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A Bio-Conjugated Fullerene as a Subcellular-Targeted  
and Multifaceted Phototheranostic Agent
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Maria I. Nardella, Vincenzo Mangini, Francesco Valle, Marco Montalti, 
Francesco Zerbetto, Stefania Rapino, Matteo Calvaresi,* and Vasilis Ntziachristos*

Fullerenes are candidates for theranostic applications because of their high 
photodynamic activity and intrinsic multimodal imaging contrast. However, 
fullerenes suffer from low solubility in aqueous media, poor biocompatibility, 
cell toxicity, and a tendency to aggregate. C70@lysozyme is introduced herein 
as a novel bioconjugate that is harmless to a cellular environment, yet is also 
photoactive and has excellent optical and optoacoustic contrast for tracking 
cellular uptake and intracellular localization. The formation, water-solubility, 
photoactivity, and unperturbed structure of C70@lysozyme are confirmed using 
UV-visible and 2D 1H, 15N NMR spectroscopy. The excellent imaging contrast 
of C70@lysozyme in optoacoustic and third harmonic generation microscopy 
is exploited to monitor its uptake in HeLa cells and lysosomal trafficking. Last, 
the photoactivity of C70@lysozyme and its ability to initiate cell death by means 
of singlet oxygen (1O2) production upon exposure to low levels of white light 
irradiation is demonstrated. This study introduces C70@lysozyme and other 
fullerene-protein conjugates as potential candidates for theranostic applications.
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1. Introduction

Phototheranostics,[1,2] based on the inte-
gration of light-induced imaging and 
therapeutic modalities, has attracted con-
siderable attention in recent years as a 
highly promising approach to non-inva-
sive cancer treatment via photodynamic 
therapy (PDT).[3,4] PDT is a clinically 
approved phototherapeutic procedure, 
which uses light and specific molecules 
with photosensitizing properties[5] to 
induce a selective cytotoxic activity towards 
malignant cells. However, the design of 
phototheranostic agents (PTAs) is hin-
dered by several conflicting needs and 
unmet requirements. The desired stimuli-
responsive agents, typically referred to as 
photosensitizers (PS), should on the one 
hand generate high concentrations of  
reactive oxygen species (ROS) upon irra-

diation with light to initiate cell death in a targeted manner, 
while on the other hand display negligible toxicity in dark 
conditions. They must also have high solubility in bio-
logical systems and the ability to target and accumulate in 
specific cells, as expected from 3rd generation PSs.[6] Last, 
these agents should provide imaging contrast to allow moni-
toring of their bio-distribution or treatment efficacy and 
possibly reveal mechanisms of action during research and 
development.[7]

A PTA may either be a single-entity species or a nanoma-
terial conjugated and/or loaded with different imaging and 
therapeutic agents.[3,4] The single-entity approach reduces the 
synthetic burden and thus the variability of phototheranostic 
performance. PTAs can be classified into inorganic or organic 
materials.[8] Among organic materials, porphyrinoid derivatives 
and precursors are the most commonly used PTAs, especially 
for clinical applications.[9] These molecules can produce signifi-
cant amounts of ROS upon excitation because of their intense 
absorption in the visible range. Their main limitations are pho-
tobleaching and aggregation, which lead to a steady decrease in 
their efficacy as both ROS producers and contrast agents. In con-
trast, inorganic PTAs typically display higher photostability than 
their organic counterparts. Widely used gold nanostructures 
afford versatile probes for both luminescent[10] and optoacoustic 
(OA, also termed photoacoustic)[11,12] imaging applications;  
nevertheless, they do not adequately perform as PS. Gold, as well 
as other noble metal-based nanoparticles, are often expensive, 
non-degradable, and require toxic surfactants for their syntheses, 
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which must be avoided for clinical translation.[8,13] Quantum 
dots are also suitable probes for high-contrast in vitro and in 
vivo imaging thanks to their strong fluorescence emission upon 
visible light or NIR light excitation.[14] However, their quantum 
yield of ROS production is low compared to standard PSs.[6,15] 
Metal-oxide semiconducting nanomaterials (i.e., TiO2 and ZnO) 
have been widely applied as UV light-triggered PSs because  
of their large bandgap, good chemical stability, low cost, and 
nontoxicity advantages.[16–18] However, despite their outstanding 
performance as PSs, their application is limited by low solubility 
in physiological environments, high cytotoxicity, and the poor 
depth penetration of the UV light required for their excitation.

Graphitic carbon-based molecules and nanomaterials have 
shown promise for imaging and therapeutic applications.[19] 
Fullerenes in particular have unique electronic and physical 
properties that make them attractive candidates for thera-
nostics.[20–26] Fullerenes are characterized by high photosta-
bility,[27–30] broad UV-visible light absorption, and efficient light 
stimulated production of ROS by both type I and II mecha-
nisms[27–30] or heat.[31–33] They are excellent electron acceptors, 
which also enable oxygen-independent photo-killing.[34] Beyond 
their PS properties, fullerenes also produce ROS upon ultra-
sound wave irradiation.[35,36]

Besides their PDT functionalities, fullerenes feature excel-
lent contrast for both OA and third-harmonic generation 
(THG) imaging techniques.[31,33,37] OA imaging relies on the 
detection of acoustic waves that are generated upon non-radi-
ative deexcitation after the absorption of light energy. Fuller-
enes are ideal OA imaging agents because they exhibit broad 
absorption across the UV-visible spectral range with negligible 
quantum yields. THG imaging is sensitive to local differences 
in third-order nonlinear properties and changes in refractive 
index. Fullerenes afford excellent THG contrast by greatly 
altering the local refractive index[38–40] due to the delocaliza-
tion of their π-electron conjugated systems and their hollow 
structures.

However, using fullerenes in theranostics or other biological 
applications has in many cases been impeded by their hydro-
phobicity, which makes them prone to aggregation in aqueous 
media, reduces their bio-compatibility,[41] leads to quenching of 
the triplet excited state,[42–44] and decreases the active surface 
area available for ROS production. One means of effectively dis-
persing fullerenes in aqueous media, while preventing modi-
fication of their molecular structures, is through the use of 
supramolecular solubilizing agents.[45–47] Proteins and peptides 
can be used as biocompatible hosts for fullerenes, allowing 
the dispersion of fullerenes as single molecules in physiolog-
ical environments to prevent aggregation phenomena.[48–53] 
In particular, lysozyme binds and disperses C60 in water, and 
the resulting C60@lysozyme complex is still photoactive, gen-
erating significant quantities of ROS upon visible light irradia-
tion, while remaining biocompatible in dark conditions.[48] It 
was shown that irradiation of C60@lysozyme with visible light 
significantly reduced the viability of HeLa cells in vitro, making 
it a candidate for PDT.[54] However, the localization, uptake 
mechanism, and cell targeting properties of this complex have 
not been investigated.

We hypothesized that the high intrinsic OA and THG con-
trasts of fullerenes would enable tracking of the uptake and 

localization of fullerene-protein complexes in cancer cells, 
thus enabling studies into their theranostic applications. To 
test this hypothesis, we chose to synthesize and investigate 
a lysozyme complex comprising C70, as this fullerene has a 
broader absorption profile than C60 (required for OA imaging, 
Section  S1, Supporting Information) and high photodynamic 
activity.[55–58]

Herein, we present this new C70@lysozyme complex, 
along with a thorough study of its biocompatibility, cellular 
uptake, and photodynamic activity. Using 2D 1H, 15N NMR 
we evaluate whether C70@lysozyme maintains the structure 
of the native protein, and thus its ability to cross the cell 
membrane and to accumulate in subcellular organelles.[59,60] 
Such accumulation is necessary to enhance both PDT efficacy 
and imaging contrast. We exploit the multimodal imaging 
contrast of C70 to monitor the uptake of C70@lysozyme in 
cancer cells using co-registered and simultaneous OA and 
THG microscopy. In particular, we employ OA imaging 
to monitor the trafficking of the C70@lysozyme into living 
cells. Furthermore, we employ fluorescent labels and two-
photon excitation fluorescence (2PEF) microscopy, in parallel 
with OA and THG microscopy, to validate the localization of 
C70@lysozyme at the subcellular level, and in particular its 
accumulation within the lysosomes. Finally, we confirm the 
photoactivity of C70@lysozyme and its ability to initiate cell 
death upon irradiation with white light by means of intra-
cellular singlet oxygen (1O2) production. This study not only 
introduces C70@lysozyme as a novel and selective PTA, but 
also showcases the powerful multimodal contrast of biocom-
patible fullerene-protein bioconjugates.

2. Results and Discussion

We prepared monodispersed C70 by host-guest interaction with 
lysozyme in the form of a C70@lysozyme bioconjugate, consti-
tuting a non-covalent supramolecular complex. The UV-visible 
absorption spectrum of the C70@lysozyme in water (Figure 1A) 
revealed features that belong to both components of the bio-
conjugate, demonstrating the attainment of water solubility 
of C70. Comparing the photophysical data reported by Ke et al. 
for dispersion of C70 in water (Section  S2, Figure S2.1, Sup-
porting Information),[61] the herein found absorbance is con-
sistent with a concentration of solubilized C70 similar to that of 
lysozyme, supporting the formation of a stable stoichiometric 
1:1 complex of C70@lysozyme.[49] In addition, the colloid sta-
bility of C70@lysozyme was tested by UV-visible kinetic anal-
ysis (Section  S2, Figure  S2.2, Supporting Information). The 
results demonstrate that the complex is stable for at least three 
hours in static conditions, corresponding to the incubation 
time for the in vitro PDT assay.

Chemical shift perturbation analysis of the 2D 1H, 15N 
NMR spectra confirmed that, upon C70 binding, lysozyme 
retains its 3D folding (Sections  S3 and S4, Supporting Infor-
mation), similar to the observations for the binding of 
C60.[49,58] Compared to C60@lysozyme,[49] the chemical shift 
perturbations induced upon C70 binding involve more amino 
acid residues, indicating that the bulkier C70 either induces  
some conformational changes outside the fullerene binding 
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site, or that protein-protein interactions occur that shield 
the exposed surface area of the fullerene from the polar 
environment.

Atomic force microscopy (AFM) of C70@lysozyme 
(Section  S5, Figure  S5, Supporting Information) showed that, 
although a monomolecular dispersion of the bioconjugates 
over the mica surface is evident, oligomeric structures are 
also present. This is in agreement with previous characteriza-
tions of lysozyme as a protein with a strong tendency to self-
associate in aqueous solution, forming dimeric and trimeric 
structures,[62] in addition to effects induced by dehydration. 
However, AFM investigations performed on multiple random 
areas on the mica surface, both at high and low magnification, 
did not show any presence of nanoaggregates. The combina-
tion of UV-visible, 2D-NMR, and AFM analysis (Sections S1–S4, 
Supporting Information) demonstrates that the fullerenes are 
dispersed by lysozyme in aqueous media in a stoichiometric 
manner, as single molecules, rather than as NPs.

Upon visible light illumination, C70 sensitizes the produc-
tion of singlet oxygen. The production of singlet oxygen can 
be measured either directly, by its radiative decay at 1270 nm 
(phosphorescence), or indirectly using a singlet oxygen 
fluorescent probe (e.g., SOSG).[63,64] In order to evaluate quan-
titatively the photosensitizing ability of C70@lysozyme, the 
production of singlet oxygen (1O2) in water upon visible light 
irradiation was herein measured using the phosphorescence of 
1O2 at 1270 nm. The quantum yield of 1O2 generation by C70@
lysozyme was determined by comparing it with that obtained 
by a standard PS (Rose Bengal (RB), ΦΔ  = 0.76 in D2O solu-
tion).[65] The phosphorescence spectra of isoabsorbing solu-
tions of C70@lysozyme and RB, at the excitation wavelength 
(λexc  = 514  nm), are shown in Figure  S6, Section  S6, Sup-
porting Information. C70@lysozyme was found to have a ΦΔ 
of 0.60. More importantly, when the experiment was repeated 
in water, the RB did not produce a detectable quantity of 1O2, 

while C70@lysozyme produced significant amounts (ΦΔ of 
0.31, compared to ΦΔ of RB in D2O). This effect might be due 
to the confinement of C70 in the lysozyme binding pocket, 
with the hydrophobic protein enabling generation of 1O2 by 
shielding the sensitizing C70 chromophores from quenching 
by water molecules.[66] The ability to produce ROS in water is 
crucial for the effective application of PDT in real physiolog-
ical environments. In addition, C70@lysozyme generates 1O2 
with excitation throughout the visible range (Figure S6, Sup-
porting Information), which enlarges its potential for practical 
applications.

Due to the insolubility of C70 in water and water-miscible 
solvents, standard methodologies for determining binding 
energy, such as ITC or fluorescence titration analysis,[67] cannot 
be performed for C70 and lysozyme. Nevertheless, we deter-
mined the binding affinity between the two interacting systems 
using a computational protocol, which was recently validated to 
calculate the binding energy between proteins and fullerenes 
(Section S7, Supporting Information). The binding affinity 
(ΔGbinding) between C70 and lysozyme is −19.9  kcal mol−1. In 
addition, we provide an accurate analysis of the thermody-
namic of binding between C70 and lysozyme: the total binding 
energy was decomposed into their binding components and the 
contribution to the binding of each amino acid was calculated 
(Section S7, Supporting Information).

We assessed the cytotoxicity and phototoxicity of C70@
lysozyme at different concentrations upon photoexcitation with 
visible light (white-light LED) by testing its ability to inhibit 
growth and induce death in HeLa cells. Figure 2 shows that 
a small reduction in cell viability or a potential inhibition of 
cell growth was observed in darkness only at a high concen-
tration of C70@lysozyme (>5 µm). In contrast, irradiation of 
HeLa cells with visible light at ultralow light power (irradi-
ance 2 mW cm−2) for 10 min in the presence of C70@lysozyme 
caused an increase in the cell mortality in a dose-dependent 

Figure 1.  A) UV-visible spectra of lysozyme (grey line) and the C70@lysozyme (black line). The inset shows the UV-visible spectrum of C70@lysozyme 
in the 400–700 nm range with the dotted line indicating the emission wavelength of the solid-state laser (532 nm) used for recording the OA images 
(vide infra). B) 3D representations of lysozyme (top) and C70@lysozyme (bottom). The residues that undergo the largest changes in NMR chemical 
shifts upon C70 binding are highlighted in red (Section S3, Figure S3, Supporting Information).
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manner. No reduction in viability was observed upon the irra-
diation of untreated cells within the same time period (Section 
S8, Supporting Information).

We next tested the optical and OA characteristics of C70@
lysozyme to investigate its potential as a contrast agent for 
phototheranostics. Using a custom-built hybrid microscopy 
system,[68–73] which combines optical-resolution OA, THG, and 
2PEF microscopy, we clearly demonstrated that C70 generates 
significant THG response (Figure  S9A, Supporting Informa-
tion) as well as intense OA signal (Figure S9B, Section S9, Sup-
porting Information) when dispersed on a microscope slide.

Having confirmed the strong OA and THG contrast gener-
ated by C70@lysozyme, we investigated its uptake and subcel-
lular distribution in living cells. This was done by performing 

time-course studies on HeLa cells in vitro under physiological 
conditions for real cell live imaging (i.e., 37  °C, 5% CO2, and 
80% humidity) using a stage top incubator. We imaged cultured 
cells in time steps of 15 min for up to 4 h of incubation with 
OA only, as parallel THG measurements would increase the 
potential of inducing cell death via PDT or photothermal abla-
tion over long time exposure.
Figure 3 shows that no significant uptake is observed during 

the first hour, while sub-resolution point-like signals are 
detected for OA after approximately 1.5 h. The application of 
particle-analysis methods showed that the uptake-trajectories  
peaked in terms of the number of signals and total area cov-
erage at 3 h (Figure  3D). Furthermore, the mean value  
(≈ 200 a.u.) of the signals remained constant, which indicates 
high regularity of C70@lysozyme trafficking driven by the 
intrinsic cellular behavior. Both the constant amplitude and the 
subcellular spatial extent of the signal suggest lysosomal accu-
mulation of C70@lysozyme and the conservation of the “biological  
identity” of the carrier protein.[59,60] Brightfield images were 
taken before and after the experiment to confirm the healthy 
state of the cells during the measurements (Section S10, Sup-
porting Information).

Finally, we tested the lysosomal localization of C70@
lysozyme by fluorescently labeling lysosomes (LysoTracker) for 
2PEF readings (excitation wavelength 521.5  nm), which were 
performed with the identical microscope used for OA and 
THG imaging. We were able to co-localize the majority of the  
C70@lysozyme into the lysosomes after 3 h post washout 
(Figure 4). Both the THG and OA signals were resolved, which 
revealed a co-localized pattern that offers the possibility to detect 
fullerene distribution without immunolabeling[74] and without 
attaching imaging tags to its cage,[75] which could perturb the 
properties of fullerene and its real distribution. The high spa-
tial correlation between OA and THG, calculated using the 
Pearson Correlation Coefficient (PCC), confirms its dual-modal 
contrast in subcellular compartments. The non-vanishing, but 
relatively low, PCC to 2PEF readings suggest that while there 
is abundant lysosomal localization of C70@lysozyme, there are 
also some lysosomes that are labeled but agent-empty, as well 
as some unspecific fluorescence signal evoked from the cell 

Figure 2.  Effect of 3h incubation with C70@lysozyme on HeLa cell viability 
in both dark conditions (black boxes) and upon 10 min of visible light 
irradiation (grey diamonds). Each sample was measured 24 h after treat-
ment with C70@lysozyme. Each box and bar represent the mean value ± 
standard deviation (SD) of three replicates. The dotted lines represent 
the Hill fitting of the dose response assay. The red line indicates a con-
centration of 2.5 µM, which was employed for the subsequent subcellular 
studies performed in living cells.

Figure 3.  Time-course of the OA signal of C70@lysozyme suggesting lysosomal trafficking in HeLa cells upon 4 h incubation. OA images are taken at 
times A) 0, B) 60, and C) 210 min. D) Point-source analysis demonstrates an increase from 0 to around 40 point-like signals (blue line), while the mean 
OA intensity (orange line) of the recorded point-like signals remains stable. Point-source analysis gives information about the number of the particles 
in focus during the measurement, while the stable mean values demonstrate the ability of the C70@lysozyme to be internalized by the cells and then 
ejected without affecting the cells themselves.
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body. Hence, it can be assumed that all C70@lysozyme is traf-
ficked to lysosomes and all lysosomes are labeled, but not all  
lysosomes contain C70@lysozyme. Analogous imaging experi-
ments of HeLa cells with C70@BSA showed no significant 
signal patterns in the THG and OA inside the cells, which sug-
gests that C70@BSA undergoes neither endocytic uptake nor 
trafficking to the lysosomes (Section S11, Supporting Informa-
tion). The local accumulation of C70@lysozyme inside cells is 
a significant advantage over C70@BSA, since such an accumu-
lation enhances both OA and THG imaging and C70’s ability to 
generate ROS intracellularly.

Whereas THG and OA signals of C70@lysozyme are only 
detectable within an intracellular compartment upon high 
local accumulation and sufficient size (>300 nm) due to sensi-
tivity limitations of these modalities, the 2PEF signals can also 
arise from unbound fluorescent labels. Furthermore, whereas 
LysoTracker Deep Red is expected to label all lysosomes, we do 
not expect all lysosomes to contain sufficient C70@lysozyme for 
THG and OA detection.

Finally, in order to test the photoactivity of bioconjugated 
C70@lysozyme, we monitored the fluorescence of singlet 
oxygen sensor green (SOSG), whose fluorescence intensity 
increases in the presence of singlet oxygen (Figure 5). The 
measurement was performed at 20 min intervals (Section S12, 
Supporting Information), with either darkness or white light 
illumination between measurements. We used a high-power 
LED Module to excite the PS accumulated inside the cells, with 
a white light temperature of 850 lm.

The intensity of the fluorescence of SOSG increases by a 
factor of >4.2  when incubated together with C70@lysozyme 
and white light illumination, which suggests significant pro-
duction of singlet oxygen. Cells incubated only with the SOSG 
and illuminated with white light showed an increase of ≈2.7 
due to the photoactivity of the sensor itself. When not illumi-
nated with white light, SOSG-incubated cells with and without 
C70@lysozyme increased their fluorescence by a factor of ≈1.5, 
due to the photoactivity induced by the laser used to excite the 
fluorescence of the SOSG sensor.

Figure 4.  Co-localization of C70@lysozyme into lysosomes in HeLa cells after 3 h incubation. A) Merged presentations of THG and OA signals arising 
from C70@lysozyme, along with 2PEF signals arising from fluorescently labeled lysosomes (LysoTracker Deep Red) for a single isolated HeLa cell.  
Separate depictions of the (B) THG, (C) OA, and (D) 2PEF modalities. E–L) Analogous depictions for two other single HeLa cells. THG and OA modali-
ties reveal a co-localized patterns with a PCC of 0.597 ± 0.036. THG and 2PEF modalities reveal a co-localized pattern with a PCC of 0.393 ± 0.056. OA 
and 2PEF modalities reveal a co-localized pattern with a PCC of 0.397 ± 0.028.
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3. Conclusion

It is challenging to meet the many competing requirements for 
the development of a PTA, such as low toxicity, good contrast, 
targeted accumulation, and high ROS production capability. 
Herein, we demonstrate that C70@lysozyme efficiently com-
bines the optical and OA contrast and photosensitizing ability 
of C70 with the high solubility and monodispersity of lysozyme, 
overcoming previous limitations of using fullerenes in nano-
medicine. Taking advantage of the high OA and THG contrast, 
we showed that C70@lysozyme accumulates in lysosomes in 
cancer cells, which increases both imaging contrast and tar-
geted cell-killing ability upon irradiation with visible light.

This work fully elaborates the capabilities of fullerene@protein  
complexes as image-guided PDT agents. As such complexes 
are highly adaptable, future work could aim at their func-
tionalization both with tumor-targeting tags to improve the 
cancer cell selectivity and promote the cellular uptake of the 
photosensitizing agent,[76] and with light-harvesting molecular 
antennae[45,77–79] to improve both therapeutic efficiency and 
treatment depth in PDT.

In the future, we foresee C70@lysozyme being employed as 
a PTA in vivo to enable both intracellular generation of singlet 
oxygen for targeted PDT and monitoring with mesoscopic or 
macroscopic imaging technology.
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Figure 5.  Photoactivity of C70@lysozyme in HeLa cells. A) Photoactivity monitored with singlet-oxygen sensor green (SOSG), which increases its  
fluorescence in the presence of singlet oxygen. The measurement was obtained using 2PEF microscopy and was performed in 20 min steps with either 
darkness or white light illumination between measurements. A high-power LED Module (850 lm) was used to excite the PS accumulated inside the cells. 
Trajectories of (B) unnormalized and (C) normalized SOSG fluorescence intensity indicate an increase of >4.2 when incubated with C70@lysozyme.
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