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Hydroxyapatite (HA) is the principal constituent of bone mineral, and synthetic HA is widely used as
a biomaterial for bone repair. Previous work has shown that polyglutamate domains bind selectively to
HA and that these domains can be utilized to couple bioactive peptides onto many different
HA-containing materials. In the current study we have adapted this technology to engineer polyglutamate domains into cargo-loaded nanocage structures derived from the P22 bacteriophage. P22
nanocages have demonstrated signiﬁcant potential as a drug delivery system due to their stability, large
capacity for loading with a diversity of proteins and other types of cargo, and ability to resist degradation
by proteases. Site-directed mutagenesis was used to modify the primary coding sequence of the P22 coat
protein to incorporate glutamate-rich regions. Relative to wild-type P22, the polyglutamate-modiﬁed
nanocages (E2-P22) exhibited increased binding to ceramic HA disks, particulate HA and allograft
bone. Furthermore, E2-P22 binding was HA selective, as evidenced by negligible binding of the nanocages to non-HA materials including polystyrene, agarose, and polycaprolactone (PCL). Taken together
these results establish a new mechanism for the directed coupling of nanocage drug delivery systems to
a variety of HA-containing materials commonly used in diverse bone therapies.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Each year more than 2 million bone grafting procedures are
performed to stimulate bone repair or regeneration in orthopedic,
neurological and dental applications [1]. Autogenous bone is the gold
standard graft material as it contains the patient’s own bone-forming
cells and osteogenic proteins, and also provides a scaffold to support
bone growth. However, there are limitations associated with autogenous grafts including the restricted amount of donor bone available
and the considerable risk of postoperative pain and morbidity at the
donor site [1]. Accordingly, allograft bone and synthetic bonemimetic biomaterials are commonly used as alternatives to autograft [2]. Good clinical outcomes are achieved with allografted bone,
but allograft has diminished osteoinductivity due to processing steps
that eliminate cells and also denature or destroy osteoregenerative
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proteins [1,2]. Synthetic graft materials, such as those comprised of
the calcium phosphate hydroxyapatite (HA), also lack osteoinductivity [3]. For these reasons, the development of methods that
enable functionalization of allograft or synthetic biomaterials with
osteoinductive molecules holds potential for creating graft substrates
that have clinical efﬁcacy comparable to that of autografted bone.
In this study we investigated a method for functionalization of
graft materials including cadaveric-derived bone allograft, bulk
HA, and HA-containing composite tissue engineering scaffolds.
The strategy utilized is based on the mechanism by which native
bone-binding proteins associate with the biologic HA present in
bone mineral. Bone binding proteins such as bone sialoprotein
and osteocalcin contain poly-acidic amino acid domains consisting
of contiguous aspartate (D) or glutamate (E) residues that interact
with the calcium within HA [4e6]. Prior studies from our group
and others have shown that polyaspartate or polyglutamate domains can be used to anchor multiple bioactive peptides onto
HA including the integrin-binding peptide, RGD [7e9], the
proteoglycan-binding peptides, FHRRIKA and KRSR [10], and an
osteoinductive collagen-derived peptide, DGEA [11]. For example,
the addition of a heptaglutamate domain (E7) to the DGEA peptide
markedly increased the amount of peptide loaded onto synthetic HA
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[11] as well as cortical bone allograft [12], and E7-DGEA peptides
were retained on these substrates for at least 2 months in vivo.
Improved coupling of DGEA to HA via the E7 domain was shown to
have a signiﬁcant biologic effect, in that E7-DGEA stimulated greater
osteoblastic differentiation of mesenchymal stem cells (MSCs) and
more robust in vivo bone formation than unmodiﬁed DGEA [11].
While osteoinductive peptides are being widely investigated as
a tool to enhance graft integration, most of the peptides employed
have a limited number of amino acids, encoding a ﬁnite amount of
biologic information. The goal of the current study was to adapt the
polyglutamate approach to achieve anchoring of other types of biomodiﬁers, speciﬁcally protein nanocage structures derived from the
P22 bacteriophage. The beneﬁt associated with nanocages is that
these structures can be loaded with a variety of cargo including fulllength proteins [13], imaging agents [14], and small therapeutic
molecules [15]. The protein shell of bacteriophage P22 represents an
attractive nano-scale drug delivery system due to the large cargo
capacity, resistance to proteolytic cleavage, and stability under
extreme pH and temperature [16e19]. Co-expression of the P22
scaffolding and coat proteins in a pET vector/BL21 (DE3) expression
system results in the assembly of 60 nm diameter P22 virus-like
particles made up of 420 identical subunits of coat protein surrounding approximately 300 molecules of scaffolding protein (Fig. 1)
[20]. Fusion of cargo molecules such as green ﬂuorescent protein
(GFP) to the scaffolding protein results in their incorporation into the
closed shell (Fig.1) [13]. An insertion tolerant, externally exposed loop
on the coat protein has been identiﬁed [17,18]. In the assembled
protein shell, as a result of local pentameric and hexameric symmetry,
the loops are clustered into twelve patches each containing ﬁve loops
and sixty patches each containing six loops. To engineer nanocages
with HA-selective binding sites, we used site directed mutagenesis to
insert a diglutamate (E2) sequence into the loop region. As a result of
local clustering, each P22 protein shell presented seventy-two high
density negative charge patches to the exterior of each shell. These
E2-P22 capsids were tested for binding to allograft and synthetic HA,
with the expectation that the E2 modiﬁcation would increase the
binding of the nanocages to HA, providing a mechanism for enhanced
delivery of cargo to sites of bone regeneration.

express a fusion of GFP and truncated P22 scaffolding (GFP/141-303 gp8) that fully
encapsulates and retains the GFP molecule at the same packaging efﬁciency as
wildtype P22 scaffolding (gp8) during self-assembly [13]. Site-directed mutagenesis
was performed on the GFP expressing P22 assembler plasmid in order to replace
codon 183 (T) of P22 coat protein with the desired coding sequences. Plasmids from
successful colonies were puriﬁed and the presence of the intended mutagenesis was
conﬁrmed by sequencing.
2.2. Puriﬁcation of capsids
BL21 DE3 containing the P22 assembler plasmid was grown to w0.6 OD, induced
with 1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG), and incubated for an
additional 4 h. Cells were then pelleted, lysed by french press, and the lysate debris
cleared by centrifugation. Capsids were puriﬁed from the clariﬁed lysate by pelleting
through 20% (w/v) sucrose at 40K (Beckman type 42.1) for 2 h followed by sedimentation through a 5e20% (w/v) sucrose gradient at 38K (Beckman SW41) for
30 min. Sucrose gradient fractions were isolated and analyzed by SDS-PAGE to
identify the VLP fractions. Pooled VLP fractions were then characterized by electrospray ionization mass spectrometry (ESI-MS) and transmission electron microscopy (TEM) to conﬁrm proper coat protein expression, capsid morphology, and
packaged GFP/141-303 gp8. Molecular graphics were performed with the UCSF
Chimera package. Chimera was developed by the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco (supported
by NIGMS 9P41GM103311).
2.3. Material substrates
HA powder (MP Biomedicals, Solon, Ohio) was measured (5e50 mg) into
eppendorf tubes or pressed into disks using a 15.875 mm die under 3000 psi. All
disks were sintered at 1000  C and allowed to cool in the furnace at decreasing
intervals before being stored under sterile conditions. Electrospun scaffolds  nanoHA were fabricated as described previously [21]. Brieﬂy, two types of scaffolds were
produced by electrospinning: (1) 100% polycaprolactone (PCL) and (2) 80wt%
PCL þ20wt% HA (PCL/HA). 15 kV voltages were applied using a high-voltage power
supply (Gamma High Voltage Research, Ormond Beach, FL). A syringe pump was
used to feed polymer solution into the needle at a feed rate of 2 mL/h and scaffolds
were collected onto an aluminum collecting plate. The allograft used for these
studies was commercial-grade, mineralized cortical particulate bone graft
(OraGRAFTÒ), obtained from LifeNet Health (Virginia Beach, Virginia). For the assays
of binding selectivity, polystyrene dishes or tissue culture dishes coated with poly-Dlysine were purchased from Corning (Corning, New York).
2.4. Capsid coating onto materials

2. Materials and methods

GFP loaded P22 or E2-P22 nanocages were used at equimolar concentrations
based on protein quantiﬁcation values. Working concentrations of 0.1e1.0 mM were
used for coating materials, and for every experiment, solutions were checked to
ensure that wild-type P22 and E2-P22 had equivalent starting ﬂuorescence values.

2.1. Capsid Expression System

2.5. Imaging of nanocage binding to substrates

Co-expression of wild-type P22 scaffolding and coat proteins using the P22
assembler plasmid generates P22 virus-like particles (VLPs) in a BL21 DE3 expression system (Fig. 1). The P22 assembler plasmid has been previously manipulated to

P22 or E2-P22 capsid solutions at 1 mM were coated onto bulk HA disks, electrospun scaffolds (100%PCL and PCL/HA), and agarose for 2 h, or particulate HA for
2 min. Following coating, substrates were washed three times for 1 min with

Fig. 1. P22 capsid expression system. Co-expression of P22 coat (gp5) and GFP-scaffolding fusion (GFP/141-303 gp8) in BL21(DE3) results in the assembly of 60 nm diameter VLPs.
Assembly is mediated by the C-terminus of the scaffolding protein and results in the incorporation of GFP into the closed VLP shell at an approximate ratio of 420 coat subunits to
300 scaffolding subunits. As previously described, the GFP-scaffolding fusion remains incorporated in the closed shell and demonstrates a mechanism of packaging non-native
proteins into the P22 VLPs [13].
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agitation to remove unbound capsids. Particulate HA, bulk HA disks, electrospun
scaffolds (100%PCL and PCL/HA), and agarose were then ﬂuorescently imaged using
a Nikon dissecting scope to evaluate GFP signal, indicating relative capsid binding.
2.6. Time course for capsid binding
Sintered HA disks were coated with 0.1 mM of P22 or E2-P22 capsids. Samples
were taken from the coating solutions at 30 min, 2 h, 6 h, or 24 h and ﬂuorescence
read using a Biorad VersaFluor ﬂuorometer. These readings (indicating depletion of
ﬂuorescence) were subtracted from ﬂuorescence of the original coating solution to
calculate the percent of capsids bound to HA disks over a 24 h time course.
2.7. Dose dependent binding of capsids to HA and allograft
Particulate HA and allograft bone chips were measured into 5, 10, 25, and 50 mg
aliquots and coated with GFP-loaded P22 or E2-P22 for either 2 min (HA) or 2 h
(allograft). HA or allograft particles were then precipitated by centrifugation, and
samples of the supernatant were analyzed for ﬂuorescence (representing the unbound nanocages). Percent of capsids bound was calculated by subtracting the ﬂuorescence values of the supernatants from the starting ﬂuorescence of the coating
solution.
2.8. Western blot for coat protein
HA or allograft particles (5e50 mg) were coated with GFP-loaded P22 or E2-P22
as described above. After spinning the particles down from the solution, we
removed the supernatants and denatured the capsids in sodium dodecyl sulfate
(SDS) buffer (50 mm Tris, 2% SDS, 5% b-mercaptoethanol) at 95  C for 5 min. Proteins
were resolved by SDS-PAGE and transferred to polyvinyldiﬂuoride (PVDF) membranes. Membranes were blocked in 5% dried nonfat milk buffer (in Tris-buffered
saline containing 0.01% Tween 20) for 1 h at room temperature. The membranes
were then subjected to a primary polyclonal antibody against the P22 capsid protein
(generated in the Prevelige lab) followed by an HRP-conjugated secondary antibody
(Amersham Life Sciences, Buckinghamshire, United Kingdom) diluted in blocking
buffer. Capsid protein was detected using chemiluminescence reagents (Amersham
Life Sciences, Buckinghamshire, United Kingdom).
2.9. Statistics
All experiments were performed with at least three independent runs, and each
independent experiment was performed in triplicate. Data sets were graphed to
show averages and standard error, and statistical signiﬁcance was assessed using
Student’s t-test parametric analysis. A conﬁdence level of at least 95% (p < 0.05) was
considered signiﬁcant and denoted by (“*”). Additionally, (“#”) indicated a p < 0.01
and (“❖”) indicated a p < 0.001.

3. Results
3.1. Generation of E2-modiﬁed P22 nano-cages
The P22 coat protein A-domain (Fig. 2A, right) is permissive of
peptide primary sequence inserts without affecting folding of the
monomeric protein. Many inserted sequences have shown a minimal
effect on the assembly or the morphology of the resulting virus-like
particles (VLPs) when compared to the wild-type sequence (data not
shown). We hypothesized that the region would also be permissive
of a 7-mer glutamate insert (E7: GGG(E)7GGG), resulting in P22
capsids that display the E7 peptide on the surface. Although the
resulting protein was expressed and properly folded, as assayed by
circular dichroism, we were unable to detect any fully assembled
particles (data not shown). We speculate that this is because the local
symmetry of 5-fold and 6-fold capsomers caused each E7 A-domain
loop to localize near neighboring E7 A-domain loops in the quaternary structure, and the resulting charge density of 35 glutamates per
pentamer or 42 glutamates per hexamer destabilized the intersubunit coatecoat interactions required for assembly.
As an alternative approach, we engineered E2 sequences
(GGG(E)2GGG) into each coat protein, using the close proximity and
localization of A domains during assembly to our advantage. We
hypothesized this would decrease the localized chargeecharge
repulsion of the A-domain loops during assembly, while simultaneously achieving a high enough charge density (E10 for each pentamer and E12 for each hexamer) in each capsomer to facilitate

2457

enhanced loading of P22 particles to HA (Fig. 2B). Engineering the E2
sequence into the coat protein in the P22 assembler plasmid
encoding a GFP-scaffolding fusion protein (GFP/141-303 gp8) resulted in the assembly of particles similar in morphology to unmodiﬁed
P22 capsids (Fig. 2C). GFP was used as an encapsulated reporter
molecule to facilitate binding assays, and under the conditions used
in this study, the small nanocage pore size did not allow GFP release.
3.2. E2-P22 binding to synthetic HA materials
To assess whether insertion of E2 into the coat protein facilitated
greater binding of P22 particles to HA materials, we coated particulate HA and ceramic HA disks with equimolar solutions of GFPloaded wild-type P22 or E2-P22 and used ﬂuorescent imaging to
visualize bound capsids (Fig. 3A). On both particulate HA and HA
disks, E2-P22 cages were present at a greater density than unmodiﬁed P22, as shown by greater ﬂuorescent signal (Fig. 3A).
To quantitatively measure the effect of the E2-modiﬁcation on the
rate of capsid binding, the coating solution was monitored for
depletion of ﬂuorescence over 24 h (with depletion from solution
correlating to binding of the GFP-containing particles to HA substrates). These studies showed that the E2 domains directed greater
loading of E2-P22 onto HA, when compared with wild-type P22, at all
time points (Fig. 3B). Additionally, we evaluated the binding of wildtype P22 or E2-P22 to increasing quantities of particulate HA (5e
50 mg). We found that as the quantity of HA increased, binding of
both P22 and E2-P22 increased; however, at all quantities E2-P22 was
bound at signiﬁcantly greater amounts than unmodiﬁed P22 (Fig. 3C).
As an independent approach to assess the HA-binding capacity of
E2-P22, we performed immunoblotting experiments to track the
amount of nanocages remaining in solution following incubation
with HA. Wild-type P22 and E2-P22 containing solutions were mixed
with HA particles, and at the end of the incubation, samples were
centrifuged to precipitate the HA (with bound nanocages) and the
supernatants were immunoblotted for the P22 coat protein (Fig. 3D).
Similar to studies of solution ﬂuorescence, we found that both P22
and E2-P22 were depleted from solution with increasing amounts of
HA, however E2-P22 was depleted from the coating solution at
greater quantities than P22, indicating better binding of E2-P22 to
HA. These results were conﬁrmed by quantifying relative density of
protein bands using image analysis software (Image J) (Fig. 3D).
3.3. Binding of E2-P22 to allograft bone
Having established greater binding of E2-P22 to synthetic HA,
we next evaluated the potential of the E2 modiﬁcation to enhance
P22 binding to allograft bone. Equimolar concentrations of P22 and
E2-P22 were incubated with increasing quantities of allograft bone
particles (5e50 mg), and binding was quantiﬁed by measuring
depletion of ﬂuorescence from the coating solution. Similar to
studies of synthetic HA, greater binding of E2-P22 compared with
wild-type P22 was observed for all concentrations of allograft bone
tested (Fig. 4A). Additionally, we monitored P22 and E2-P22 binding to allograft by immunoblotting the coating solutions for the
amount of residual P22 coat protein (representing unbound viral
particles) following precipitation of the particulate allograft. In line
with ﬂuorescence studies, we observed that as the quantity of
allograft increased, both wild-type P22 and E2-P22 were depleted
from solution; however, E2-P22 was depleted in greater amounts
than wild-type P22, reﬂecting enhanced binding (Fig. 4B).
3.4. Selectivity of E2-directed binding
To further assess whether modiﬁcation of viral capsids with
polyglutamate domains affects capsid selectivity for substrates, we
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Fig. 2. Engineering polyglutamate-modiﬁed P22 capsid. Using the UCSF Chimera package molecular graphics were performed. (A) In a 3IYI surface (rendered to 8 Å resolution) an
A-domain ﬂexible loop at residues 180e185 is highlighted in red to indicate the overall distribution of inserted sequences in the fully assembled capsid. The P22 virus-like particle
forms a T ¼ 7 icosahedral structure of 60 nm in diameter consisting of 12 pentameric capsomers and 60 hexameric capsomers. (B) Atomic surface rendering of the 3IYI hexameric
capsomer structural model with all acidic residues indicated in red. The unaltered, P22 capsomer is shown on the left and a presumed model with the E2 sequence (GGGEEGGG) is
shown on the right. (C) Negative-stain TEM images of P22 assembler products indicate that both P22 and E2-P22 assembler plasmids produce capsid structures with similar
morphology. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

evaluated P22 binding to various test surfaces. Wild-type P22 or
E2-P22 particles were coated onto polystyrene dishes, which
present a neutral, relatively hydrophobic, surface, or alternatively,
onto standard tissue culture dishes coated with the positivelycharged amino acid, poly-D-lysine. Low, but equivalent amounts
of the wild-type P22 and E2-P22 particles were found to associate
with polystyrene (Fig. 5A). In contrast, signiﬁcantly greater
binding of E2-P22 compared with wild-type P22 was observed on

the poly-D-lysine surfaces (Fig. 5A), suggesting that the E2 domain
functions through an ionic mechanism to alter the binding afﬁnity
of P22 for substrates. Additionally, we monitored wild-type P22
and E2-P22 binding to either agarose particles, or to two types of
electrospun tissue engineering scaffolds: (i) 100% polycaprolactone
(PCL) or (ii) polycaprolactone containing HA nanoparticles (80%
PCL/20%HA “PCL/HA”). Wild-type P22 or E2-P22 particles were
coated onto these substrates for 2 h and imaged. As shown in
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Fig. 3. Enhanced loading of P22 capsids facilitated by E2 modiﬁcation. (A) Particulate HA or sintered HA disks were coated with 1 mM GFP-loaded P22 or E2-P22. Following a brief wash
to remove unbound capsids, substrates were imaged using ﬂuorescent microscopy to qualitatively evaluate capsid binding. (B) Sintered HA disks were coated for up to 24 h with
0.1 mM concentrations of GFP-loaded P22 or E2-P22. Time course for capsid binding from solution was evaluated by measuring depletion of ﬂuorescence from the coating solution.
Residual solution ﬂuorescence was subtracted from the starting ﬂuorescence to calculate the amount of capsids bound. (C) 5e50 mg of particulate HA were incubated with 0.1 mM
solutions of P22 or E2-P22 (loaded with GFP). After centrifugation to precipitate the HA particles and bound nanocages, supernatants were monitored for ﬂuorescence in order to
determine the amount of nanocages bound. (D) 5e50 mg of particulate HA were incubated with 0.1 mM of P22 or E2-P22, and after centrifugation, the supernatants (containing
unbound nanocages) were immunoblotted for the P22 coat protein. Blots were subjected to densitometry to quantify the relative amount of unbound nanocages.

Fig. 5B, agarose coated with P22 or E2-P22 exhibited minimal ﬂuorescence, indicating poor binding of both capsids (as compared
with the positive control: HA particles coated with E2-P22). Similarly, very low amounts of wild-type P22 and E2-P22 were bound
to electrospun scaffolds composed of 100% PCL (Fig. 5C). However,
when nanoparticles of HA were incorporated into the electrospun
PCL scaffolds (PCL/HA), E2-P22 exhibited strong binding to the

scaffold surface (Fig. 5D). Thus, the binding of E2-P22 appears to be
selective for HA-containing materials, with negligible binding
observed on agarose, polystyrene, and PCL. Taken together, these
results provide proof of concept that the polyglutamate/HA interaction offers an effective mechanism for: (1) anchoring distinct
particles onto multiple HA graft materials, and (2) altering the
binding selectivity of viral capsids.
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Fig. 4. E2 modiﬁcation enhanced loading of P22 onto allograft bone. 5e50 mg of particulate allograft bone were incubated with 0.1 mM P22 or E2-P22 for 2 h. Following
centrifugation to precipitate the bone particles with bound nanocages, supernatants
were evaluated by (A) measuring depletion of ﬂuorescence from solution and (B)
immunoblotting for depletion of the P22 coat protein.

4. Discussion
Synthetic HA biomaterials and allograft bone are commonly
used in the medical and dental ﬁelds as substitutes for autograft
bone, however these materials lack osteoinductivity [1e3]. To
address this deﬁciency, various recombinant proteins (e.g. Bone
Morphogenic Proteins) or bioactive peptides have been passively
adsorbed onto the surface of these substrates [22e25]; however
passive adsorption provides little control over the dose or kinetics
of protein/peptide delivery [24]. Alternatively, some investigators
have evaluated encapsulating molecules within cage or vesicular
structures to enhance bone regeneration (reviewed in [26]).
Encapsulation of bioactive cargo may be beneﬁcial because it
confers protection of cargo from proteolytic degradation, and also
protects the body from non-targeted effects resulting from broad
dissemination of osteogenic molecules [27,28]. Additionally, the use
of vesicles or nanocages provides a mechanism for greater control
of drug release, and in particular, may facilitate sustained drug
delivery [16]. A multitude of vesicular structures including micelles,
liposomes, and poly(lactic-co-glycolic acid) (PLGA) nanospheres

have been used to deliver bioactive molecules from synthetic HA or
native bone graft carriers (reviewed in [27]). Some of these vehicles
have been chemically modiﬁed to enhance afﬁnity for HA or bone
surfaces [29e33]. Wang et. al. used bisphosphonates (BP) to decorate liposomes and micelles, and showed that BP on the surface of
these particles increased particle binding to synthetic HA and
a composite HA/collagen matrix [29]. As well, BP-coupled PLGA
nanoparticles loaded with selected chemotherapeutics exhibited
accumulation in bone following intravenous injection, resulting in
higher local concentrations of drug [34]. Targeting to bone has also
been observed when BP domains were coupled directly to proteins
or other molecules such as estradiol, prostaglandin, and the cancer
therapeutic, methotrexate [35e38]. These collective results support
the fundamental concept of using HA-binding domains to enhance
both the systemic delivery of therapeutics to bone and the coupling
of osteoinductive molecules onto the surface of graft materials.
The use of BP as a mechanism to target bone is efﬁcient and warranted in some applications where its pharmacological effect could be
beneﬁcial, however one concern is the potential for unintended
effects introduced by the use of a pharmacologically active agent as
a bone targeting moiety. In some instances, BPs can cause apoptosis,
inhibit cell migration, and reduce angiogenesis, potentially negatively
affecting bone healing and regeneration [39]. Given these issues, we
have developed a second modality to deliver cargo on HA. Speciﬁcally,
we investigated the use of polyglutamate domains to anchor cargoloaded P22 nanocages onto HA. Although polyacidic amino acid
sequences have been employed to couple synthetic peptides on HA
[7e12,40], the current study is the ﬁrst to exploit these domains to
anchor nanocages onto HA. To engineer P22 nanocages with polyglutamate, site-directed mutagenesis was used to insert diglutamate
(E2) domains into the P22 capsid protein. It was found that
E2-modiﬁed P22 capsids exhibited signiﬁcantly better binding to HA
particles, sintered HA disks, and allograft bone. In contrast, negligible
binding of E2-P22 was observed to agarose, polystyrene, and 100%
PCL electrospun scaffolds, suggesting that the E2 domains conferred
selectivity for HA. One anticipates that insertional mutagenesis could
be employed to modify many other types of protein cages, including
other VLPs, providing a relatively straightforward alternative to some
of the complex chemical coupling technologies required for modifying particles with BP or other bone-binding domains.
Currently there is substantial interest in developing nanocage
technologies. As examples, synthetic inorganic nanocages, liposomes, and VLPs, have been employed for in vivo imaging and
drug delivery [41,42]. VLPs in particular have emerged as versatile
architectures for the development of functional hybrid nanostructures. VLPs self-assemble into capsid structures of consistent
size and shape, establishing a limit to the quantity of cargo that can
be contained, and inherently providing a means for dose control
that is absent from nanocages that are either more difﬁcult to
manufacture or do not produce homologous products. VLPs derived
from P22 offer many beneﬁcial features as a carrier system. They
are physically stable and can be readily produced in quantity. As
demonstrated here, the external surface can be modiﬁed to promote selective binding to target materials and tissues. Additionally,
a unique characteristic of P22 compared with other VLP systems
is the ability to modulate the overall volume and porosity of the
capsid structure, providing tunable control of the degree and
kinetics of cargo release [43,44]. Another advantage is that a variety
of approaches to incorporate cargo into P22 have been developed,
which enables loading of multiple types of molecules. For example,
our group has shown that incorporation of cargo can be accomplished by covalent modiﬁcation of the interior surface to present
nickel for binding 6X-His tagged proteins [45], or to initiate
controlled internal polymer formation using atom transfer radical
polymerization [46]. The latter method has been adapted to use
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Fig. 5. E2-enhanced loading is selective for HA-containing materials. (A) Polystyrene or poly-D-lysine-coated surfaces were incubated with equimolar concentrations of GFP loaded
P22 ors E2-P22. After 2 h, ﬂuorescence of the coating solution was monitored, and these values (representing unbound capsids) were subtracted from the starting solution values
(total capsids) to obtain the percent capsid binding. (B) P22 or E2-P22 (loaded with GFP) was coated onto agarose particles or HA particles (positive control) and evaluated by
ﬂuorescence microscopy. (C) P22 or E2-P22 was coated onto 100% PCL electrospun scaffolds or HA particles. (D) E2-P22 was coated onto electrospun scaffolds composed of 100%
PCL, or PCL scaffolds containing HA nanoparticles (E2-P22 binding to HA particles served as a positive control).

the encapsulated polymer as a scaffold for the attachment of small
functional molecules, such as MRI contrast agents [46]. The
approach utilized in this investigation, fusion of large proteins to
the scaffolding, results in incorporation and entrapment of the
cargo. However the use of mutant scaffolding proteins with weaker
capsid binding afﬁnity [47] should enhance the release of small
fusion proteins. Alternatively, a larger fusion protein could be
released by pre-treatment of the particles with heat. This treatment
results in the formation of stable shells with pores sufﬁciently large
to allow protease to access and cleave the trapped protein, thus
providing a mechanism for controlled release of small proteins and
peptides [13]. The considerable adaptability of P22 nanocages with
regard to both the engineering of the capsid sequence and the capacity to carry diverse cargo molecules highlights the potential
utility of this vehicle for many types of clinical applications.
5. Conclusion
P22-derived nanocage structures were engineered with polyglutamate domains to facilitate enhanced binding to synthetic HA
and allograft bone. Glutamate residues were incorporated into
a speciﬁc region of the P22 coat protein and were found to cluster
following capsid assembly, resulting in focal domains with concentrated negative charge on the surface of the capsid. The addition
of these distinct high-density glutamate regions enabled loading of
increased numbers of nanocages onto the surface of HA-containing
substrates, suggesting that polyglutamate-modiﬁed nanocages have

enhanced capacity for local delivery of osteoinductive molecules.
Future studies will be aimed at engineering the polyglutamatemodiﬁed particles with bone inductive cargo such as bone
morphogenic proteins. However, clinical applicability of the
polyglutamate-modiﬁed P22 nanocages extends beyond the delivery of therapeutic proteins, because in addition to proteins, the
P22 vehicle has been successfully engineered with cargo such as
metal ions for imaging, and nonproteinaceous small molecules.
Finally, it is anticipated that the fundamental polyglutamate coupling strategy can be adapted to endow many other types of particles
or cargo-loaded vehicles with selectivity for HA.
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