activity of the CCMVHRPPSS 
thin film was quantitatively studied using a multiplate reader. 
The CCMV-HRPPSS film initially showed an increasing reac-
tivity with increasing ABTS concentration (0–2.18  × 10−3 m), 
but the reaction rate decreases when the concentration exceeds 
3.13  × 10−3 m, probably due to product inhibition.[43–45] The 
highest rate with v = (196 ± 29) × 10−9 m s−1 was found at [ABTS] =  
2.18  × 10−3 m (Figure  3g, right image). The corresponding 
turn-over numbers for HRP, HRPPSS, CCMV-HRPPSS, and the 
CCMV-HRPPSS thin film were calculated as (6.2 ±  0.4) ×  10−9, 
(4.3 ± 0.4) × 10−9, (2.7 ± 0.2) × 10−9, and (2.2 ± 0.3) × 10−9 nm· 
(s·per enzyme)−1 (Figure 3h). This analysis shows that the activ-
ities of the different HRP systems are within the same order of 
magnitude, where it should be noted that the concentration of 
enzyme in the film is expected to be lower. It is evident from 
the observed catalytic conversions that upon the incorporation 
of HRP in the protein cage based films, the transport of sub-
strates and products between the bulk solution and the internal 
compartments of the films is still possible.

3. Conclusion

We have successfully constructed compartmentalized thin films by 
simple and straightforward interfacial cross-linking of viral protein 
cages. The thickness of the films can be controlled through the 
reaction conditions. The employment of the CCMV protein cage 
provides materials with defined compartments in the free-standing 
thin films, which not only helps to quantify and stabilize the cargo, 
but also equips the films with customized functionality. As a prove 
of concept, gold nanoparticles and HRP enzyme were effectively 
integrated into such thin films, respectively, which display catalytic 
activity as expected. Beyond what we have demonstrated here, we 
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believe this versatile strategy is also available for other (bio)-organic 
nanocontainers, a wide range of cargos and it is easily applied in 
devices (e.g., via conformal coating) potentially leading towards 
application in optical electronic devices, biosensors, wastewater 
treatment, and biomedical materials.

4. Experimental Section
Materials: Reagents and reactants that were purchased from Sigma 

Aldrich are used without further purification. Water used for buffer 
and reactions was of MilliQ quality (Millipore, R  = 18.2 MΩ cm−1). 
Quartz glass cuvettes were purchased from Hellma-analytics, Quartz 
SUPRASIL (QS), for UV–vis analysis. Tannic acid and citric acid 
stabilized gold nanoparticles were purchased from NanoComposix 
with mass concentration of 0.05  mg mL−1, dispersed in MilliQ water. 
Amicon Ultra centrifuge filters with 10 kDa MWCO were purchased from 
Pall Corporation. Polyacrylonitrile ultrafiltration membrane (PAN) were 
purchased from SolSep, Netherlands.

Bis-p-(sufonatophenyl) Phenyl Phosphine (BSPP) Ligand Exchange: 
BSPP capped nanoparticles were prepared according to the previous 
report.[27] Briefly, BSPP (4  mg, 7.5  µmol) was dissolved in Milli-Q 
(1  mL), and then added to citric acid stabilized gold nanoparticle 
aqueous solution (10 mL, 0.05 mg mL−1) under stirring. The stirring was 
continued overnight at room temperature (r.t). After then, citric acid was 
removed by washing with aqueous BSPP (1 × 10−3 m) three times using 
10 kDa MWCO centrifuge filter, followed by washing with MQ two times 
to remove the excess of BSPP.

CCMV–Au Hybrid VLPs: In a typical experiment, a AuNP solution 
(400  µL, 0.5  mg mL−1) was added to a solution of CCMV coat protein 
(100  µL, 15  mg mL−1; pH 7.5; 50  × 10−3 m Tris, 500  × 10−3 m NaCl) 
and incubated for 5  min at r.t. The reaction mixture was subsequently 
incubated overnight at 4  °C. The resulting VLPs were purified using 
preparative fast protein liquid chromatography (FPLC). Tannic acid 
stabilized 7 nm gold nanoparticles encapsulated hybrid nanoparticles are 
represented by CCMV-Au7T, and BSPP stabilized 7 nm gold nanoparticles 
encapsulated hybrid nanoparticles are represented by CCMV-Au7B.

Disulfide-Containing Polystyrene Sulfonate (PSS-SS-PSS): 
Sodium 4-styrenesulfonate monomer (4.89  g, 21.3  mmol) and 

Adv. Funct. Mater. 2018, 28, 1801574

Figure 3.  a) Schematic illustration of the fabrication of CCMV-HRPPSS free-standing thin film; b) FPLC size exclusion chromatograms for HRPPSS and 
CCMV-HRPPSS; c) TEM image of CCMV-HRPPSS, insert: the related DLS distribution; d) UV–vis spectra of CCMV-HRPPSS; e,f) AFM analysis of CCMV-
HRPpss monolayer free-standing thin film; g) Mechaelis-Menten plot for reaction rate of HRP, HRPPSS and CCMV-HRPPSS NPs (left), CCMV-HRPPSS 
film (right); h) Turn over numbers of free HRP, HRPPSS, CCMV-HRPPSS and CCMV-HRPpss film.
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bis[2-(2′-bromoisobutyryloxy)ethyl]disulfide initiator (106 mg, 0.23 mmol)  
were dissolved in water (21 mL) in a round-bottomed flask. The solution 
was then purged with nitrogen gas for 30  min. During this time, an 
excess of methanol was also purged with nitrogen gas. After 30  min, 
methanol (7 mL) was injected into the monomer/initiator solution using 
a nitrogen-purged syringe. The solution was then purged with nitrogen 
gas for additional 5 min. Cu(I)Br (68 mg, 0.47 mmol) and 2,2′-bipyridine 
ligand (148  mg, 0.95  mmol) were added together as solids, while 
maintaining a slow nitrogen purge. After 24 h, the catalyst was removed 
by flash column chromatography (eluent MeOH/H2O (1:1), 4 column 
volumes at least). After concentration, polymer was precipitated in cold 
THF and dried overnight at 60 °C.

HRP-PSS (HRPPSS) Conjugation: 10.8 mg of PSS (20 kDa) containing 
a disulfide group and 4  mg DTT (PSS:DTT = 1:50, mol mol−1) were 
dissolved in PBS buffer (10 × 10−3 m PB, 0.1 m NaCl). The solution was 
incubated for 2 h at r.t to the reduce disulfide bond. After 2 h of reaction, 
DTT was removed by washing with PBS buffer (at least 3 times) through 
Amicon Ultra centrifuge filters (2  kDa MWCO). In parallel, sulfo-
EMCS modified HRP was prepared. 510  µg of HRP (1.26 × 10−8  mol) 
and 370 µg of sulfo-EMCS (9 × 10−7 mol) were dissolved in 0.5 mL of 
PBS buffers separately. The above two solutions were then mixed and 
incubated at r.t for 1 h on a roller bank. After that, the excess of sulfo 
EMCS was removed by using Zeba Spin Desalting Columns (7  kDa 
MWCO). Sulfo-EMCS modified HRP was then mixed with PSS-HS and 
incubated for 1–2 h at r.t on the roller bank. Purification of HRPPSS was 
carried out by fast protein liquid chromatography (FPLC) with elution 
buffer (25 × 10−3 m Tris, 25 × 10−3 m NaCl, 5 × 10−3 m KCl, 2.5 × 10−3 m 
MgCl2, pH 7.5).

CCMV-HRPPSS Hybrid VLPs: HRPPSS and free coat protein  
(in 250 × 10−3 m Tris, 250 × 10−3 m NaCl, 50 × 10−3 m KCl, 25 × 10−3 m 
MgCl2, pH 7.5) were mixed in a volume ratio of 5:1, the final molar ratio 
of HRPPSS to coat protein is 1:180. The mixture was then incubated 
for at least 3 h at 4 °C, afterwards, purification was carried out by FPLC 
with elution buffer (50 × 10−3 m Tris, 50 × 10−3 m NaCl, 10 × 10−3 m KCl,  
5 × 10−3 m MgCl2, pH7.5).

Compartmentalized Thin-Film Based on CCMV: Thin films were 
prepared by interfacial cross-linking.[3] The bottom aqueous phase 
contained 1.5  mg mL−1 of CCMV nanoparticles in 0.2 m phosphate 
buffer (PB, pH7.2) solution, and the top oil phase contained TMC 
solution in hexane. In the reactant concentration-dependent study, TMC 
concentration was varied from 0.125 to 1.1 wt%. In the time-dependent 
study, the reaction time was varied till 35  min. The formed thin films 
were transferred for further study.

CCMV–Au Hybrid VLPs Based Thin Film: 300 µL of CCMV–Au solution 
(concentration based on Au NPs, 0.05 mg mL−1 of Au NPs in 0.2 m PB 
buffer, pH 7.2) was added into a quartz cuvette. The same volume of 
0.25 wt% of TMC hexane solution was added on the top and the reaction 
was continued for 15  min. Afterwards, the film was removed from the 
solution and rinsed with PB buffer once (be careful! The thin film may be 
removed together with the washing solution). Afterwards, the thin film 
was transferred for further analysis or left in the cuvette for further study.

CCMV-HRPPSS Hybrid VLPs Based Thin Film: 100 µL of CCMV-HRPPSS 
solution (in 0.2 m PB buffer, pH 7.2) with various concentrations was 
added into a quartz cuvette or in a Corning flat bottom 96-well UV 
transparent plate. 0.25 wt% of TMC hexane solution was added on the 
top and the reaction was kept for 15 min. Both solutions were removed 
and the thin film was washed with PB buffer once (be careful! Thin film 
may be removed together with the washing solution) for further study.

Reduction Reaction Catalyzed by AuNPs, CCMV-Au VLPs, and CCMV-Au 
Thin Film: 1.2 mL of MilliQ was added into a quartz cuvette with a thin film 
attached on one inner side, UV–vis recording was started right after adding 
of 300 µL of NaBH4 and 4NP mixture. Total number of Au NPs in monolayer 
of thin film was calculated (see Section S3.2.2, Supporting Information). In a 
control experiment, 1.2 mL of Au NPs/CCMV-Au VLPs (contained the same 
number of Au NPs as in the thin film) was mixed with 300 µL of NaBH4 and 
4NP mixture, reactions were recorded by UV–vis as well.

Kinetic Study of Reactions Catalyzed by HRP, HRPPSS, CCMV-
HRPPSS, and CCMV-HRPPSS Thin Films by Multiplate Reader: All 

reactions catalyzed by HRP, HRPPSS, CCMV-HRPPSS free VLPs, and 
the corresponding thin films were performed in Tris–HCl buffer, which 
is 25  × 10−3 m Tris, 25  × 10−3 m NaCl, 5  × 10−3 m KCl, 2.5  × 10−3 m  
MgCl2, pH 7.5.

HRP, HRPPSS, CCMV-HRPPSS VLPs: 50 µL solutions with 4 × 10−9 m 
HRP (or HRPPSS, CCMV-HRPPSS) and 10 × 10−3 m H2O2 were added into 
96 well plates, UV–vis monitoring on a TECAN I-control multiplate 
reader was started immediately after adding 50 µL of ABTS substrates 
with various concentrations.

CCMV-HRPPSS Thin Films: 100 µL of 5 × 10−3 m H2O2 was added into 
the well which contained the CCMV-HRPPSS thin films. Kinetic assay 
was performed by adding 18  × 10−3 m of ABTS with various volumes 
to obtain various final concentration of substrates. The concentration 
changes of CCMV-HRPPSS and H2O2 were negligible since only small 
volume (<10 µL) of ABTS solution was added.

Characterization Methods—Fast Protein Liquid Chromatography: 
Samples were purified and collected on an Aktapurifier (Box-900) 
equipped with a Superose 6 10/100 GL column (GE Healthcare) in a 
0.5 mL min−1 flow rate and a fraction collector (Frac-950).

(S)TEM Analysis: TEM samples were prepared by drop casting. In 
general, 5  µL of sample solution was dropped onto formvar carbon 
coated copper grid. After 5  min incubation, the remaining liquid was 
removed by tipping the grid onto a low lint paper (Kimtech science 
precision wipes). The sample was stained using 5 µL of a 1 wt% uranyl 
acetate solution for 30 s to provide optimal contrast. Sample was 
imaged using a Philips CM300ST-FEG TEM or a Zeiss Merlin (S)TEM. 
The resulting images were analyzed using ImageJ software to determine 
the size of particles and gold cores.

Dynamic Light Scattering: Each sample was measured using an 
Anaspec Nanotrac Wave dynamic light scattering instrument for five 
times and the average was report. Protein refractive index was set to 
be 1.54.

Atomic Force Microscopy: Thin films were carefully transferred on top 
of silicon wafer and dried under clean environment before analysis. AFM 
measurements were performed using a Multimode AFM (Bruker Nano 
Surfaces, Santa Barbara, CA, USA) with a NanoScope V controller under 
tapping mode.

Calculation of Turn over Number—Total Number of HRP in the CCMV-
HRPPSS Thin Film: Monolayer of thin films was prepared inside wells with 
an identical diameter of 0.57  cm. Therefore, each thin film contained 
≈1.01E+11 of VLPs (18  nm). Given that the HRP loading efficiency 
was 92%, each thin film contained ≈9.20E+10 of HRP. The numbers of 
enzymes in 100 µL of 2 × 10−9 m HRP, HRPPSS, and CCMV-HRPPSS VLPs 
were all at 1.20E+11.

Turn over number of HRPPSS, CCMV-HRPPSS, and CCMV-HRPPSS thin 
film = Vmax/(number of enzyme).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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