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ABSTRACT: Virus-like particles based on polyomaviruses 
(PVLPs) are promising delivery devices for various cargoes, 
including nucleic acids, imaging probes, and therapeutic 
agents. In biological environments, the major coat protein 
VP1 interacts with ubiquitously distributed sialic acid residues, 
and therefore PVLPs show a broad tropism. For selective 
targeting, appropriate engineering of the PVLP surface is 
needed. Here, we describe a chemical approach to retarget PVLPs to cancer cells displaying abnormally high levels of transferrin 
receptor. We created an array of transferrin molecules on the surface of PVLPs by combining a high-yielding bioconjugation 
approach with specific point modification of transferrin. This artificial surface protein architecture enables (i) suppression of 
natural VP1-specific interactions by blocking the surface conformational epitope on the VP1 protein, (ii) unusually high cellular 
uptake efficiency, and (iii) selective retargeting of PVLPs to osteosarcoma (U2OS) and lymphoblastoid leukemia (CCRF-
CEM) cells. 
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irus-like particles (VLPs) have attracted considerable 
interest because of their potential bioapplications as ecient 
delivery vehicles. VLPs have an inherent capacity to interact 
with the cellular surface, enter cells, and release encapsulated 
content into cellular compartments.1 Moreover, their highly 
symmetrical exteriors can serve as programmable scaffolds 
for further modifications, such as attaching multiple copies 
of a targeting moiety and achieving its high local 

concentration.2 
Among these highly promising delivery devices are VLPs 

derived from the nonenveloped polyomaviruses (PVLPs),3,4 
which can be disassembled and reassembled in vitro and 
potentially used as nanocontainers for various cargoes, such as 
DNA,5 RNA,6 imaging probes,7 and therapeutic agents.8 PVLPs 
mainly consist of the major coat protein (VP1), which interacts 
with ubiquitously distributed sialic acid residues, giving PVLPs 
a naturally broad cell and tissue tropism.9 Selective retargeting 
of PVLPs to specific cells can be achieved, for example, by 
genetic modification of capsids.10,11 However, these modifica- 
tions usually have an adverse effect on PVLP stability 
and 

substantially decrease particle production.12−14 
Here, we describe retargeting of mouse PVLPs using surface 

protein chemical engineering. Mouse PVLPs are particularly 
interesting with respect to potential clinical use because of the 
absence of pre-existing immunity against mouse polyomavi- 
ruses in the human population. We hypothesized that creation 
of an array of bulky human transferrin (Tf) molecules on the 
PVLP surface could (i) create steric hindrance that would limit 
the undesirable nonspecific binding of VP1 to cell surfaces and 
(ii) target the newly engineered particles to cancer cells 

overexpressing the transferrin receptor (TfR). We utilized 
PVLPs based on mouse polyomavirus, which are composed of 
72 pentameric subunits formed from 360 molecules of VP1 
capsid protein. VP1 pentamers self-assemble into 45 nm empty 
viral capsids (PVLPs). These particles do not contain viral  
DNA and therefore are considered safe delivery vehicles.5 

We expressed the VP1 protein in the baculovirus system, 
isolated the formed PVLPs as previously described,15 and 
labeled them with rhodamine-NHS ester (providing PVLP* 
conjugate; see Figure 1) to allow fluorescence visualization. 
Then, we modified a part of PVLP* at the remaining lysines 
with an excess of a short PEG linker bearing a propargyl group 
(see Supporting Information for experimental details). We 
labeled human Tf with Alexa Fluor 488 and converted the 1,2- 
diols on sialic acid present in the Tf glycosylation pattern to 
aldehydes by mild periodate cleavage. We derivatized the 
obtained aldehydes with aminooxypropylazide, a “clickable” 
heterobifunctional linker that forms a physiologically stable 
aldoxime upon reaction with aldehyde (see Figure 1).16 We 
then attached this Alexa Fluor 488-labeled Tf-azide conjugate 
(Tf*) to propargylated PVLP* via Cu(I)-catalyzed azide− 
alkyne cycloaddition (click chemistry),17 obtaining PVLP-Tf* 
conjugate. 

To characterize PVLP* and PVLP-Tf*, we confirmed the 
presence of Tf* on PVLP-Tf* by Western blot using 
antibodies against VP1 and Tf (Figure 2A and B) with 
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Figure 1. Schematic structure and preparation of PVLP* and PVLP-Tf* constructs. The source figure of PVLP was obtained from VIPERdb 
(http://viperdb.scripps.edu).18 

 

Figure 2. Characterization of PVLP* and PVLP-Tf* conjugates. Western blot analysis with antibody against VP1 protein (A) and antibody against 
Tf (B) after SDS-PAGE loaded with PVLP, PVLP*, PVLP-Tf*, and Tf*; the molecular weights are indicated on the left. The cross mark (×) 
represents cross-linked Tf* dimer. The other bands present in Tf* correspond to side products of Tf* modification and impurities contained in the 
starting Tf protein. (C) Transmission electron micrographs of PVLP* and PVLP-Tf* (negative staining). (D) Immunodot blot analysis of PVLP, 
PVLP*, and PVLP-Tf* probed with antibody against VP1. Native particles and particles denaturated by mercaptoethanol and heat (Laemli buffer, 
100 °C) were dotted on the nitrocellulose membrane. 

 

 

subsequent fluorescent detection (Figure S1A,B in Supporting 
Information). We identified both VP1 and Tf* in high 
molecular weight bands (>125 kDa) showing positive reaction 

with both antibodies. The presence of multiple bands 
containing VP1 and Tf* corresponds well to the aldoxime 
conjugation chemistry. Because the linkage used for Tf* 

http://viperdb.scripps.edu/
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attachment is unstable under denaturing conditions, the PVLP- 
Tf* conjugate was partially cleaved to the original proteins. The 
observed high molecular weight bands most likely correspond 
to VP1 proteins cross-linked with multivalently azide-modified 
Tf* that were not disassembled during the denaturation 
procedure and to Tf* dimers (Figure 2A,B and Supporting 
Information Figure S1). 

Transmission electron microscopy (TEM) confirmed the 
presence of intact monodispersed particles with a diameter of 
55 ± 3 nm for PVLP* and 63 ± 4 nm for PVLP-Tf* (Figure 
2C). Using dynamic light scattering (Figure S2 in Supporting 
Information), we ascertained that the particles do not aggregate 
and form a stable colloid. Their polydispersity indexes (0.15 
and 0.12, respectively) refer to monodisperse particles.19 
Higher  hydrodynamic  diameter  of  PVLP-Tf*  compared to 
PVLP* (68 and 59 nm, respectively) corresponds well to the 
result obtained from TEM. Considering the hydrodynamic 
diameter of Tf to be 7.4 nm,20 the obtained values indicate 
deposition of Tf* in one layer, as expected for the engineered 
conjugation strategy. Extinction spectrum of PVLP-Tf* shows 
both characteristic absorption bands of rhodamine present in 
PVLP* and the Alexa Fluor 488 present in the attached Tf* 
(for spectra, see Figure S3 in Supporting Information). 

For quantification of the Tf* load on PVLP-Tf*, we analyzed 
the concentration of the particles by Qubit protein assay and 
analyzed the Tf* loads using densitometric analysis on SDS- 
PAGE (Supporting Information Figure S1C). We obtained 35 

± 2 Tf*/PVLP-Tf* which provides ∼24% surface coverage of 
PVLP-Tf* by Tf* (based on a simple spherical model 
approximating a PVLP* with a sphere of 45 nm  diameter 
and  Tf  molecular  footprint  with  a  circle  of  7.4  nm  in 
diameter20). This coverage is comparable to that of previously 
prepared constructs of isosahedral VLPs bearing Tf21−23 and 
corresponds to a local Tf* concentration of 0.44 mM in the 
volume constrained by the PVLP-Tf*. 

We were further interested in whether the achieved surface 
density of Tf* on PVLP-Tf* can create the hypothesized steric 
hindrance to prevent interaction of VP1 with its targets. We 
performed immunodot blot analysis (Figure 2D) of VP1 
protein and detected PVLP, PVLP*, and PVLP-Tf* using anti- 
VP1 antibody. Our anti-VP1 antibody provides dual selectivity, 
recognizing both the surface conformational epitope respon- 
sible for natural interaction with sialic acid in native particles 
and a C-terminal  epitope that  is  accessible only in denatured 
PVLP.24 While VP1 in native PVLP and PVLP* showed a 
positive reaction, recognition of VP1 in native PVLP-Tf* was 
completely abolished (Figure 2D). The presence of Tf* on 
PVLP-Tf* surface therefore prevents VP1-specific binding of 
native  particles.  Indeed,  upon  denaturation,  the C-terminal 
epitope is exposed, and protein recognition by the anti-VP1 
antibody is restored (Figure 2D). 

Based on this finding, we analyzed the ability of PVLP-Tf* to 
selectively  target  TfR.  This  receptor  is  overexpressed  and 
exposed on the membranes of numerous types of cancer cells, 
including pancreas, bladder, colon, lung, and breast can- 
cers.25−29 The elevated TfR expression correlates with cancer 
progression, tumor stage, and prognosis.30,31 Interaction of Tf 
with TfR results in efficient clathrin-mediated endocytosis,32 
which  can  be  used  for  selective  delivery  of  Tf-modified 
molecules and particles to cancer cells.33 

First, we analyzed the interaction of PVLP* and PVLP-Tf* 
with two human cancer cell lines, osteosarcoma cells (U2OS) 
and lymphoblastoid leukemia cells (CCRF-CEM), and one 

 

Figure 3. Flow cytometry study of PVLP-Tf* and PVLP* 
association with U2OS, CCRF-CEM, and HUVEC cells. The 
cells were subjected to particles with (Tf+) or without 
preincubation with free Tf. Data represent fluorescence 
normalized against autofluorescence from control cells with 
standard deviations calculated from quadruplicates (two 
independent experiments in duplicates). There was a 
statistically significant difference between the PVLP-Tf* 
variant and the controls. All other comparisons were not 
significant (one-way ANOVA followed by Tukey’s posthoc 
test). ***p < 0.001. ****p < 0.0001. 

control, noncancerous human cell line represented by vein 
endothelial cells (HUVEC). We incubated these cells with 
particles (1 × 106 particles per cell; 0.54 nM particles; 1 h 
incubation in serum-free media), washed them twice with PBS, 
and analyzed the cells using flow cytometry. To confirm 
binding selectivity, we blocked the TfR on cells using a high 
concentration of free Tf (negative control, Tf+PVLP-Tf*). For 
both cancer cell lines, we observed extremely high levels of 
PVLP-Tf* uptake, whereas the negative controls performed 
after saturation of TfR by free Tf showed negligible interaction 
(Figure 3 and Supporting Information Figure S4). U2OS and 
CCRF-CEM cells showed relative fluorescence intensities 50 
and 120 times higher than those of the negative controls, 
respectively. This finding is consistent with the previously 
observed higher expression of TfR in osteosarcoma and 
lymphoblastoid leukemia.34,35 HUVEC, like all mammalian 
cells, also display TfR, but to a much lower extent. 
Correspondingly, we observed a weak, but selective binding of 
PVLP-Tf* to these cells, which can be similarly blocked with 
free Tf (Figure 3). In summary, these data indicate (i) high 
affinity of PVLP-Tf* to cancer cells and (ii) high selectivity of 
its binding to the TfR. 

Furthermore, we analyzed the interaction of PVLP* with 
cells under the same conditions. In contrast to PVLP-Tf*, the 
PVLP* particles retained their capacity to bind the cells in 
VP1-specific manner (Figure 3). This interaction is clearly not 
related to the TfR, because the binding did not significantly 
change in the presence or absence of free Tf (compare PVLP* 
and Tf+PVLP*). Based on these data and on our immunodot 
blot analysis (Figure 2D), we conclude that installation of 
sterically demanding Tf* molecules on the PVLP surface can 
suppress the VP1-specific binding of the particles. Because 
PVLP* binds readily to cells and interact with the anti-VP1 
antibody, whereas PVLP-Tf* binds specifically to TfR and do 
not interact with the anti-VP1 antibody, we suggest that Tf* 

http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00622/suppl_file/bc6b00622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00622/suppl_file/bc6b00622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00622/suppl_file/bc6b00622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00622/suppl_file/bc6b00622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00622/suppl_file/bc6b00622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00622/suppl_file/bc6b00622_si_001.pdf
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Figure 4. Confocal microscopy study of PVLP-Tf* and PVLP* uptake by U2OS cells. The cells were treated for 1 h with particles with (Tf+) or 
without preincubation with free Tf (30 min) and fixed. Confocal sections of representative cells with corresponding signal in green (Tf conjugated 
with Alexa Fluor 488 in PVLP-Tf*) or red (VP1 conjugated with rhodamine in PVLP* and PVLP-Tf*) channels are shown. Nuclei are shown in 
blue (DAPI). Merge is composed of all three channels and bright field image. The images are shown as a maximum intensity Z-projection. 

sterically blocks the conformational epitope responsible for the 
natural VP1-specific cell surface binding of PVLPs. 

To visualize the interaction of PVLP-Tf* and PVLP* 
particles with cells, we used confocal microscopy on fixed 
U2OS cells. The incubation conditions were similar to the flow 
cytometry experiments (1 h incubation in serum-free media, 
Tf+ as a negative control). We observed strong binding of 
PVLP-Tf* to the cells, which can be completely blocked by free 
Tf (Figure 4). In contrast, the binding of PVLP* was negligible 
in the presence or absence of Tf. These results are consistent 
with the flow cytometry experiments and further corroborate 
the selectivity and effectivity of the uptake. 

We observed fast internalization of PVLP-Tf*. Only 1 h 
after exposing cells to the particles, we found a significant 
fraction of 
particles near nuclei in a pericentriolar area that likely 
represents the recycling compartment, the site of accumulation 
of rapidly endocyted transferrin (Supporting Information 
Figure S5).36,37 Although polyomavirus naturally accumulates 
in the perinuclear space38 and meets the transferrin during the 

endocytic pathway in recycling endosomes 3 h post 
infection,39,40 the fast accumulation of PVLP-Tf* in this region 
likely indicates that PVLP-Tf* were targeted to TfR. To avoid 
potential artifacts related to cell fixation, we repeated these 
experiments also with live cells. Both approaches did not show 
a difference in intracellular distribution of particles 
(Supporting Information Figure S6). 

Finally, we utilized the presence of two fluorescent labels on 
the PVLP-Tf* conjugate (Alexa Fluor 488 on Tf* and 
rhodamine on VP1). Using colocalization analysis (see 
Supporting Information for details), we studied whether Tf* 
dissociates from the PVLP-Tf* conjugate or remains bound on 
VP1 protein. Based on the high Manders colocalization 
coefficient values (0.747; 0.724), we conclude that the 
linkages 
generated by the used conjugation chemistry are stable during 
the experiment and Tf* molecules do not detach from VP1 
inside the cells. 

Overall, our results indicate that PVLP can be efficiently  
retargeted using surface attachment of Tf, expanding the family 

http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00622/suppl_file/bc6b00622_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00622/suppl_file/bc6b00622_si_001.pdf
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of VLPs that can operate in a similar way in numerous types of 
cancer cell lines. These include VLPs based on Brome mosaic 
virus,21 adenovirus,41−43 and various  bacteriophages.22,23,44−47 
The PVLP-Tf* conjugates show notably high uptake, especially 
to leukemia CCRF-CEM cells (up to 120-fold compared to the 
control). To the best of our knowledge, comparably high values 
have not been documented to date for any other cell line and 
VLP. However, direct comparison with previously described 
constructs is often difficult, because of different approaches 
used for their evaluation (involving functional assays such as 
cell killing,45,47 and the reporter gene expression41). 

Several factors may contribute to the high targeting efficacy 
of PVLP-Tf*. We emphasize the importance of the local 
attachment geometry of Tf*, which is related to the attachment 
chemistry. For example, nonspecific amide-based bioconjuga- 
tion via lysines on VLP41,48 produces a statistical orientation 
of protein on the surface and correspondingly low recognition 
rate by TfR. On the other hand, selective conjugation via a 
well- defined and properly oriented position can overcome 
this problem.21,22,44,46 For Tf* attachment, we utilized the 
molecularly defined glycosidation pattern, which can be 
selectively transformed to a “clickable” moiety (Figure 1) 
and ligated to a VLP using Cu-catalyzed azide−alkyne 
cycloaddition (click chemistry).23 This conjugation approach 
provides a high degree of flexibility of Tf* attached to a 
particle and a preferential Tf* orientation for interaction 
with TfR. Furthermore, the avidity caused by the high local 
concentration of Tf* (0.44 mM) contributes to the enhanced 
targeting effect. 

The crucial feature in nanoparticulate drug delivery is 
assembly/disassembly behavior, which has been pioneered for 
VLPs in the early 1990s48,49 and successfully demonstrated for 
Tf-based targeted delivery of siRNA by bacteriophage MS2 
synthetic virions.45,47 Based on previously demonstrated 
assembly/disassembly of PVLPs and their functional use as 
nanocontainers for delivery and release of nucleic acids,5,6 one 
can expect the similar advantage also for PVLP-Tf*. We thus 
believe that  PVLP-Tf*  can  become  a  modular and effective 
platform for VLP-based drug delivery devices. 

In summary, we demonstrated that mouse PVLPs can be 
retargeted from their natural sialic acid receptor to leukemia 
and osteosarcoma cells by engineering an array of 35 ± 2 Tf* 
molecules on the surface of each particle. The surface 
architecture, type of Tf chemical modification, and ligation 
approach we used resulted in a particularly strong and selective 
interaction of the PVLP-Tf* conjugate with cells. Moreover, 
the modification with Tf* clearly rid PVLP of undesirable 
ubiquitous binding to cells. Based on immunodot blot analysis 
and competitive cellular binding experiments, we suggest that 
the surface-bound Tf* blocks the surface conformational 
epitope on PVLP responsible for natural interaction with sialic 
acid. Although the competitive impact of blood Tf and protein 
corona on Tf-based targeting has been recently demonstrated,50 
we believe that the strong avidity effects on PVLP-Tf* binding 
combined with the binding selectivity can lead to efficient in 
vivo targeting of tumors. We are currently working along these 
lines, aiming for delivery of therapeutic and/or diagnostic 
molecules using this system. 
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