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Compartmentalized supramolecular hydrogels
based on viral nanocages towards sophisticated
cargo administration†
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Introduction of compartments with defined spaces inside a hydrogel network brings unique features,

such as cargo quantification, stabilization and diminishment of burst release, which are all desired for bio-

medical applications. As a proof of concept, guest-modified cowpea chlorotic mottle virus (CCMV) par-

ticles and complementary guest-modified hydroxylpropyl cellulose (HPC) were non-covalently cross-

linked through the formation of ternary host–guest complexes with cucurbit[8]uril (CB[8]). Furthermore,

CCMV based virus-like particles (VLPs) loaded with tetrasulfonated zinc phthalocyanine (ZnPc) were pre-

pared, with a loading efficiency up to 99%, which are subsequently successfully integrated inside the

supramolecular hydrogel network. It was shown that compartments provided by protein cages not only

help to quantify the loaded ZnPc cargo, but also improve the water solubility of ZnPc to avoid undesired

aggregation. Moreover, the VLPs together with ZnPc cargo can be released in a controlled way without an

initial burst release. The photodynamic effect of ZnPc molecules was retained after encapsulation of

capsid protein and release from the hydrogel. This line of research suggests a new approach for sophisti-

cated drug administration in supramolecular hydrogels.

Introduction

Supramolecular hydrogels1–4 are a class of 3D cross-linked
materials driven by non-covalent interactions, including hydro-
phobic interactions,5,6 multiple hydrogen bonding interactions,7–9

metal-coordination,10–12 electrostatic interactions,13–16 and
host–guest interactions.17–20 The dynamic non-covalent bonds
endow supramolecular hydrogels with unique properties, such
as reversibility, self-healing, stimuli responsiveness. Therefore,
supramolecular hydrogels have been of great interest for a
wide range of biomedical applications such as bio-sensing,
controlled drug release and tissue engineering.2,3 Besides
these advantages, a sophisticated cargo administration of
supramolecular hydrogel, such as cargo quantification, stabi-
lization and diminishment of initial burst release, remains
challenge. Initial burst release of cargo molecules from supra-
molecular hydrogels could be serious due to weak interactions

between the cargo and hydrogel matrix and, is generally unde-
sirable for controlled drug release.21,22

To address this challenge, we report supramolecular hydro-
gels with defined compartments by employing viral nanocages
towards sophisticated cargo quantification, stabilization and
sustained release. Virus nanoparticles and the derived virus-
like particles (VLPs), are well-known for their reversible assem-
bly–disassembly, monodisperse particle size, and capability of
cargo encapsulation.23–26 They have been widely studied for
broad applications such as catalysis, scaffolds in hydrogel for
tissue engineering.27–32 Compartments created by viral nano-
cages within hydrogels may bring several unique features.
First, viral nanocages are excellent nanocontainers to encapsu-
late various cargos, the forming particles are generally robust
under broad pH, salt and temperature ranges.33 Labile cargos
can thus be protected by protein cages. Second, the defined
compartment in virus particles could facilitate the quantifi-
cation of drugs, which is crucial for drug administration. In
that way, the initial burst release could be inhibited due to the
immobilization of VLPs. Third, the exterior surface of viral
nanocages are easily to be functionalized,34 which helps them
to be involved in the formation of hydrogel network.

As a proof of concept, we tried to build supramolecular
hydrogels with homogeneous compartments by incorporating
cowpea chlorotic mottle virus (CCMV) as well as the derived
VLPs through host–guest interaction. CCMV is an icosahedral
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plant virus with inner and outer diameters of 18 and 28 nm,
respectively.35 CCMV capsid disassembles into 90 identical
coat protein dimers (CPs) at neutral pH and high ionic
strength. After removal of viral RNA, the CPs can re-assemble
into VLPs with different sizes and shapes under different con-
ditions of pH, ionic strength and with different cargos.36–38

Encapsulation of a variety of these cargos, including DNA,39,40

enzymes,41 negatively charged polymers42 and organic mole-
cules,43,44 gold nanoparticles,45,46 quantum dots47 and mag-
netic nanoparticles,48 has resulted in the formation of functio-
nalized VLPs. Therefore, CCMV based protein cages are good
candidates as nanocontainers to build compartmentalized
supramolecular hydrogels.

To this end, CCMV nanoparticles were non-covalently cross-
linked with hydroxylpropyl cellulose (HPC) by a ternary host–
guest interaction, including cucurbit[8]uril (CB[8]) as a host
and methyl viologen and naphthyl as guests. Two pathways
have been studied to prepare the supramolecular hydrogels
(Scheme 1). In pathway A, CCMV is modified with methyl
viologen groups (CCMV-Vio) and HPC with naphthyl groups
(HPC-Np); pathway B aims to modify CCMV with naphthyl
groups (CCMV-Np) and HPC with methyl viologen groups
(HPC-Vio). The investigation of the preparation pathway in the
formation of a supramolecular hydrogel is rare. It is, however,
of guiding significance in the design of compartmentalized
supramolecular hydrogels. Based on this study, CCMV based
VLPs with tetrasulfonated zinc phthalocyanine (ZnPc) as cargo
were used to prepare functionalized supramolecular hydrogels
with loaded compartments. Cargo release was studied and com-

pared to the conventional supramolecular hydrogel without
protein cages. Photodynamic effects of free ZnPc, VLPs (CCMV/
ZnPc) and released VLPs were investigated in vitro.

Results and discussion

Successful preparation of CCMV-Vio was confirmed by adding
sodium dithionite, which reduced the methyl viologen into a
single charged state with a characteristic absorption around
λ = 550 nm in UV-Vis spectrum, as shown in Fig. 1a.
Meanwhile, the color of the solution turned deep purple
(Fig. 1a, inset), which is characteristic for single charged violo-
gen. The average number of methyl viologen groups per capsid
protein per capsid protein unit was estimated to be ∼2.1
(ESI, section 3.1†). In other words, each CCMV nanoparticle
contained ∼378 methyl viologen groups, giving sufficient
handles for supramolecular cross-linking. Inspection by TEM
microscopy (Fig. 1b) showed that the virus particles main-
tained a spherical shape after conjugation, and that the size of
particles was consistent with the size observed using DLS (ESI,
Fig. S1†). Successful modification of CCMV with the Np group
was confirmed by the appearance of a shoulder at λ = 325 nm
in UV-Vis spectrum (Fig. 1c). The content of the Np group was
estimated to be around 1.0 per capsid protein, i.e. about
180 Np groups on each protein cage. TEM (Fig. 1d) and DLS
(ESI Fig. S3†) analysis showed a narrow distribution of
CCMV-Np particles, the average size was about 18 nm, which
was smaller than native CCMV. The reason for such a contrac-
tion is not clear yet, however, the conjugation of hydrophobic
Np groups on the particle surface could play a role in this.

Scheme 1 Two pathways to prepare compartmentalized supramolecu-
lar hydrogels based on virus nanoparticles. Polymeric material HPC and
CCMV nanoparticles were cross-linked through a ternary host–guest
interaction, which involved methyl viologen and naphthyl moieties and
CB[8].

Fig. 1 (a) UV-Vis spectra of CCMV-Vio before (black curve) and
after reduction (red curve). Inset: solution of reduced CCMV-Vio.
(b) Negatively stained TEM image of CCMV-Vio. (c) UV-Vis spectra of
CCMV-Np. (d) Negatively stainned TEM images of CCMV-Np showed
spherical and monodispersed nanoparticles with size around 18 nm.
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HPC, with a number-average molecular weight of 1000 kDa,
was selected as a polymeric material for the hydrogel. The
content of naphthalene groups in HPC-Np was estimated to be
75 µmol per gram of polymer. The degree of substitution
should not be too high, otherwise, the water solubility of
HPC-Np will dramatically decrease due to the hydrophobicity
of the naphthyl groups. For HPC-Vio, the content of methyl
viologen group was 68 μmol per gram of polymer.

With these materials in hand, we prepared the supramole-
cular hydrogel in two different ways. In pathway A, CCMV-Vio,
HPC-Np and CB[8] were mixed while the ratio of methyl violo-
gen group, naphthyl group and CB[8] was 1 : 1 : 1. In pathway
B, CCMV-Np, HPC-Vio and CB[8] were mixed also with an
equal molar ratio of methyl viologen, naphtyl and CB[8]. The
formation of a hydrogel can be simply judged from apparent
fluidity of the material. The 4 wt% of HPC-Np is a sticky fluid,
in contrast, the supramolecular hydrogel formed from pathway
A with 4 wt% of HPC-Np is a self-standing, jelly like material
(ESI Fig. S5a†). The host–guest interaction among these three
components was evidenced by absorption around 400–500 nm
in UV-Vis spectrum (ESI Fig. S5c†), which is ascribed to the
charge transfer interaction between the naphthyl and methyl
viologen groups inside the cavity of CB[8].49 To verify that the
gelation was caused by supramolecular crosslinking, HPC-Np,
CCMV-Vio, and CB[7] were mixed as a control experiment. In
this case, no hydrogel formed, only a turbid solution without a
color change (ESI, Fig. S5b†). CB[7] can only encapsulates one
guest molecule inside the cavity, therefore, polymer chains
and virus nanoparticles cannot be crosslinked by CB[7].

The structure of the formed hydrogels was investigated by
scanning electron microscopy (SEM). Network structures were
observed at low magnification for hydrogels from both path-
ways (Fig. 2a & c). At high magnification, well-defined nano-
particles with a diameter around 20–30 nanometer dispersed
in the polymer matrix were found, in line with the presence of
viral nanoparticles (Fig. 2b & d), indicating successful inte-
gration in the hydrogels.

Rheology studies were performed to further confirm the for-
mation of supramolecular hydrogels. The storage and loss
modulus of the hydrogels are in a typical range for similar
materials.19 For the hydrogel from pathway A, when the
content of the polymer was 4 wt%, the storage modulus was
slightly higher than the loss modulus, and the values of these
two moduli were relatively low (around 100 Pa) (Fig. 2e).
However, when the content of polymer was raised to 6 wt%,
both of the two moduli increased significantly (around 300
Pa), and the storage modulus was significantly higher than the
loss modulus, indicating viscoelastic properties of the hydro-
gel. For the hydrogel from pathway B, when the content of
HPC-Vio was only 1 wt%, the storage modulus was already
higher than loss modulus, although the values of the two
moduli were relatively low (Fig. 2g). The difference of the two
moduli was more significant for the 2 wt% sample, both of
them were higher than the 1 wt% sample, and were compar-
able to the 4 wt% hydrogel prepared through pathway A. It
should be noted that the gel point (cross point of two moduli)

in the 2 wt% sample was around 250%, which was much
higher than 4 wt% hydrogel from pathway A. That means the
supramolecular hydrogel prepared in pathway B has improved
mechanical properties compared to that of pathway A. The
reason could be that the positively charged HPC-Vio is a poly-
electrolyte with a higher viscosity in solution compared to the
uncharged HPC polymer, which improves the mechanical
strength of supramolecular hydrogel. Both of modulus (Fig. 2e
& g) and viscosity (Fig. 2f & h) of the hydrogels decreased
quickly when the strain or shear rate increased to a certain
value, which means that the network of hydrogel was destroyed,
and the hydrogel turned to be more fluidic. This shear-thinning
property is characteristic to the formation of supramolecular
hydrogels, which makes them promising to be used for example
as an injectable material for biomedical applications.

Fig. 2 (a) SEM images of 4 wt% supramolecular hydrogel formed
through pathway A. A network structure obtained after lyophilization of
supramolecular hydrogel. The scale bar is 10 µm. (b) CCMV-Vio particles
dispersed in the polymer matrix of 4 wt% hydrogel. The scale bar is
200 nm. (c) SEM images of 2 wt% supramolecular hydrogel formed
through pathway B. A highly porous network obtained after lyophiliza-
tion of supramolecular hydrogel. The scale bar is 20 µm. (d) Virus nano-
particles dispersed in the polymer matrix of 2 wt% hydrogel. The scale
bar is 200 nm. (e), (f ) Rheology study of supramolecular hydrogel
formed by pathway A. (g), (h) Rheology study of supramolecular hydro-
gel formed by pathway B.
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The hydrogel preparation following pathway A, which
involves CCMV-Vio and HPC-Np, is relatively easy. CCMV par-
ticles conjugated with methyl viologen groups are stable and
monodisperse. However, it needs a relatively high concen-
tration of HPC-Np (at least 4 wt%) to ensure the formation of a
hydrogel with sufficient mechanical strength. In pathway B,
which involves CCMV-Np and HPC-Vio, a lower concentration
of polymeric material (2 wt%) is needed to obtain a self-stand-
ing hydrogel, even though the CCMV particles are less conju-
gated. The apparent viscosity of polyelectrolyte HPC-Vio solu-
tions is higher than that of HPC-Np, which facilitates the for-
mation of hydrogel. However, the preparation of CCMV-Np
involves a tedious organic synthesis, including a copper cata-
lyzed click reaction on CCMV particles. Performing the click
reaction under dilute concentrations (e.g. 1 mg mL−1) in an
inert atmosphere and specifically designed reagents, such as
tris(3-hydroxypropyltriazolylmethyl)amine and aminoguani-
dine, are necessary to avoid side-reactions that cause cross-
linking and aggregation of virus particles.50 Given these
reasons, pathway A was selected to prepare a functionalized
supramolecular hydrogel for studies with cargo loaded virus-
like particles.

Phthalocyanines (Pc) are promising materials for photo-
dynamic therapy.51–53 However, on account of a poor water
solubility, they highly tend to aggregate in buffer solution,
which hampers the application.52 Encapsulation of Pc into
VLPs not only improves the solubility of Pc, but also helps to
improve the biocompatibility of Pc, which is very appealing for
biomedical applications.43 Therefore, tetrasulfonated zinc
phthalocyanine (ZnPc) was encapsulated in the CCMV capsid
yielding virus-like particles (CCMV/ZnPc), and these nano-
particles were then integrated into the supramolecular hydro-
gel network to prepare a functional supramolecular hydrogel.

Preparation of CCMV/ZnPc was performed according to a
literature procedure (details in ESI, section 3.6†).43 On account
of the electrostatic interaction between negatively charged
ZnPc and positive charged N-terminals of capsid proteins, the
encapsulation efficiency of ZnPc was nearly quantitative
(∼99%), based on the integration of FPLC peaks. Based on the
optical data, the number of ZnPc was estimated to be 180 in
each protein cage, which is close to the reported data.37 It
should be noted that after encapsulation, the bulk concen-
tration of ZnPc could be increased to mM level in buffer solu-
tion without further aggregation for months, while free ZnPc
tend to aggregate and precipitate in hours (ESI, Fig. S8†). The
compartments provided by protein cages help to disperse and
stabilize the ZnPc molecules in solution.

CCMV/ZnPc particles were then conjugated with methyl vio-
logen groups to prepare CCMV-Vio/ZnPc particles (Fig. 3a).
The detailed procedure is given in the ESI (ESI section 3.7†).
The CCMV-Vio/ZnPc particles were characterized using UV-Vis
spectroscopy. As shown in Fig. 3b, the methyl viologen group
has a single absorption peak at λ = 260 nm, which partially
overlaps with the absorption of the capsid protein at λ =
280 nm. Therefore, the conjugation of methyl viologen groups
on CCMV/ZnPc is confirmed by an increase of the I260/I280

ratio in the UV-Vis spectrum from 0.57 to 0.94 after modifi-
cation. The absorption intensity of ZnPc decreased after reac-
tion, and the number of ZnPc in each protein cage was esti-
mated to be 113, suggesting a partially loss of ZnPc cargo
molecules during the surface modification. This may be due to
an electrostatic interaction between positively charged methyl
viologen groups and negatively charged ZnPc molecules,
which results in leakage of ZnPc molecules from the protein
cages. Unfortunately, the quantification of the number of
methyl viologen groups was difficult using the same method
as before (see above), because the interference of cargo ZnPc.
Therefore, the number of attached methyl viologen groups was
estimated by subtracting the absorption of capsid proteins and
ZnPc from the UV-Vis spectrum of CCMV-Vio/ZnPc. The
number of methyl viologen group was estimated in this way to
be 1.5 per capsid protein, which is comparable to the
CCMV-Vio particles. The nanoparticles remained dispersed
after modification, no significant aggregation was observed,
according to the results of TEM and DLS analysis (Fig. 3c & d).
DLS data showed that the average size of CCMV-Vio/ZnPc par-
ticles was around 14–18 nm, which is consistent with TEM
observations and the previously determined T = 1 structure.44

Functionalized supramolecular hydrogels were prepared by
CCMV-Vio/ZnPc, CB[8] and HPC-Np in the same way as men-
tioned above. In a typical experiment, a supramolecular hydro-
gel with 4 wt% of HPC polymer showed a deep blue color, indi-
cating that the ZnPc was successfully integrated inside the
hydrogel (Fig. 3e). As comparison, a conventional supramole-
cular hydrogel with 4 wt% of polymer was constructed by non-
covalent crosslinking of HPC-Np, HPC-Vio, and CB[8], with
ZnPc simply mixed into hydrogel network (details in ESI,

Fig. 3 (a) Conjugation route of CCMV-Vio/ZnPc. (b) UV-Vis spectra of
CCMV/ZnPc and CCMV-Vio/ZnPc. (c) TEM image of CCMV-Vio/ZnPc.
(d) Particle size of CCMV-Vio/ZnPc measured by DLS. (e) 4 wt% supra-
molecular hydrogel with deep blue color formed by CCMV-Vio/ZnPc,
HPC-Np and CB[8]. (f ) Cargo release profiles of compartmentalized and
conventional supramolecular hydrogels.
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section 2.7†). Rheology experiments revealed a weaker
mechanical performance of the conventional hydrogel (moduli
of 101 Pa) compared to compartmentalized hydrogel (moduli
of 102 Pa) (details in ESI, section 3.8†).

The release profiles, as monitoring by the UV-Vis absorp-
tion of the ZnPc showed a smooth and nearly linear release of
cargo from the compartmentalized supramolecular hydrogel
(Fig. 3f). In contrast, an initial faster release of ZnPc was
observed for the conventional supramolecular hydrogel,
similar to the other supramolecular systems.5,17 The initial fast
release of ZnPc for the conventional hydrogel should be
ascribed to the simple physical absorption of cargo in the
network, and the relatively weak mechanical performance. The
results suggests a better administration of cargo by compart-
mentalized hydrogels.

To study the release mechanism of the compartmentalized
supramolecular hydrogel, the released solutions were concen-
trated and analyzed by FPLC and TEM. In the FPLC chromato-
gram, a main peak with elution volume corresponding to the
void volume of column was observed (details in ESI, section
3.9†), suggesting large particles in this solution. The strong
absorption at λ = 600 nm of this fraction indicated the pres-
ence of ZnPc in these particles. TEM analysis of the collected
fraction revealed that the large particles are VLPs aggregates
covered by polymers. According to these results, we can con-
clude that it were the VLPs with encapsulated ZnPc cargo that
released from the hydrogel. This process should be attributed
to the erosion of hydrogel, i.e. a gradually disintegration of
polymer network, due to the dynamic feature of host–guest
interactions.5 In this study, the VLPs are robust under the
releasing conditions, therefore ZnPc can hardly escape from
the protein cages, therefore, are released together with protein
cages. This unique feature brings advantages in some cases:
toxic or labile cargo molecules can still be protected by protein
cages after release, which can decrease cytotoxicity or prolong
half-life-time of drug cargos. Moreover, the versatile character
of the protein cage surface facilitates its modification in order
to improve biocompatibility and efficiency of targeted drug
delivery.

The photodynamic activity of released VLPs were investi-
gated in cell experiments. In parallel experiments, free ZnPc,
VLPs (CCMV/ZnPc) and the released VLPs from hydrogel were
incorporated by RAW 264.7 macrophage cells (obtained from
The American Type Culture Collection), and followed by
irradiation for 60 min using a halogen lamp (with a high-pass
filter > 500 nm, 15 mW cm−2 at λ = 600 nm) (details in ESI,
section 2.9†). The cells were stained with a DNA intercalating
stain, propidium iodide (PI). The PI stain indicates loss of
plasma membrane integrity, as a consequence of e.g. cell
death. As shown in Fig. 4, the dying and dead cells are identi-
fied as they appear red in the fluorescence images. In contrast
to the cells without irradiation, all the three samples including
ZnPc, VLPs and released VLPs can induce cell death upon cel-
lular uptake and subsequent irradiation. A live/dead assay was
performed and the results show that after irradiation, the
viable cell in each set of samples decreased around 30–40%,

compared to the cells without irradiation. Based on the statisti-
cal analysis (ESI, section 3.10†), the difference of cell viability
in each set of samples with/without irradiation has high stat-
istical significance (p < 0.01), which further confirms the
activity of ZnPc. The averaged reductions of cell viability for all
the three sets of samples after irradiation were comparable
(around 30–40%) with differences having relatively low practi-
cal significance. Meanwhile, analysis of variance (ESI, section
3.10†) also shows a low statistical significance (p > 0.05) for
the differences between ZnPc/VLP and between ZnPc/rel VLP.
All of these results suggest the retention of activity of ZnPc
after encapsulation and releasing from the hydrogel. The
photosensitizers including ZnPc are not efficient in killing
cancer cells when used alone, due to the hypoxic nature of the
cancer cell microenvironment. It has been shown that photo-

Fig. 4 (a) Optical images of RAW macrophage cells stained by propi-
dium iodide (PI) in the presence of free ZnPc, VLPs and released VLPs
without or after irradiation. (b) The viability of macrophage cells evalu-
ated by a live/dead cell assay. Error bars represent the standard devi-
ations corrected by error propagation. **p < 0.01, ***p < 0.001, ns: no
significance.
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sensitizers coupled with peroxidase and glucose oxidase can
effectively suppress the growth of tumour, by virtue of gene-
ration of 1O2 in situ.54 Protein cages are ideal nanocarriers to
encapsulate multiple components. In future work, it is antici-
pated to improve the photodynamic therapy efficiency of VLPs
by coupling photosensitizers with enzymes as combined
medication.

Conclusions

In summary, compartmentalized supramolecular hydrogels
have been constructed by integrating viral nanocages into
hydrogel network. Different pathways to prepare supramolecu-
lar hydrogels through ternary host–guest interactions have
been studied. Our present investigations eventually resulted in
a supramolecular hydrogel containing functional CCMV/ZnPc
VLPs with high cargo loading efficiency. The content of ZnPc
in each protein cage can be estimated, the protein cages
improve the water solubility of ZnPc, and the VLPs can be
released in a controlled way without an initial burst release.
These are all advantages over traditional dispersion of cargo
molecules in a supramolecular hydrogel.

The introduction of these protein compartments inside
hydrogel brings several new features, such as high loading
efficiency, cargo quantification, stabilization and diminish-
ment of burst release. Based on this strategy, different types of
cargo55,56 could be integrated in a hydrogel simultaneously,
which is beneficial for combined medication. Loading can be
easily controlled by, for example, tuning the ratio of VLPs that
encapsulate different cargos. Furthermore, by introducing
stimuli responsive VLPs, the compartmentalized hydrogel
would be endowed with a high degree of manageability.
Highly sophisticated drug administration can be envisioned,
such as sequential drug release at definite time and quantity,57

by controlling the release behavior of VLPs.
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