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ABSTRACT: Covalent conjugation of water-soluble
polymers to proteins is critical for evading immune
surveillance in the field of biopharmaceuticals. The most
common and long-standing polymer modification is the
attachment of methoxypoly(ethylene glycol) (mPEG),
termed PEGylation, which has led to several clinically
approved pharmaceuticals. Recent data indicate that brush-
type polymers significantly enhance in vitro and in vivo
properties. Herein, the polymer conformation of poly-
(ethylene glycol) is detailed and compared with those of
water-soluble polyacrylate and polynorbornene (PNB)
when attached to icosahedral virus-like particles. Small-
angle neutron scattering reveals vastly different polymer
conformations of the multivalent conjugates. Immune
recognition of conjugated particles was evaluated versus
PEGylated particles, and PNB conjugation demonstrated
the most effective shielding from antibody recognition.

Covalent coupling of hydrophilic polymers to the surface of
proteins and nanomaterials has been widely utilized to

increase circulation half-life and decrease antigenicity.1a,b Linear
methoxypoly(ethylene glycol) (mPEG) has been the gold
standard for protein-based therapies, with 11 mPEG−protein
conjugate drugs currently approved by the FDA.1c Advances in
mPEG modification chemistry (commonly known as PEGyla-
tion) have been scarce. Furthermore, since branched mPEG has
been repeatedly shown to be more effective at reducing clearance
than linear mPEG,1a,2 it is clear that the polymer architecture
plays a large role in dictating the therapeutic efficacy. Few studies
have measured the conformation of PEGylated bioconjugates.
Previous reports of the conformation of mPEG chains
conjugated to proteins showed that the protein and polymer
behave as two independent domains with little interaction.3,4

Recent data indicate that advanced polymer architectures
provide significant advantages in improving protein efficacy in
vitro and in vivo.5 Next-generation polymers for bioconjugation
are often synthesized via controlled radical polymerization,
typically yielding polymers with brush-type architectures with a
variety of potential side chains.6 A series of recent studies
demonstrated that brush polymer architectures, when grafted to
enzymatic proteins, imparted greater shielding characteristics

and improved activity compared with linear mPEG.7,8 This
“molecular sieving” effect highlights the critical role that polymer
conformation plays in improving biomedical properties and
provides an impetus to synthesize conjugates with new polymer
conformations.
Water-soluble polymers derived from ring-opening metathesis

polymerization (ROMP) offer a unique conformational
alternative due to the alternating vinyl bonds and ring structures
in the backbone of the resulting polynorbornene (PNB)
polymers.9 Small-angle neutron scattering (SANS) studies of
mPEG-functionalized PNB indicated that the free polymers
adopt a rigid coil conformation distinctly different from the
random coil adopted by linear mPEG. Furthermore, proteins
conjugated with PNBs are non-cytotoxic.9c In view of their
biocompatibility, immune-masking properties, and ability to
facilitate therapeutic delivery, there is significant motivation to
conduct detailed structural studies of PNB bioconjugates.
Virus-like particles (VLPs) are emerging tools for nano-

medicine because of their monodispersity, well-defined shapes
and sizes, and precise placement of chemical handles for
conjugation of drugs, targeting ligands, and polymers.10a

Noninfectious VLPs have been utilized for tumor targeting,
drug delivery, immunotherapy, and imaging,10b while gene-
delivery vectors have also been extensively researched.10c

However, since VLPs stimulate innate and humoral immune
responses, overcoming immune surveillance remains a challenge.
For example, studies using adeno-associated virus have shown
that repeat injections limit efficacy and can result in adverse
inflammatory immune responses.10d These effects can be
mitigated by genetic engineering or by covalent coupling of
polymers to the capsid surface.10c,e

This study describes the conformation of several biocompat-
ible polymers conjugated to VLPs derived from the bacter-
iophage Qβ, a 28 nm icosahedral virus with a structure known to
atomic resolution. Qβ has served as a platform for drug delivery
and vaccine development.11 Qβ conjugates were synthesized
using a grafting-to approach with end-functionalized amine-
reactive polymers. Qβ−polymer conjugates were prepared with
linear mPEG, poly(oligo(ethylene glycol) methyl ether acrylate)
(POEGMEA), and anhydride-end-capped poly(norbornene−
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(oligo(ethylene glycol) ester)) (PNB), each with a target Mn of
10 kDa, corresponding to degrees of polymerization of ∼220, ∼
30, and ∼18, respectively (Scheme 1 and Figures S1−S3).9c,12 A

10 kDa target was selected to match that of mPEG in FDA-
approved protein−mPEG conjugates (typically 10−12 kDa).1c

POEGMEA was chosen since similar polymers have shown
promise in in vitro and in vivo systems.8

Qβ consists of 180 copies of identical capsid proteins, with
each capsid protein containing four reactive amines, resulting in
720 amines available for polymer conjugation per particle;
however, individual amines show reactivity differences.13 SDS-
PAGE analysis of the conjugates indicated successful polymer
attachment (Figures 1A and S4). Pixel density analysis indicated

Qβ conjugates with ∼84, ∼ 65, and ∼136 chains of mPEG,
POEGMEA, and PNB attached per particle, respectively. PAGE
gels stained with BaI2 (specific for PEG) showed bands
colocalized with those stained with Coomassie, further
confirming conjugation (Figure S5). Grafting-to approaches
are typically low-yielding because of steric crowding, resulting in
incomplete conjugation. Interestingly, both the POEGMEA and
PNB polymers resulted in more di- and trifunctionalized coat
proteins, likely as a result of the smaller radius of gyration (Rg) of
the polymer (as described in the SANS section) and hence lower
steric hindrance during conjugation. Dynamic light scattering
(DLS) measurements indicated an increase in hydrodynamic
radius of all three conjugates from 14 nm for Qβ to 24.5, 19.8,
and 29.2 nm for Qβ−PEG, Qβ−POEGMEA, and Qβ−PNB
respectively (Figure S6). The difference in radius between Qβ−
POEGMEA and Qβ−PNB is likely due to differences in grafting
density, resulting in an increase in polymer shell thickness of the
PNB conjugate. Fast protein liquid chromatography (FPLC) was
carried out to determine the purity. The elution volumes of Qβ−
PEG and Qβ−POEGMEA decreased to 16.3 and 17.4 mL,
respectively, relative to Qβ (18.5 mL), indicating an increase in
size (Figure 1B−E). A small aggregate peak at 10 mL was
observed for Qβ−POEGMEA, likely as a result of intermolecular
cross-linking during coupling. Qβ−PNB eluted at 18.9 mL as a
single peak. The unexpected change in elution volume is due to
interactions between PNB and the chromatography medium, as
observed previously.9c Transmission electron microscopy
(TEM) visualization of the conjugates verified the particle
integrity (Figure 1B−E). Of note, TEM micrographs of Qβ−
PNB particles revealed an electron-dense coating around
individual particles, indicating the presence of tightly compacted
polymer on the capsid surface. Neither the mPEG nor
POEGMEA polymers could be directly visualized by TEM
because the uranyl acetate stain does not interact with PEG.14

SANS was used to determine the structures of Qβ, the free
polymers, and the Qβ−polymer conjugates in deuterated
phosphate buffer (Figures 2 and S7). SANS allows the
measurement and separation of signals from proteins and
polymers, elucidating their structures and interactions.4 SANS of
Qβ exhibited a clear oscillatory pattern that did not change as the
temperature was increased from 25 °C (black squares) to 37 °C
(blue circles) (Figure 2A), indicating a stable structure with
uniform particle size. The best fit to these data, using a core−shell
spherical form factor, indicated a hollow particle with an inner
radius of 11.53 ± 0.01 nm and a 1.40 ± 0.02 nm thick shell, in
good agreement with the known structure.15 Interestingly, the
small upturn in scattering intensity at low scattering vector (q)
implies minor aggregation of Qβ at both temperatures that was
not evident from chromatographic analysis and was potentially
due to transient hydrophobic interparticle interactions. How-
ever, Qβ−PEG showed no such low q upturn, indicating that
mPEG conjugation eliminates aggregation and leads to highly
dispersed VLPs in solution. SANS of Qβ−PEG was fit with a
polymer-grafted core−shell sphere model, which indicated
approximately 80 mPEG chains per particle, in good agreement
with the PAGE results. The Rg for the Qβ−PEG conjugate was
3.7 nm, which scales with the degree of polymerization (N) as Rg
∼ N0.53, indicating a slightly swollen polymer conformation. The
size and conformation of the PEG chains did not differ in the
grafted and free states or with temperature, in agreement with
previous mPEG conjugate studies indicating that the polymer
and protein behave as two independent domains. Free
POEGMEA and PNB exhibited more complex behaviors,

Scheme 1. Synthesis of Qβ−Polymer Conjugates

Figure 1. Characterization of Qβ conjugates. (A) SDS-PAGE gel
images; L = ladder, WT = unmodified Qβ, 1 = Qβ−PEG, 2 = Qβ−
POEGMEA, 3 = Qβ−PNB. (B−E) FPLC chromatograms of particles
(black, 260 nm; red, 280 nm) and (insets) TEMmicrographs (scale bar
= 20 nm) of (B) Qβ, (C) Qβ−PEG, (D) Qβ−POEGMEA, and (E)
Qβ−PNB.
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adopting collapsed globular conformations in solution. Fits to
free POEGMEA and PNB found Rg = 2.12 and 2.16 nm,
respectively, with a size that scaled roughly as Rg ∼ N0.25,
indicating a dense globular conformation. On the basis of the
observed conformations of the free polymers, Qβ−POEGMEA
and Qβ−PNB were modeled as hollow capsules decorated with
spherical polymer domains (i.e., “hollow raspberries”). Fits to the
SANS data for Qβ−POEGMEA (Figure 2C) indicated that the
inner radius of the particle remained unchanged and that the
particle was grafted with 26 polymer globules, each with an
average radius of 2 nm. Interestingly, the shell thickness
increased from 1.4 nm for wild-type Qβ to 3.6 nm for Qβ−
POEGMEA, implying that, in addition to the globules, the
polymer formed a surface layer of 2.2 nm. The number of
globules determined via SANS is lower than that of grafted chains
determined via PAGE, likely because not all of the polymer
chains form globules and globules may form from multiple
chains, especially given the increase in the particle shell thickness.
While the SANS data do not display a temperature dependence,
substantial aggregation of Qβ−POEGMEA is indicated by a large
upturn in the low-q scattering intensity.
The solution structure of Qβ−PNB particles is similar to that

of Qβ−POEGMEA but displays a temperature-dependent
behavior. Fits to SANS measurements using a hollow raspberry
model (Figure 2D) found that 127 PNB globules were grafted to
the surface, with an average radius of 1.7 nm per globule. The
Qβ−PNB particles exhibited a polymer shell with a thickness of
4.2 nm, which is considerably larger than that in Qβ−
POEGMEA, likely as a result of the increased density of PNB
chains on the capsid. The small upturn in scattering intensity at
low q (25 °C) indicates a small amount of aggregation in the
system. At 37 °C significant aggregation and phase separation of
the particles from solution was observed, as indicated by the large
power law at low q and a reduction in scattering peak intensity.
This is noteworthy since the lower critical solution temperature

(LCST) of the free polymer was reported to be 70 °C, showing
that multivalency is critical in determining the interaction
parameters.16 The LCST behavior was further studied by
turbidity measurements and observed only at concentrations
above 5 mg mL−1 (Figure S8). However, given the similarity
between the data at high q (i.e., q > 0.1 Å−1), it is unlikely that the
polymer conformation changes significantly. These SANS results
indicate that POEGMEA and PNB adopt distinctly different
conformations than linear PEG.
Cryo-EM studies of Qβ and Qβ−PNB enabled direct

visualization of the grafted PNB (Figure S9). The alternative
formulations were excluded, since no polymer electron density
was visible in negative-stained micrographs. The cryo-micro-
graph of Qβ shows ∼30 nm diameter icosahedral particles, as
expected (Figure S9A), while that of Qβ−PNB shows particles
with fuzzy halos (Figure S9B). Single-particle reconstruction of
the Qβ particle images using the RELION software package17

produced a highly ordered capsid at 4.5 Å resolution (Figure
3A,B), in good agreement with the crystal structure (Figure

S10).16 Reconstruction of Qβ−PNB was complicated by the
presence of the heterogeneous polymer layer surrounding the
capsid. However, limited refinement with the EMAN software
package18 produced a structure with moderate resolution (∼15
Å) (Figure 3C,D). The resolutions of both structures were
analyzed by ResMap (Figure S11).19 This structure reveals
polymer density covering most of the capsid and extending ∼2.5
nm from the viral surface with additional heterogeneous
polymeric extensions reaching out to ∼15 nm from the viral
surface. These findings correlate well with the DLS and SANS
studies, indicating a polymer shell interacting with the capsid as
well as polymer extensions dispersed around the shell.
To assess whether the different polymers would enable evasion

of carrier-specific antibodies, the sera of mice immunized with
Qβ were assayed for recognition of “naked” Qβ versus the
polymer-coated particle formulations (Figure S12). Relative to

Figure 2. SANS of Qβ−polymer conjugates. Red lines: least-squares fits
to the data using either a core−shell model (A), a core−shell chain
model (B) or a core−shell raspberry model (C, D). Insets: graphical
representations of the fitted models for (A) Qβ, (B) Qβ−PEG, (C)
Qβ−POEGMEA, and (D) Qβ−PNB.

Figure 3. Cryo-EM reconstructions of Qβ and Qβ−PNB. (A) Surface
representation of the Qβ structure filtered to 15 Å resolution. (B)
Cropped representation revealing the internal cavity of Qβ. (C) Surface
representation of Qβ−PNB: blue, virion density; red, polymer. (D)
Cropped representation revealing the internal cavity of Qβ−PNB.
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unmodified Qβ, POEGMEA coating reduced the antibody
recognition by 16% while the mPEG and PNB coatings reduced
the antigenicity by 42% and 49%, respectively (Figure 4). This is

noteworthy since 10 kDa PNB occupies approximately one-third
of the hydrodynamic volume of 10 kDa PEG. The effectiveness
of antibody shielding of Qβ−PEG and Qβ−PNB points to two
different mechanisms of evasion. The PNB shell likely prevents
anti-Qβ immunoglobulin G (IgG) from reaching the capsid and
diminishes antibody binding. In contrast, Qβ−POEGMEA,
while having a similar polymer conformation as Qβ−PNB, only
has a modest effect in reducing antibody recognition.
POEGMEA forms a thinner shell on the surface of Qβ and
fewer polymer globules relative to PNB. This implies that the
method of polymer conjugation is extremely important, since the
shell thickness is likely correlated to the grafting density. The
polymers used were conjugated such that the maximum grafting
density for each species was achieved. However, EDC coupling
significantly diminished the coupling efficiency for POEGMEA,
which likely played a role in the anti-Qβ IgG recognition of the
surface. In part, the high coupling efficiency of PNB contributed
to the stealth properties of the polymer. Taken together, these
results clearly demonstrate that interactions between the
polymer and protein components can critically alter immune
recognition.
The results of this study indicate that Qβ−PNB conjugates

have a unique surface polymer conformation compared with Qβ
conjugated to mPEG, as determined via SANS and cryo-EM.
Relative to mPEG and POEGMEA, PNB affords greater
antibody shielding to the conjugate while occupying a
significantly smaller hydrodynamic volume. Investigation of the
structure and conformation of polymer-grafted VNPs and
correlation with immune evasion provides valuable information
for the development of next-generation VNP−polymer con-
jugates.
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