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ABSTRACT 
 
Recent advances in molecular biology have led to the 
development of new therapeutics to address genetic disorders. 
The developments in the production and availability of 
recombinant proteins are likely to have a substantial impact on 
many diseases in the short term. A major limit for the use of 
recombinant proteins in clinical applications is their inability to 
enter cells and be targeted to the appropriate intracellular site. 
Here, we describe a novel system for the intracellular delivery of 
peptides and proteins using recombinantly expressed 
polyomavirus-like particles as universal carriers. The inner 
surface of the particles was modified by the fusion of a WW 
domain, which was derived from the mouse formin binding 
protein 11 (FBP11) to the viral coat protein in order to bind 
specifically to proline-rich ligands. Physicochemical 
characterization of the fusion protein demonstrated that the 
functional units of the VP1-WW protein remained intact. 
Assembly of the particles in the presence of proline-rich ligands 
resulted in an efficient encapsidation of the ligands into the 
particles. Fluorescence-labeled peptides and the green 
fluorescent protein were used as model ligands. The delivery of 
the ligands into cultured eukaryotic cells could be demonstrated 
with confocal laser-scanning microscopy. 
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ith an increasing understanding of the pathogenesis of 
many diseases on a molecular level it is now possible 
to use recombinant proteins for the functional 

substitution of defective or missing proteins, or for the 
modulation of metabolic or signal transduction pathways (1). 
However, most proteins are unable to enter cells and to reach 
intracellular targets and are therefore limited to extracellular 
application. Recently, fusions of target proteins with viral 
protein sequences of either HIV TAT (2) or herpes simplex virus 
VP22 (3) were found to mediate transfer of the target protein 
across the plasma membrane into cells. Here, we describe a 
novel system for the transduction of proteins, peptides, and other 
compounds based on specifically modified polyomavirus-like 
particles that can efficiently encapsidate the compounds for the 
delivery into target cells. 
 
The icosahedral shell of murine polyomavirus is composed of 72 
pentameric subunits of the major capsid protein VP1 and an 

inner layer of the minor capsid proteins VP2 and VP3. The outer 
capsid protein VP1 can be expressed and purified from 
recombinant Escherichia coli (4-6) and spontaneously forms 
virus-like particles in vitro in the presence of Ca2+ ions without 
the need of VP2 or VP3 (7, 8). The crystal structures of the 
capsid and of proteolytically truncated pentameric VP1 have 
been reported (9-11). The C-terminal end of VP1 interacts with 
neighboring pentamers and mediates the contacts within the viral 
capsid (9). The flexible N-terminal end is supposed to interact 
with the viral DNA genome (12) and is located at the inner 
surface of the capsid (9, 11).  
 
Because polyomavirus-like particles are well characterized and 
can easily be produced in large quantities, VP1 gained attention 
for the in vitro packaging of plasmid DNA in order to develop a 
nonviral gene therapy vector that exploits viral mechanisms for 
gene transfer (13, 14). However, the in vitro packaging of 
plasmid DNA is still inefficient, and transfection efficiencies are 
low compared with those of viral vectors. A different approach 
is the packaging of oligonucleotides into polyomavirus-like 
particles, which is reported to be significantly more effective 
(15), but successful transport of the packaged compounds into 
eukaryotic cells has so far not been demonstrated.  
 
MATERIALS AND METHODS 
 
Protein modelling 
 
Structures of VP1-WW and green fluorescent protein (GFP)-
PPLP were modeled by using the program Modeller 4 (16) based 
on the published structures of VP1 at a resolution of 1.9 Å and 
3.65 Å, respectively (10, 11), and of wild-type GFP (17). The 
FBP11 WWa domain was modeled by using the published NMR 
structure of the YAP WW domain (18). Figures were generated 
by MolScript (19) and Raster3D (20). 
 
Cloning and vector construction 
 
The FBP11 WWa domain was amplified by polymerase chain 
reaction (PCR) by using the oligonucleotides WW-5' (5'-TAT 
TAA TCA TAT GAG CGG CTG GAC AGA ACA TAA ATC 
ACC TGA TGG-3') and WW-3' (5'-AAT ATA TCA TAT GTC 
CAT CAT CCG GCT TTT CCC AGG TAG ACT G-3'). The 
resulting PCR product was cloned via introduced NdeI 
restriction sites into the plasmid pET21-VP1-3C-Int, which 
contained the VP1 gene with a minimal pattern of cysteine 
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residues necessary for in vitro assembly and site-specific 
fluorescence labeling (5, 21), and a C-terminal fusion with an 
intein and a chitin binding domain for affinity chromatography. 
 
The GFP gene was amplified via PCR by using the 
oligonucleotides GFP-NdeI-5' (5'-TTA TTT ACA TAT GGT 
GAG CAA GGG CGA GGA G-3') and GFP-AflII-3' (5'-ATA 
TCT TAA GTA CAG CTC GTC CAT GCC G-3') and was 
cloned into the plasmid pTIP, which contained a T7lac promoter 
for high-level expression in E. coli, as well as the sequence of 
the C-terminal PPLP tag and intein/chitin binding domains for 
affinity chromatography. 
 
Protein expression and purification 
 
All proteins were expressed from recombinant E. coli and 
purified as described before (5), except that in the case of GFP-
PPLP the growth temperature of the cultures was kept at 37°C 
after induction with isopropyl-ß-D-thiogalactopyranoside. 
 
In vitro assembly, size-exclusion chromatography, and 
determination of encapsidation efficiencies 
 
Particles were assembled in vitro according to Salunke et al. (7, 
8). For the encapsidation into virus-like particles, the proline-
rich ligands were added at an up to fivefold molar excess before 
the assembly process was started. The capsid assembly process 
was quantitatively analyzed by high-pressure liquid 
chromatography (HPLC) size-exclusion chromatography with 
columns of 14 ml of TSKgel 5000PWXL or 6000PWXL (Toso 
Haas, Stuttgart, Germany), as described earlier (5). The 
absorptions of the proteins at 280 nm and of the chromophores at 
490 or 583 nm, respectively, were recorded simultaneously. 
After integration of the peak areas, the in vitro assembly 
efficiencies and the encapsidation rates were calculated from the 
number of molecules within the fractionated peaks by using the 
following equation: 

 
 

 
with n = number of molecules; A = peak area (µAU); F = flow 
rate (usually 0.7 ml/min); f = unit correction factor (1/6 ⋅ 10���); 
ε = molar extinction coefficient (cm�� M –1); and d = light path in 
the flow cell of the HPLC detector (0.06 mm). Then, the number 
of GFP or peptide molecules (measured at 490 or 583 nm, 
respectively) was set in relation to the number of capsid 
molecules (detected at 280 nm), which was calculated by the 
equation given above. The absorption of GFP at 280 nm in the 
capsid peak (calculated from the respective data at 490 nm) was 
substracted from the total absorption prior to the calculation of 
VP1 capsids in the fraction, in order to correct for the GFP 
contribution to A280. 
 
Surface plasmon resonance 
 
In order to determine the affinity of the VP1-WW fusion protein 
to polyproline sequences, surface plasmon resonance was 
measured with a Biacore X (Biacore AB, Freiburg, Germany) 
and a CM5 sensorchip that was coated with PPLP peptide 
(sequence: CSGP6PPLP), following the manufacturer’s protocol. 

The protein concentrations were varied between 5 and 50 nM. 
Kinetic parameters were calculated with the BIAevaluation 
software using a simple Langmuir binding model. 
 
Circular dichroism (CD) spectroscopy 
 
Far-UV CD spectra, from 195 to 260 nm, of VP1 variants were 
measured in 0.1-mm cuvettes. The proteins (0.4-0.5 mg/ml) 
were dialyzed against a buffer containing 10 mM HEPES and 
100 mM NaCl, pH 7.2. Spectra of the buffer were also recorded 
and subtracted from the protein spectra to eliminate noise 
contributions from the buffer. The secondary structure content of 
the proteins was calculated with the program CDNN (22) from 
the buffer-corrected spectra. 
 
Electron microscopy 
 
An EM 912 instrument (Zeiss) was used for electron microscopy 
studies, with application of a magnification factor of 63,000. The 
specimen was stained with uranyl acetate on bacitracin-
incubated (0.1 mg/ml, 1 min) copper-carbon grids according to 
standard protocols.  
 
Delivery experiments 
 
Cultures of C2C12 myoblasts or NIH 3T3 fibroblasts were 
grown in 8-well chambered cover glasses (Nunc, Wiesbaden, 
Germany). The cultures were incubated from 15 min up to 2 h 
with 0.5-1.0 nM fluorescence-labeled virus-like particles 
encapsidating GFP or fluorescence-labeled peptides. In addition, 
in some samples lysosomes were stained with 1 µM LysoSensor 
yellow/blue (Molecular Probes, Göttingen, Germany). After 
incubation, cells were washed two times with PBS and covered 
with noncolored Dulbecco’s modified Eagle medium. Cells were 
subsequently analyzed with a LSM410 confocal laser-scanning 
microscope equipped with a 63-fold water immersion objective 
(Zeiss). 
 
RESULTS 
 
Principle of directed encapsidation 
 
To encapsidate peptides and proteins into polyomavirus-like 
particles, modifications of the inner capsid surface were 
generated to achieve a specific interaction of the free capsomeres 
with peptides or proteins that are directed into the capsids upon 
induction of in vitro assembly (Fig. 1a). The first WW domain 
of the mouse formin binding protein 11 (FBP11) was fused to 
the N terminus of VP1 as a module to facilitate this interaction. 
WW domains are small protein domains and were first 
discovered in the Yes kinase-associated protein (YAP) of 
Saccharomyces cerevisiae (23, 24). They were named after two 
conserved tryptophan residues, which are essential for the 
maintenance of the native fold and for ligand binding (25). The 
FBP11 WW domains bind proline-rich ligands with the 
consensus motif PPLP (26).  
 
Protein modeling studies of the VP1-WW fusion protein (Fig. 
1b) revealed that there is sufficient space inside the capsid to 
allow proper folding and arrangement of the WW domains. 
Given that there are 360 ligand binding sites (72 pentameric VP1 
molecules per capsid) inside each capsid, it was calculated that 
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theoretically 360 globular proteins with an average size of up to 
17 kDa can be encapsidated. In the case of lower encapsidation 
rates, for example, using only two of the five potential binding 
sites per pentamer, a capsid could accomodate 144 molecules of 
a 90-kDa protein. 
 
Recombinant VP1-WW obtained a native fold and bound 
proline-rich ligands 
 
The fusion protein VP1-WW, solubly expressed and purified 
from recombinant E. coli, was characterized with respect to 
correct protein folding and ligand binding of the WW domain. 
To confirm the native fold, far-UV CD spectra of the VP1-WW 
fusion protein were recorded and compared with the spectrum of 
the wild-type protein (Fig. 2). As expected, the VP1-WW 
spectrum had a significantly increased negative ellipticity 
difference (∆ε) below 207 nm, indicating a higher portion of β-
sheet secondary structure than in wild-type VP1. The difference 
spectrum of VP1-WW minus VP1 should represent the spectrum 
of the single WW domain. This difference CD spectrum of VP1-
WW had a maximum at 230 nm and an intense negative 
ellipticity at <205 nm (Fig. 2b). The difference spectrum 
corresponds closely to a typical WW domain spectrum that was 
published earlier (27), indicating that the WW domain obtains its 
native fold in the context of the fusion protein VP1-WW. 
 
The integrity and functionality of the fused WW domain were 
further verified by surface plasmon resonance by using an 
immobilized PPLP peptide ligand. Samples of the fusion protein 
were measured at different concentrations, and association and 
dissociation reactions were recorded (Fig. 3). The dissociation 
seems to be a two-phase reaction, starting with an initial fast 
step, which may be due to an unspecific hydrophobic interaction, 
and the subsequently following slow dissociation as a result of 
the specific interaction between the WW domain and the PPLP 
peptide. Another explanation would be that some of the VP1-
WW pentamers interact with the ligand through only one WW 
monomer and are therefore prone to fast dissociation (first 
phase). The simultaneous binding of the pentameric VP1-WW 
protein with more than one WW domain to the sensor surface 
results in a considerably slower dissociation rate (second phase). 
However, the latter explanation is contradicted by measurements 
with a monomeric protein containing a WW domain (28), which 
shows a similar two-step dissociation curve. Within the time 
frame of the Biacore experiment, the baseline was not reached 
again, i.e., the complete dissociation of the VP1-WW from the 
sensor surface was not observed. 
 
Determination of the kinetic parameters yielded an equilibrium 
dissociation constant Kd = 40 ± 5 nM. This result is in good 
agreement with former surface plasmon resonance data using a 
fusion protein of glutathione S-transferase and the FBP11 WW 
domain (28); the Kd for this protein was reported to be 21 nM. 
The interaction of the WW domain with its ligand is highly 
specific, because measurements in the presence of other proteins 
did not inhibit binding to the sensorchip surface, whereas the 
free PPLP peptide was a potent inhibitor of the association (data 
not shown). These observed features, i.e., correct protein fold 
and specific binding of PPLP ligands, are important prerequisites 
for an encapsidation of PPLP-tagged peptides and recombinant 
proteins. 
 

VP1-WW encapsidated proline-rich ligands 
 
Either PPLP-tagged GFP or fluorescence-labeled PPLP peptides 
were used as model ligands for optimization of the 
encapsidation. In the latter case, the fluorescent dye also 
represented a model for the delivery of small chemical 
compounds linked to a PPLP-containing peptide.  
 
Encapsidation rates were determined by size-exclusion 
chromatography, which separates virus-like particles from free 
capsomeres and the engaged ligands, PPLP peptide (Fig. 4a) or 
GFP (Fig. 4c) (5). The specific absorbance or fluorescence in the 
elution fraction of the capsid clearly showed that the ligands 
coeluted with the capsid. The maximum encapsidation rate, 
subject to optimal assembly conditions, was 230 peptide 
molecules and 260 GFP molecules per virus-like particle. The 
encapsidation increased with an increasing ligand/capsomere 
ratio and reached a maximum at a fivefold excess of ligand to 
capsomeres (data not shown). A further increase of the ligand 
concentration resulted in a decrease in the efficiency of in vitro 
assembly instead of higher encapsidation rates (data not shown). 
This effect might be due to steric interferences of the GFP, 
especially because theoretical calculations of the packing density 
inside the particles also suggested a spatial limit of 
approximately 280 GFP molecules per capsid. In addition, 
higher concentrations of the PPLP sequence or the fluorescent 
dye may nonspecifically inhibit protein-protein interactions 
required for capsid formation. 
 
Size-exclusion chromatography was further used for the 
preparative separation of virus-like particles, capsomeres, and 
free ligands to ensure preparations of the highest purity and 
homogeneity for subsequent experiments. To further confirm the 
data from size-exclusion chromatography, the morphology and 
integrity of the isolated virus-like particles were verified by 
electron microscopy (Fig. 4b and d). The size and morphology 
of the capsids were indistinguishable from those of empty wild-
type particles, thus providing further evidence that the ligands 
were successfully embedded in these virus-like particles. 
 
Protein and peptide delivery into cultured cells 
 
The ability of polyomavirus-like particles to transfer 
encapsidated molecules into eukaryotic cells was examined in 
tissue cultures in vitro. Virus-like particles containing either 
fluorescence-labeled peptides or GFP were isolated by using 
size-exclusion chromatography, as described above. Cultures of 
NIH 3T3 mouse fibroblasts were incubated with the particles 
and analyzed by confocal laser scanning microscopy. Significant 
fluorescence was detected within all cells even after a 30-min 
incubation (Fig. 5). The fluorescent molecules were localized 
near the cell membrane (Fig. 5a) and eventually (after 2 h of 
incubation) showed greater distribution throughout the entire 
cytoplasm, indicating that encapsidated ligands were rapidly and 
efficiently delivered. There was no observable difference 
between encapsidated peptides and GFP with respect to delivery 
efficiency and subcellular distribution. 
 
To determine the distribution of capsids and encapsidated 
ligands individually, the capsid protein VP1 was labeled with a 
different fluorescent dye at a specific cysteine residue (21) in 
addition to the fluorescent ligands. Therefore, in uptake 



experiments into NIH 3T3 cells the capsid proteins and the 
ligands could be detected simultaneously and distinguished by 
their fluorescence properties. Within the time frame of the 
experiments, most of the ligands were still colocalized with the 
capsid proteins (Fig. 5), which may be attributed to the tight 
binding between the WW domain and its ligand. However, there 
was also noncolocalized fluorescence of capsid proteins as well 
as of ligands, indicating that at least partial release of the ligands 
from the capsids occurred. The mechanism of dissociation of the 
ligands from the VP1 transport vehicles inside the cells is still 
unknown; either dissociation occurs faster under in vivo 
conditions than in our in vitro experiments, or at least partial 
degradation of the carrier and/or the ligand protein occurred. 
Because GFP fluorescence (which is based on an intact GFP 
protein structure) could be found in the cytosol of the cells, 
complete degradation of carrier and ligand is unlikely. Although 
capsids and ligands were also found together in endocytotic 
vesicles, the simultaneous staining of lysosomes revealed only 
weak colocalization with the peptides (Fig. 5e and f). Therefore, 
a release of most ligands into the cytoplasm of the cells seems 
possible. 
 
DISCUSSION 
 
The major capsid protein VP1 of murine polyomavirus was 
engineered for a directed encapsidation of peptides and proteins 
tagged with a proline-rich sequence. The WW domain was 
found to be very useful because it is the smallest protein domain 
known so far (29) and provides specific noncovalent binding 
with an affinity sufficient to link ligands to the capsomeres 
during the in vitro assembly process of the virus-like particles. 
The fusion to the viral capsid protein VP1 did not substantially 
change the properties of the WW domain with respect to ligand 
binding. Also, VP1 remained its native structure and maintained 
the ability to form virus-like particles in vitro, similar to the 
wild-type protein. It was possible to encapsidate a maximum of 
230 peptide molecules and 260 molecules of the model protein 
GFP per capsid. This is significantly more than the statistically 
expected inclusion of less than three molecules, considering the 
capsid and ligand concentrations used here, although the 
theoretical limit of encapsidation is not yet reached, probably 
because of the fast association/dissociation equilibrium between 
the proline-rich ligands and the WW domain. The directed 
encapsidation presented here has substantial advantages over 
liposome-based peptide and protein delivery, because all steps 
are carried out under mild conditions in buffered aqueous 
solutions. In addition, because of the specific interactions of the 
capsomeres with the ligands, comparatively low ligand 
concentrations can be used, thus avoiding aggregation of the 
ligands at high concentrations.  
 
The drug delivery system presented here is generally applicable 
to the delivery of a wide range of peptides, small PPLP-tagged 
compounds, and proteins. It must be ensured that the PPLP tag 
that is necessary for encapsidation does not interfere with the 
biological function of the compounds. In most cases this should 
not be limiting, because the PPLP motif is highly water soluble, 
and a careful selection of the incorporation site of the sequence 
or the design of linker molecules should circumvent structural 
and sterical interferences with the activity of the therapeutic 
substances. Possible limitations for the encapsidation of proteins 
may arise for large proteins. A maximum encapsidation of 260 

molecules per capsid was found for the 27-kDa protein GFP, 
which is in good agreement with theoretical calculations. 
However, many useful proteins may be substantially larger than 
27 kDa and may decrease the in vitro assembly of the capsids 
because of steric hindrance. This effect might be avoided by 
using mixed capsids. It was demonstrated that capsids can be 
assembled in vitro from differently modified capsomeres in a 
mosaic-like fashion (own unpublished results). With this 
strategy, the number of ligand binding sites within the capsids 
could be adjusted by mixing VP1-WW capsomeres with wild-
type capsomeres for an optimized encapsidation and in vitro 
assembly efficiency. Other limitations may arise for homo-
oligomeric proteins carrying several PPLP tags. Although we did 
not examine such proteins yet, it is likely that multiple binding 
sites lead to an increased aggregation of the capsomeres and the 
ligand protein. 
 
Cell culture experiments demonstrated an efficient uptake of the 
vector and the delivery of the encapsidated substances. Only a 
small fraction of the ligands in cellular lysosomes is targeted for 
degradation. There is an approximately equal distribution of the 
ligands within the cytoplasm and ligands still remaining in 
endosomes. There is not much known about endosomal release 
of polyomavirus-like particles, and therefore these observations 
cannot yet be fully explained. For the native virus, myristylation 
of the minor coat protein VP2 may have a crucial function for 
endosomal release (30), and empty polyomavirus-like particles 
consisiting of only VP1 are mostly targeted to lysosomes (own 
unpublished results). However, virus-like particles and the native 
virus may use different routes of entry into the cells, and 
mechanisms utilized by the wild-type virus may not be effective 
for virus-like particles. In future studies, mechanisms for the 
improvement of endosomal escape, for example, coupling of 
fusogenic peptides, will be evaluated for the further 
improvement of drug delivery. 
 
Compared with the use of fusion proteins with viral sequences 
(2, 3), encapsidation into virus-like particles has the advantage 
that the ligands are protected inside a protein shell from external 
proteases and from recognition by the immune system, although 
the particles themselves may be immunogenic. However, the 
particles can be modified, for example, via specific cysteine 
residues, with polymers such as polyethylene glycol, which is 
known to suppress the host immune response (31), without the 
need to modify the therapeutic peptide or protein itself. The 
strategy of mixed capsid assembly may also be exploited to 
combine different functions within the vector. For example, 
capsomeres that facilitate encapsidation of the ligands could be 
combined with capsomeres modified on the outer surface in 
order to target only specific cell types. This feature holds great 
potential for the improvement of new and existing drugs, e.g., 
the delivery of cytostatic drugs only into tumor tissue would 
drastically reduce side effects. It is also conceivable to fuse other 
WW domains to the VP1 capsomeres, which recognize different 
proline-rich sequences. During in vitro assembly with various 
VP1-WW fusion capsomeres, different ligands could be 
encapsidated and administered simultaneously with an exactly 
defined ratio. For example, emerging resistance of tumor cells to 
a single drug could be prevented by applying a mixture of 
diverse drugs. 
 



In summary, it is envisaged that engineered virus-like particles 
as modular delivery systems could greatly enhance the use of 
therapeutic peptides and recombinant proteins. Such 
multifunctional drug delivery systems may be useful for the 
treatment of human diseases in the future.  
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Fig. 1 
 

         
 
 

Figure 1. Principle of directed protein encapsidation. (a) The interaction of ligands with capsomeres is shown in a 
schematic representation of the in vitro assembly, leading to an encapsidation of the peptide or protein ligands into the 
particles. (b) To enable ligand-capsomere contacts, the interaction of WW domains with proline-rich sequences was 
utilized. The model shows the FBP11 WW domain fused to the N-terminal end of a VP1 monomer. The model is based on 
the reported X-ray structure of VP1 (9, 10) and the NMR structure of the YAP 65 WW domain (18). 
 



Fig. 2 
 

                                   
 

Figure 2. CD spectroscopy analysis of VP1-WW. (a) The far-UV CD spectrum of VP1-WW capsids differs significantly 
from the wild-type spectrum below 235 nm, indicating an altered secondary structure content caused by the three-stranded 
antiparallel β sheet of the WW domain (18) in the fusion protein. (b) The difference spectrum of VP1-WW minus wild-
type VP1 closely resembles the spectrum of the isolated WW domain, which has the characteristic shape reported for WW 
domains (2). 
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Figure 3. Surface plasmon resonance with immobilized PPLP peptide. Association and dissociation phases with different 
VP1-WW concentrations are shown. Simple Langmuir fits of the binding curves yielded an equilibrium dissociation 
constant Kd = 40 ± 5 nM. 



Fig. 4 
 

               
  
Figure 4. In vitro assembly and ligand encapsidation of VP1-WW. Size-exclusion chromatography profiles demonstrate 
that capsids contained the model ligands, either fluorescence-labeled PPLP peptide (a) or GFP (c). For separation of the 
peptide-loaded capsids from unassembled pentamers and free peptide or GFP, two different columns were used (TSKgel 
5000PWXL for the peptide-loaded capsids, TSKgel 6000PWXL for the GFP-containing capsids). The fractions that were 
collected for further experiments are highlighted in gray. Electron micrographs revealed a homogeneous population of 
PPLP-peptide-containing particles (b) and GFP-containing capsids (d), which were both morphologically 
indistinguishable from wild-type capsids. 
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Figure 5. Delivery of fluorescence-labeled PPLP peptide into NIH 3T3 cells by fluorescein-labeled PPLP-peptide-
containing virus-like particles. (a) After 30 min of incubation, the peptide-containing particles first appeared in 
endocytotic vesicles close to the cell membrane and the peripheral cytoplasm. (b) During further incubation (total of 2 h), 
the particles either migrated into the cytoplasm or were degraded in lysosomes; the latter case is indicated by  yellow 
(colocalization of lysosomes, red; encapsidated ligands, green). (c-f) To determine whether encapsidated ligands can be 
released intracellularly from the capsids, capsomere proteins (green, c), ligands (red, d), and lysosomes (blue, e) were 
used simultaneously in a single experiment. Superposition of the capsomere images and ligand images showed a partial 
release of the ligands from the capsids (e). Superposition of ligand and lysosome images confirmed partial targeting of the 
ligands to lysosomes (f). 


