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M
olecular weight, polymeric archi-
tecture, interfacial properties and
particle size have been well de-

scribed as key drivers of the in vivo behavior
of nanomaterials and have motivated many
in vitro1�5 and in vivo studies of nanoparti-
cle properties.6�13 The majority of these
studies have focused on spherical systems;
however, recently the focus has increasingly
shifted toward anisotropic structures in
order to establish the influence of shape
and geometry of particulate carrier systems
on their in vivo performance.14�17 It
has been shown that particle geometry

influences interactions with cells and can
alter the circulation of particles that may
improve exposure and pharmacological
effects. Although some nonspherical sys-
tems, including viruses,18,19 silica or gold
rods,20,21 carbon nanotubes,22�24 stretched
polymer spheres15 and PRINT particles25,26

have been studied, showing in vivo half-
lives ranging from minutes to several hours
(∼12 h), thus far there have only been a
small number of reports on the in vivo

behavior of anisotropic polymer particles.
This is, in part, a result of challenges asso-
ciated with the production of nonspherical
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ABSTRACT Studies of spherical nanoengineered drug delivery sys-

tems have suggested that particle size and mechanical properties are key

determinants of in vivo behavior; however, for more complex structures,

detailed analysis of correlations between in vitro characterization and

in vivo disposition is lacking. Anisotropic materials in particular bear

unknowns in terms of size tolerances for in vivo clearance and the impact

of shape and rigidity. Herein, we employed cylindrical polymer brushes

(CPBs) to answer questions related to the impact of size, length and

rigidity on the in vivo behavior of PEGylated anisotropic structures, in

particular their pharmacokinetics and biodistribution. The modular

grafting assembly of CPBs allowed for the systematic tailoring of

parameters such as aspect ratio or rigidity while keeping the overall chemical composition the same. CPBs with altered length were produced from

polyinitiator backbones with different degrees of polymerization. The side chain grafts consisted of a random copolymer of poly[(ethylene glycol) methyl

ether methacrylate] (PEGMA) and poly(glycidyl methacrylate) (PGMA), and rendered the CPBs water-soluble. The epoxy groups of PGMA were subsequently

reacted with propargylamine to introduce alkyne groups, which in turn were used to attach radiolabels via copper(I)-catalyzed alkyne�azide cycloaddition

(CuAAC). Radiolabeling allowed the pharmacokinetics of intravenously injected CPBs to be followed as well as their deposition into major organs post

dosing to rats. To alter the rigidity of the CPBs, core�shell-structured CPBs with polycaprolactone (PCL) as a water-insoluble and crystalline core and

PEGMA-co-PGMA as the hydrophilic shell were synthesized. This modular buildup of CPBs allowed their shape and rigidity to be altered, which in turn could

be used to influence the in vivo circulation behavior of these anisotropic polymer particles. Increasing the aspect ratio or altering the rigidity of the CPBs led

to reduced exposure, higher clearance rates, and increased mononuclear phagocytic system (MPS) organ deposition.

KEYWORDS: grafting-from . PEGylation . biodistribution . long circulation . pharmacokinetics . anisotropic polymer particles .
macrophages
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particles with precise control over both morphology
and physicochemical properties. In this regard, cylin-
drical polymer brushes (CPBs) provide new opportu-
nities to better understand the relationships between
size, shape, rigidity and in vivo behavior since they are
essentially unimolecular polymers, but can be synthe-
sized to exhibit particle-like dimensions. CPBs, some-
times referred to as molecular brushes, are anisotropic
polymers that can be synthetically assembled via

several established grafting strategies.27,28 CPBs gen-
erally exhibit a polymer backbone that is grafted with
polymer side chains. The use of controlled polymeri-
zation techniques gives excellent control over the
composition of the CPBs while also enabling the pre-
cise tailoring of their morphology, such as length and
diameter. With increasing grafting density of the side
chains, steric hindrance of the grafts forces the back-
bone to stretch, which in turn results in the character-
istic cylindrical shape of CPBs. To date, only a small
number of in vitro reports29�32 have described poten-
tial biomedical applications of cylindrical polymer
particles,33 showing composition-dependent cellular
interactions and strategies to release drugs to kill
cancer cells. Recently, small PEG bottlebrushes have
been assembled into larger PEG star polymers to
deliver anticancer drugs in vivo.34 However, CPBs have

been largely overlooked in terms of their potential in
biomedicine.35 In particular, the in vivo pharmaco-
kinetic behavior of these materials has not been
described, despite previous studies revealing that
worm-shaped cylindrical polymer micelles show
extended circulation half-lives when compared to
stealth polymersomes.36,37

Herein, we sought to investigate the in vivo behavior
of CPBs and to evaluate the impact of changes to
length and rigidity on in vivo clearance, distribu-
tion and persistence (half-life). To that end, a library
of CPBs containing poly[(ethylene glycol) methyl ether
methacrylate] (PEGMA) as the main structural compo-
nent was synthesized (Scheme 1 and in Supporting
Information S1). CPBs of this type have advantages
over other anisotropic materials such as cylindrical
micelles since they allow the generation of anisotropic
polymer particles while maintaining good control over
length distribution. Thus, CPBs can be produced with
narrow length distributions and an overall length
below 2 μm, a goal that remains challenging via self-
assembly of block copolymers, despite efforts using
crystallization38,39 or extrusion.38 PEG-based materials
were employed in our study to impart a hydrophilic
corona to the system, thereby reducing opsonization
and avoiding rapid uptake by the mononuclear

Scheme 1. PHEMA (a) is either modified to yield PBIEM (b) or PCL (b0). Subsequently, side chains are grafted via ATRP to from
either epoxy-functionalized PEGMA (c) or epoxy-functionalized PCL�PEGMA core-shell CPBs (c0). A�E show the library of
synthesized CPBs with different lengths.
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phagocyte system (MPS). Small amounts of epoxy
groups were incorporated into the PEGMA grafts to
allow for postmodification reactions and, in this work,
to facilitate stable conjugation with a tritiated aspirin
analogue to allow quantification of in vivo pharmaco-
kinetics. In order to alter the rigidity of the CPBs, we
also integrated a hydrophobic core compartment into
two of the CPB analogues. The current studies provide
confirmation of long circulatory behavior for these
materials and suggest that while increasing length
and rigidity increases clearance by the major MPS
organs (liver, spleen), CPBs with molecular weights
as high as 500 000 000 g 3mol�1 still provide for
high longevity in vivowith terminal half-lives of greater
than 20 h. Spherical PEGylated dendrimers may
achieve higher terminal half-lives in vivo (up to
∼80 h), however, their molecular weights are far
smaller (below 70 000 g 3mol�1) than the studied
CPBs.40 Furthermore, the synthetic assembly of CPBs
is useful for producing low-fouling materials that
consist almost solely of PEG, which would not be
possible via traditional self-assembly approaches.
Hence, CPBs offer an interesting platform for the study
of pharmacokinetics and biodistribution of cylindrical
polymer objects, as their dimensions can be readily
tailored by polymerization. Understanding the in vivo

behavior of engineered particles, such as particle
clearance and biodistribution, is a crucial step in estab-
lishing the potential usefulness of polymeric drug
carriers.

RESULTS AND DISCUSSION

Synthesis of the Water-Soluble CPBs. As illustrated in
Scheme 1 (and in the Supporting Information S1), we
combined several polymerization techniques to obtain
a library of CPBs with tailor-made characteristics. First,
PHEMA was produced by the polymerization and
subsequent deprotection of trimethylsilyl-protected
HEMA (TMS-HEMA). Two different synthetic routes
were used. For short PHEMA backbones (degree of
polymerization (DP) ∼100), it was sufficient to use
controlled radical polymerization, in this case ATRP.
However, for longer PHEMA backbones (DP > 1000),
anionic polymerization was employed to obtain a high
DP while maintaining sufficient control over the
molecular weight distribution. Second, PHEMA (a)
was either modified with an ATRP initiator (b), to
give poly(2-(2-bromoisobutyryloxy)ethylmethacrylate)
(PBIEM), or directly used as a polyinitiator backbone for
the grafting of caprolactone. Polycarpolactone (PCL)
homopolymer brushes (b0) were synthesized by ring-
opening polymerization (ROP) in bulk using tin(II)
2-ethylhexanoate, Sn(Oct)2 as a catalyst. The terminal
groups of the PCL brush side chains are also hydroxyl
groups, which were subsequently modified with an
ATRP initiator. Finally, PEGMA, containing 15 mol %
GMA, was grafted from both the PBIEM backbones

(c) and the ATRP initiator-functionalized PCL brushes
(c0), respectively. Consequently, several water-soluble
CPBs with different lengths were obtained (Table 1).

1H NMR measurements were used to follow each
step of the polymer brush build-up. Each modification
and grafting step can be found in the Supporting
Information (S1). 1H NMR of purified brush solutions
revealed the successful copolymerization of GMA and
PEGMA, and hence the incorporation of epoxy groups
into the side chains (Figure 1). Glycidyl methacrylate
containing polymers have been reported to be highly
versatile for postfunctionalization.41,42 Consequently,
the CPBs were further treated with AF647 cadaverine
dye to introduce fluorescent tags or reacted with
propargylamine to modify some of the glycidyl
methacrylate units with alkyne functionalities. IR
measurements indicated the successful incorporation
of alkyne groups into the polymer brushes (Supporting
Information S2). These alkyne groups were then
used to attach radiolabels (3H 4-azidosalicylic acid)
onto the CPBs via copper(I)-catalyzed alkyne�azide
cycloaddition (CuAAC). Liquid scintillation counting
was used to evaluate the attachment of the radio-
label to the modified brushes (Supporting Informa-
tion S3).

Dynamic light scattering (DLS) was used tomeasure
the hydrodynamic diameter of the shortest CPB,
[PEGMA140-co-GMA21]112. DLS revealed a diameter of
35 nm (see Supporting Information S4). Because of the
similar DP of the backbone and the side chains, it was
assumed that this CPB could be approximated to
spherical in shape in solution, rather than the typical
cylindrical shape of CPBs. DLS was found unsuitable for
determination of the dimensions of the CPBs with
longer backbones; therefore, atomic force microscopy
(AFM) was used to establish the shape and lengths of
the anisotropic CPBs (Figure 2). The similarity in side
chain length of the CPBs lacking the PCL core suggests
that their diameters are comparable. Additional cross
section analyses and AFM phase images further
confirmed the similarity in width of the CPBs on mica
(see Supporting Information S5).

Table 1 gives an overview of the lengths of the CPBs
measured by AFM. The main difference between the
CPBs with the same backbone length is that one type

TABLE 1. Overview of the Synthesized CPBs

compositiona length (nm) MW (kg 3mol
�1)

A [PEGMA140-co-GMA21]112 35b 5000
B [PEGMA188-co-GMA32]2700 220 ( 70c 164 000
C [PCL25-b-(PEGMA98-co-GMA16)]2700 260 ( 50c 412 000
D [PEGMA170-co-GMA28]7500 1150 ( 300c 93 000
E [PCL14-b-(PEGMA94-co-GMA16)]7500 1200 ( 200c 240 000

a Determined by 1H NMR (calculated using 50% grafting efficiency from PBIEM and
90% grafting efficiency from PCL brush). b Number-weighted DLS (hydrodynamic
diameter). c Average length determined from AFM.
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of CPB was synthesized with a water-insoluble crystal-
line core (PCL), whereas the other type lacks the core
completely. It is noted that the curved structure of the
adsorbed brushes can make it difficult to determine
their exact length in some cases. The CPBs produced
from backbones with the same DP had comparable
lengths and length distributions. However, their ap-
pearance on mica (and probably also in solution) was
quite different (Supporting Information S5). While
[PCL25-b-(PEGMA98-co-GMA16)]2700 (Figure 2B) and
[PEGMA188-co-GMA32]2700 (Figure 2C) appeared to be
quite similar on mica, the difference in appearance
between [PCL14-b-(PEGMA94-co-GMA16)]7500 (Figure 2E)
and [PEGMA170-co-GMA28]7500 (Figure 2F) was more

pronounced. The CPBs bearing a PCL core compart-
ment appeared less coiled. The PCL core is expected to
provide the respective brush with more rigidity and
hence reduces the degree of coiling of the brush. DSC
measurements further confirmed the PCL brush crys-
tallizes between 24�28 �C (Supporting Information S6).
In an aqueous environment, PCL is insoluble and this
property should further contribute to the stiffness of
theparticles.43�45 In addition, core�shell CPBs containing
PCL as corematerial are able to forma crystalline core.46,47

Figures 2B and 2E show the CPBs [PCL25-b-(PEGMA98-co-
GMA16)]2700 and [PCL14-b-(PEGMA94-co-GMA16)]7500,
respectively. Both CPBs appear relatively more rigid
when compared to their counterparts without the PCL

Figure 1. 1H NMR spectra of (A) [PEGMA140-co-GMA21]112 and (B) [PCL25-b-(PEGMA98-co-GMA16)]2700 in CDCl3.

Figure 2. AFM height images of air-dried CPBs deposited from acetone on mica: (A,B) [PCL25-b-(PEGMA98-co-GMA16)]2700,
(C) [PEGMA188-co-GMA32]2700, (D,E) [PCL14-b-(PEGMA94-co-GMA16)]7500, and (F) [PEGMA170-co-GMA28]7500, respectively.
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core (Figures 2C and 2F). Particularly [PEGMA170-co-
GMA28]7500 shows a significantly more undulated
structurecompared to [PCL14-b-(PEGMA94-co-GMA16)]7500.
The same phenomenon was observed for brushes
deposited from aqueous solution (Supporting Infor-
mation S7).

In Vitro Cell Association of CPBs. To investigate the cell
association of CPBs, we incubated AF647-labeled CPBs
with in vitro cultured macrophages (RAW264.7) at
different brush concentrations for 24 h. Flow cytometry
was used to quantify cell association (Figure 3F). The
overall cell association was rather low, considering
the high polymer concentration (0.2 g 3 L

�1). While
[PEGMA140-co-GMA21]112 (Figure 3F, blue column) and
[PEGMA188-co-GMA32]2700 (Figure 3F, black column)
showed almost the same amount of cellular interac-
tion, the association of the longest CPBs [PEGMA170-
co-GMA28]7500 (Figure 3F, gray column) was almost
three times higher (∼30%). It is has been shown that
particle shape and size may impact cell attachment
and internalization.4 Lowering the polymer brush
concentration reduced the cell association even fur-
ther (below 5%, see Supporting Information S8).
Deconvolution microscopy confirmed the low cell
association (Figure 3 and Supporting Information S9).
Only a small number of cells internalized the CPBs (see
white arrows in Figures 3A�E). Interestingly, the rigidi-
fied CPBs (containing a PCL core) showed very similar
amounts of cell association when compared to their
core-less analogues, indicating that the low-fouling
nature of PEGMA might dominate the cellular interac-
tions over altering the rigidity. In light of the lowuptake

of PEGMA-based CPBs by macrophages, and therefore
the prospect of long-circulating behavior in vivo, we
subsequently sought to investigate the in vivo perfor-
mance of the CPBs in detail.

In Vivo Pharmacokinetics of CPBs. To study the pharma-
cokinetics and biodistribution of CPBs and to evaluate
the impact of the observed differences in length and
rigidity on in vivo behavior, the CPBs were 3H-labeled
via CuAAC and intravenously administered to rats. The
plasma concentration versus time profiles for CPBs
(Figure 4) were established by scintillation counting
of plasma samples taken at various time points follow-
ing a 5 mg 3 kg

�1 intravenous dose. Concentrations are
expressed as μg equivalents of CPB per mL of plasma.
Individual pharmacokinetic parameters were calcu-
lated using WinNonlin PK modeling software and
summary parameters are shown in Table 2.

Increasing the Brush Aspect Ratio Increases Plasma Clearance
of CPBs. In order to produce comparable samples,
where only one parameter at a time was altered, CPB
samples with different lengths were synthesized while
the DP of the side chains was kept similar. Conse-
quently, the diameter of the CPBs in solution was
expected to be similar across all three samples. All
examined CPBs showed prolonged plasma exposure.
Thus, CPB plasma concentrations dropped by less than
one log unit over a 24 h period and showed terminal
half-lives >20 h. Across the series, increasing brush
length resulted in small increases in Vdss, and larger
increases in plasma clearance. Collectively this
resulted in moderate decreases in terminal half-life
with increases in brush length. Thus, the clearance of

Figure 3. Deconvolution microscopy images of RAW 264.7 cells incubated (24 h) with 0.2 g 3 L
�1 of AF647-labeled

(A) [PEGMA140-co-GMA21]112, (B) [PEGMA188-co-GMA32]2700, (C) [PCL25-b-(PEGMA98-co-GMA16)]2700, (D) [PEGMA170-co-
GMA28]7500, and (E) [PCL14-b-(PEGMA94-co-GMA16)]7500, respectively. White arrows indicate internalized CPBs (red
fluorescence). (F) Cell association of respective CPBs in A�E after 24 h incubation. The scale bars represent 10 μm.
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the shortest brush, [PEGMA140-co-GMA21]112 (with
a structure most closely resembling a sphere) was
1.4 ( 0.2 mL/h/kg, whereas for the longest brush,
[PEGMA170-co-GMA28]7500, with a measured length of
1150(300nm, clearance increased to3.4(0.5mL/h/kg.
Across the same constructs Vdss increased from
59.2 ( 9.8 to 92.6 ( 6.7 mL/kg. The trend in clearance
was not proportional to the increase in brush length,
and increases in brush length of ∼30-fold between
[PEGMA140-co-GMA21]112 and [PEGMA170-co-GMA28]7500
resulted in only relatively small increases (2�3 fold) in
CPB clearance. Interestingly, this finding is the opposite
of the length-dependent behavior previously reported
for self-assembled filomicelle materials.37 That study
showed an increase in systemic circulation time with
increasing length. 2 μm filomicelles were reported to
have a circulation half-life of approximately 2 days,
whereas the 18 μm analogues showed more than
double that (approximately 4.5 days). However, the
conclusion drawn for the filomicelle materials, which
are not necessarily stable to shear forces due to their
self-assembled nature, was that the filomicelles broke
down over time and smaller fragments were phagocy-
tosed, while the remainder persisted in circulation. The
result of this was that although some residual frag-
ments of the longest (18 μm) filomicelles could still be
detected up to 7 days post dosing, this was not due to
the longer filomicelles completely evading recogni-
tion. We attribute the observation of the opposite
trend here for the CPBs to the stability of the CPB
backbone when compared with the self-assembled

cylindrical micelles. Thus, the backbone stability of
the CPBs makes the model of steady attrition of the
highest aspect ratio materials unlikely to apply. In turn,
this leads to the outcome of increasing size giving rise
to increased splenic filtration and phagocytic clearance
by the cells of the MPS. This difference in behavior is
supported by the finding that filomicelles with a cross-
linked core were cleared within hours as opposed to
days.37 Although no length-dependent behavior was
described for the cross-linked materials,37 the finding
suggests that cross-linked cylindrical objects behave
differently to those that are self-assembled and not
further stabilized postassembly.

Increasing Brush Aspect Ratio Results in Increased Deposition
in MPS Organs. The in vivo biodistribution of the CPBs in
major organs (brain, heart, kidney, liver, lung, pancreas,
and spleen) was determined by analyzing 3H in tissues
harvested 24 h post dosing at 5 mg 3 kg

�1. The percen-
tage of injected 3H recovered in tissues is given in
Figure 4B. As expected, themost significant uptakewas
evident in the spleen and liver, supporting a mechan-
ism of MPS recognition and clearance.48,49 Panel C
gives the organ uptake normalized per gram of organ
tissue and demonstrates the relative efficiency of
splenic filtration in the clearance of CPBs of all lengths.
This is not unexpected since the molecular weight and
polymeric architecture of the, albeit unimolecular,
CPBs is sufficient to push them to behave in a manner
that is particle-like. The systemic clearance of polymers
is thought to proceed by two different mechanisms,
depending on molecular weight. Below ∼48 kDa the
renal clearance of small molecules leads to reduced
exposure.50 At sizes above the renal clearance limit and
where phagocytosis is inhibited by PEGylation, long
circulation behavior is commonly evident. However, as
the size approaches∼150�200 nm, particle-like behav-
ior leads to increased MPS recognition and filtration by
the spleen.51 Studies of particles of varying size have
generally shown that increased particle size correlates
to increased clearance rates, although this finding is
better understood for spherical systems.52 Examples of
anisotropic materials are more limited. In terms of
in vivo behavior, CPBs appear to exhibit what could

Figure 4. Pharmacokinetic and biodistribution data for CPBs of varying length after intravenous administration at 5mg 3 kg
�1

to rats: (A) Plasma concentration�time profiles. (B) Distribution of 3H in organs after sacrifice at 24 h. (C) Percentage of 3H
in organs after sacrifice at 24 h, normalized for tissue mass. Values are mean ( SD (n = 3�4 rats).

TABLE2. OverviewofCalculatedPharmacokineticParameters

CPBs

T1/2
a

(h)

Cla

(mL 3 h
�1

3 kg
�1)

Vdss
a

(mL 3 kg
�1)

[PEGMA140-co-GMA21]112 29.3 ( 3.4 1.4 ( 0.2 59.2 ( 9.8
[PEGMA188-co-GMA32]2700 21.2 ( 3.5 2.2 ( 0.3 64.6 ( 11.1
[PEGMA170-co-GMA28]7500 20.4 ( 5.0 3.4 ( 0.5 92.6 ( 6.7
[PCL25-b-(PEGMA98-co-GMA16)]2700 26.4 ( 9.8 2.7 ( 0.7 92.9 ( 8.0
[PCL14-b-(PEGMA94-co-GMA16)]7500 18.9 ( 5.4 8.9 ( 1.3 225.0 ( 36.3

a T1/2 = terminal half-life; Cl = clearance; Vdss = volume of distribution at
steady state.
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be described as classic particle-like behavior, despite
being themselves unimolecular entities. This is in con-
trast to what has been shown recently for hydrophilic
carbon nanotubes, which were excreted into urine
within 4 h, despite being relatively rigid and having
lengths on a micrometer scale.50 These contrasting
data suggest that the mechanisms of clearance of
anisotropic materials are likely to be highly material
dependent, among other factors.

Increasing CPB Rigidity Decreases Plasma Residence Time.
Figure 5A contrasts the plasma concentration�time
profiles for [PEGMA188-co-GMA32]2700 and [PEGMA170-
co-GMA28]7500with profiles for CPBs based on the same
backbone, but with an added PCL core compart-
ment, [PCL25-b-(PEGMA98-co-GMA16)]2700 and [PCL14-
b-(PEGMA94-co-GMA16)]7500. The PCL core is not solu-
ble in water and leads to more cylindrical and less
random coiled structures with increased rigidity
(Figure 2, Figure S6). The rigidified brushes showed
differences in both clearance and volume of distribu-
tion, and these trends were most apparent for the
largest construct ([PCL14-b-(PEGMA94-co-GMA16)]7500).
Thus, when compared to the CPBs without the PCL
core, the rigidified analogues demonstrated more
rapid clearance from plasma. This effect was more
marked for the longest CPBs for which the calculated
clearance values were 8.9 ( 1.3 mL 3 h

�1
3 kg

�1 for
[CL14-b-(PEGMA94-co-GMA16)]7500 compared with
3.4 ( 0.5 mL 3 h

�1
3 kg

�1 for [PEGMA170-co-GMA28]7500.
In the case of the midlength brushes the difference
was less pronounced, with clearance being 2.7 (
0.7 mL 3 h

�1
3 kg

�1 for [PCL25-b-(PEGMA98-co-GMA16)]2700
compared with 2.2 ( 0.3 mL 3 h

�1
3 kg

�1 for [PEGMA188-
co-GMA32]2700. Interestingly, the most striking difference
for the larger, more rigid system was an increase in
volume of distribution from 92.6 ( 6.7 mL 3 kg

�1 for
[PEGMA170-co-GMA28]7500 to 225 ( 36.3 mL 3 kg

�1 for
[PCL14-b-(PEGMA94-co-GMA16)]7500, evidenced by the
rapid initial drop in plasma concentration over the first
1�2 h. The biodistribution data for the rigidified CPBs
with PCL cores (Figures 5B and 5C) suggest that the
differences in volume of distribution and clearance may

increase the amount of 3H in the liver after 24 h,
particularly for the longer CPBs. In contrast, there was
no evidence for increased uptake in the spleen.

The high uniformity and stability of the CPBs may
offer advantages in more predictable behavior in vivo

compared with self-assembled materials. The high
degree of control that is possible in terms of architec-
ture and functionalization is attractive in an area where
control over cargo loading, release, and organ deposi-
tion profile is critical. The in vivo data reported herein
provide a first step toward the realization of this
potential, and show that relatively large CPBs can be
constructed with long circulation half-lives, which
is consistent with the potential for accumulation in
tumors via the enhanced permeability and retention
(EPR) effect.53 Previous studies have shown that CPBs
may be drug loaded with high efficiency.31,32

CONCLUSIONS

The modular synthetic assembly of CPBs from low-
fouling materials such as PEG, including labeling with
radiolabel tracers via click chemistry, allowed the
fabrication and evaluation of discrete functional nano-
structures of various aspect ratios and altered rigidity.
Fine control over particle properties enabled an initial
investigation of the impact of size, aspect ratio and
rigidity on in vivo pharmacokinetic behavior in a rat
model. The CPBs exhibited long circulation half-lives, in
some cases exceeding 24 h, despite their high molec-
ular weights (ranging from millions to hundreds of
millions g 3mol�1). Interestingly, changes in brush
composition and rigidity had limited effect on their
behavior in in vitro cell culture experiments. However,
the incorporation of a crystalline core compartment
into the CPBs resulted in more rapid clearance in vivo,
suggesting that the flexibility of anisotropic materials
plays a significant role in their filtration and clearance.
The ability to engineer CPB composition, nanostructur-
al shape and particle behavior has the potential to
provide alternative materials to address challenges in
in vivo drug delivery and also imaging applications,
where the possibility to tailor distribution patterns is

Figure 5. Pharmacokinetic and biodistribution data for 3H-labeled CPB analogues in the presence and absence of
a PCL core after intravenous administration at 5 mg 3 kg

�1 to rats: (A) Plasma concentration�time profiles. (B) Distribution
of 3H in organs after sacrifice at 24 h. (C) Percentage of 3H in organs after sacrifice at 24 h, normalized for tissue mass. Values
are mean ( SD (n = 3�4 rats).
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particularly attractive. Investigations into control over
drug loading and release in CPBs, and the impact of

changes to aspect ratio on accumulation in xenograft
models, are part of our ongoing research.

EXPERIMENTAL SECTION

Materials. High purity (Milli-Q) water with a resistivity of >18.2
MΩ 3 cm was obtained from an inline Millipore RiOs/Origin
water purification system. Deuterium oxide (D2O), copper(I)
bromide (CuBr, 98%), R-bromoisobutyryl bromide (98%),
propargylamine (98%), glycidyl methacrylate (GMA, 97%),
ε-caprolactone (CL, 97%), tin(II) 2-ethylhexanoate (95%),
2-(trimethylsilyloxy)ethyl methacrylate (TMS-HEMA, 96%), poly-
(ethylene glycol) methyl ether methacrylate (PEGMA, average
Mn = 300 g 3mol�1), and N,N,N0 ,N00 ,N00-pentamethyl-diethylene-
triamine (PMDETA, 99%), triethylamine (TEA, 99.5%), and anhy-
drous pyridine and tetrahydrofuran (THF) were obtained from
Sigma-Aldrich. Alexa Fluor 647 cadaverine (AF647) was pur-
chased from Invitrogen (Australia). 4-Azidosalicylic acid (ring-
5-3H) was purchased from American Radiolabeled Chemicals,
Inc. (Saint Louis, MO, USA). Ultima Gold scintillation cocktail and
Soluene-350 tissue solubilizer were obtained from (PerkinElmer,
Inc., Waltham, MA, USA). Saline for injection was purchased in
100mL polyethylene bags from Baxter Healthcare Pty., Ltd. (Old
Toongabbie, NSW, Australia). DBL Heparin Sodium Injection BP
was purchased from Hospira (Australia). Phosphate buffered
saline (PBS) was received as tablets from Sigma-Aldrich (NSW,
Australia) and made up at a concentration of two tablets in
400 mL of Milli-Q water. All chemicals were used as received,
except GMA, CL and tin(II) 2-ethylhexanoate, which were freshly
distilled prior to use. All methacrylic monomers were passed
through a short silica gel column prior to polymerization to
remove the inhibitor.

Characterization Methods. Nuclear magnetic resonance
(1H NMR) spectra were recorded in deuterated solvents using
a 400 MHz Varian INOVA system at 25 �C. Noncontact mode
atomic force microscopy (AFM) imaging was performed in air
using a Cypher S (Asylum Research) with tapping-mode canti-
levers (4 N 3m

�1, Tap150-G, Budget Sensors, Bulgaria). Images
were post-treated using IGOR Pro image processing software.
Prior to AFM measurement, freshly cleaved mica was dipped
into a solution of CPBs (∼0.2 g 3 L

�1) and allowed to dry under a
stream of nitrogen. DSC measurements were performed in N2

using a PerkinElmer Sapphire DSC with a temperature scan rate
of 10 K 3min�1. Flow cytometry analysis was performed on an
Apogee A50-Micro Flow System. At least 1 � 105 cells were
counted and experimentswere performed in triplicates. Cellular
interactions were studied using a DeltaVision (Applied Preci-
sion, USA) microscope with a 60� 1.52 NA oil objective for
deconvolution fluorescence microscopy with a standard FITC/
TRITC/CY5 filter set. Images were processed with Imaris
(Bitplane) using the maximum intensity projection.

Preparation of the Cylindrical Polymer Brushes (CPBs). The CPBs
were synthesized through the combination of various poly-
merization techniques, such as anionic, ring opening and atom
transfer radical polymerization. The stepwise build-up from a
polyinitiator backbone to a CPB is explained in detail below.
Table S1 in the Supporting Information (S10) gives an overview
of the synthesized CPBs used in this study.

Synthesis of Polymer Backbones. The PHEMA backbones were
obtained through deprotection of various poly(2-(trimethyl-
siloxy)ethyl methacrylate) (PTMS-HEMA). The PTMS-HEMA back-
bones were either synthesized via anionic polymerization, as
previously reported by Mori and co-workers54 or via ATRP
according to a procedure of Matyjaszewski and co-workers.55

The deprotection to PHEMA was performed in methanol using
acetic acid (90/10 v/v). In the following, PHEMA was either used
directly as a polyinitiator for the ROP of CL ormodified to anATRP
polyinitiator. To introduce ATRP initiators, PHEMA was reacted
with a 1.5-fold molar excess of 2-bromoisobutyryl bromide in
either anhydrous pyridine (for backbones with DP = 2700 and
7500) or in anhydrous THF (for the short backbone) containing a
2-fold molar excess of triethylamine (TEA).

Synthesis of Cylindrical Polymer Brushes [PEGMAx-co-GMAy]z. Ten mg
(36 μM) PBIEMz (z = 112, 2700, or 7500), PMDETA and a
monomer mixture of PEGMA and GMA were mixed with 17 g
of anisole in a Schlenk flask. Subsequently, the mixture was
degassed with three freeze�pump�thaw cycles before CuBr
was introduced. The polymerization was performed at 60 �C.
The ratios of [PBIEM]:[PEGMA]:[GMA]:[PMDETA]:[CuBr] were
1:425:75:1:1. The polymerization was monitored via 1H NMR
and quenched at the desired conversion by cooling and
exposing it to air. The polymer solution was passed through a
short silica gel column before it was precipitated into cold
hexanes. The precipitate was immediately dissolved as well as
dialyzed in acetone. To calculate the brush composition we
used previously reported grafting efficiencies from PBIEM of
50% for PEGMA.56

Synthesis of Cylindrical Polymer Brushes [PCLv]z. [PCLv]z (z=2700 or
7500) CPBs were synthesized as previously reported.43,44 Briefly,
PHEMAwas dissolved in dry caprolactone andwater traceswere
distilled off in the presence of benzene. Afterward, the mixture
was degassed by three freeze�pump�thaw cycles. The ring-
opening polymerization (ROP) of CL was catalyzed by the
addition of tin(II) 2-ethylhexanoate at 125 �C. The polymeriza-
tion was allowed to proceed until the mixture became highly
viscous. The polymerization was quenched by cooling and
exposing to air and then diluted with THF and precipitated into
cold cyclohexane. The PCL homopolymer brushes were pre-
cipitated twice into a cold water/methanol mixture (10/90 v/v)
and then freeze-dried from dioxane. [PCLv]z was then reacted
with a 1.5-fold molar excess of 2-bromoisobutyryl bromide and
a 2-fold molar excess of triethylamine (TEA) in dry THF to
functionalize the PCL brush with ATRP initiating groups. After
24 h of stirring at room temperature, the functionalized polymer
was concentrated by solvent evaporation, precipitated in a cold
water/methanol mixture (80/20 v/v) and freeze-dried from
dioxane.

Synthesis of the Cylindrical Core�Shell Polymer Brush [PCLv-(PEGMAx-
co-GMAy)]z. 3.4 μM [PCL25]2700 or [PCL14]7500 were dissolved in
6 mL of anisole and mixed with PMDETA and a monomer
mixture of PEGMA and GMA in a Schlenk flask. Themixture was
then degassed with three freeze�pump�thaw cycles before
CuBr was introduced. The ratios of [PCL]:[PEGMA]:[GMA]:
[PMDETA]:[CuBr] were 1:850:150:1:1. The polymerization was
performed at 70 �C. The polymerization was monitored via 1H
NMR and quenched at the desired conversion by cooling and
exposing it to air. The polymer solution was passed through a
short silica gel column before it was precipitated into cold
hexanes. The precipitate was immediately dissolved in acetone
and dialyzed into THF. To calculate the brush composition we
used previously reported grafting efficiencies of PCL brushes of
90%.43

Synthesis of AF647-Labeled CPBs. Thirty mg of the CPBs contain-
ing GMA was dissolved in 5 mL of dry DMSO. Subsequently,
10 μL of AF647 cadaverine and 50 μL of TEA were added. After
another 10 min of argon bubbling, the reaction mixture was
allowed to stir overnight at 55 �C. In order to purify themodified
CPBs, the reaction mixture was first dialyzed into acetone, and
then further dialyzed into Milli-Q water.

Synthesis of Alkyne-Modified CPBs. Thirtymgof the CPBs contain-
ing GMA was dissolved in 5 mL dry DMSO and deoxygenated for
15 min by bubbling argon. Subsequently, 10 μL of propargyla-
mine and 100 μL of TEA were added. After another 10 min of
argon bubbling, the reaction mixture was allowed to stir over-
night at 50 �C. In order to purify the modified CPBs, the reaction
mixture was first dialyzed into acetone, and then further
dialyzed into ethanol.

Radiolabeling of CPBs. 4-Azidosalicylic acid [ring-5-3H] (10 μL
as purchased, nominally 10 μCi based on the quoted concen-
tration of stock [1 Ci 3 L

�1 in ethanol]) was added with stirring to
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CPBs suspended in polar solvent (Milli-Q water or ethanol)
(3 mL). Suspension concentrations were in the range 4.4�10.0
g 3 L

�1. Copper sulfate (700 μg) and sodium ascorbate (1 mg),
both as solutions in Milli-Q water, were added and stirring was
continued overnight. Unreacted 4-azidosalicylic acid and cop-
per catalyst were removed from the reaction mixture by dialysis
against ethanol followed byMilli-Q water, or Milli-Q water alone
over a number of days. At this stage an aliquot of each sample
(200 μL) was removed from the dialysis tubing and allowed to
evaporate to dryness in a microcentrifuge tube of known mass.
The tube was reweighed to establish the sample concentration.
Samples were diluted to a standard concentration of 1.5 g 3 L

�1

with PBS. This concentration was based on a standard adminis-
tered dose of 5mg 3 kg

�1 in 1mL, to a rat with an averageweight
of 300 g. CPB suspensions were stored at 4 �C until used.

Determination of Noncovalently Bound Label. A sample of radio-
labeled CPBs (volume and concentration dependent on partic-
ular sample identification) was diluted into Milli-Q water to
give a sample of known dilution and volume in the range
500�1000 μL. An aliquot of the diluted suspension (150 μL)
was added to a Nanosep centrifugal device with a molecular
weight cut off (MWCO) of 300 kDa (Pall Corporation, Port
Washington, NY, USA). The sample was centrifuged at 5000g
for 5min. An aliquot of the resulting filtrate (50 μL) was added to
an Ultima Gold scintillation cocktail (2mL) and homogenized by
vortexmixing. A sample of diluted radiolabeled CPB suspension
before filtration (50 μL), and a sample of CPB suspension before
3H modification (50 μL, concentration matched to that of
labeled dilution) were also suspended in Ultima Gold (2 mL)
and thoroughly mixed. All samples were measured using a
PerkinElmer Tri-Carb 2800TR Liquid Scintillation Analyzer
(PerkinElmer, Inc., Waltham, Massachusetts, USA). On the basis
of the highMWof CPBs, it is assumed that themeasured activity
of the filtrate arises from 4-azidosalicylic acid 3H molecules that
are not covalently bound to CPBs.

Activity Determination. The specific activity of CPBs after dilu-
tion was determined by adding aliquots of a radiolabeled CPB
suspension (10 μL) to an Ultima Gold scintillation cocktail (2 mL)
in triplicate. Samples were well homogenized using a vortex
mixer and measured by scintillation counting. The mean of the
triplicate values was used for subsequent calculations.

Cell Culture, Cell Fixation and Staining. RAW264.7 cells were
cultured in regular growth medium consisting of high glucose
DMEM supplemented with 10% fetal bovine serum (FBS) and
1% Glutamax at 37 �C, in a 5% CO2 humidified incubator. The
cells were routinely passaged until 80�90% confluence. Cells
were trypsinized and plated into 24-well plates (5� 104 cells per
well). The cells were allowed to adhere overnight. Subsequently,
the cells were incubated with CPBs for up to 24 h. After
incubation, the cells were gently washed twice with warmDPBS
before being trypsinized and studied by flow cytometry. For
imaging, RAW264.7 cells were plated at 2.5 � 104 cells per well
into 8-well Lab-Tek I chambered coverglass slides (Thermo
Fisher Scientific, Rochester) and allowed to adhere overnight.
Cells were then incubated with CPBs at a concentration of
0.2 or 0.05 g 3 L

�1 for 24 h (37 �C, 5% CO2). Subsequently, cells
were gently washed with warm PBS three times and fixed using
4% paraformaldehyde (PFA) for 10 min at room temperature.
The cell membrane was stained with Alexa Fluor 488 wheat
germ agglutinin (WGA) (3 μL, 2.5 mg 3mL�1) incubated at room
temperature for 15 min. The cell nucleus was stained at room
temperature (10 min) using Hoechst Fluorescent Stain. Images
were taken in PBS solution.

Animal Details. In vivo studies were carried out using male
Sprague�Dawley rats (250�350 g) based on procedures pre-
viously described.57 All animal studies were approved by the
Monash Institute of Pharmaceutical Sciences Animal Ethics
Committee, Monash University, Parkville, VIC, Australia.

Intravenous Pharmacokinetic (PK) Studies. Prior to CPB adminis-
tration, rats were anaesthetized under isoflurane and the
jugular vein and carotid artery surgically cannulated with poly-
ethylene tubing (0.96 � 0.58 mm, Paton Scientific, Victor
Harbour, Australia) to facilitate intravenous administration and
blood collection, respectively.58 Cannulas were flushed with
heparinized saline (2 IU 3mL�1) to maintain patency. Rats were

housed in metabolic cages and allowed to recover overnight
prior to dosing, with water provided ad libitum throughout the
experiment. Animalswere fasted up to 10 h prior to and 8 h after
dose administration. Solutions of CPBs in PBS were prepared so
as to give a dose equivalent to 5 mg per kg per 1 mL infusion.
Prepared solutions were dosed intravenously as an infusion
(1 mL 3min�1) via the jugular cannula over a period of 1 min
(n = 4 per formulation). Following infusion the cannula was
flushed with 250 μL of heparinized saline to clear the dead
volume. Blood samples (200 μL) were obtained from the carotid
artery cannula prior to infusion (predose), immediately after
infusion (t = 0), and at 2, 5, 10, 20, 40, 60, 120, 240, 480, and
1440min. Blood samples were centrifuged at 1000g for 5min to
separate plasma. Plasma samples (50 μL) were added to an
Ultima Gold scintillation cocktail (2 mL) for scintillation mea-
surement. Noncompartmental pharmacokinetic parameters
(clearance, volume of distribution) were calculated using Phoe-
nix 64 Software (WinNonlin version 6.3, Pharsight Corporation,
CA, USA).

Biodistribution Studies. At the conclusion of blood sampling
(1440 min [24 h]) rats were sacrificed by administration of a
lethal dose of sodium pentobarbital into the jugular vein
cannula. Brain, heart, kidney, liver, lungs, pancreas and spleen
tissues were removed by dissection, weighed and frozen
(�20 �C) until processed. Whole organs were placed in gentle-
MACS C tubes (Miltenyi Biotech Australia Pty., Ltd., NSW,
Australia) and partially disrupted using scissors. Milli-Q water
(5 mL for liver samples, 10 mL for all other tissues) was added
before samples were homogenized using a gentleMACS dis-
sociator (Miltenyi Biotech Australia Pty., Ltd., NSW, Australia)
running a standard C tubes program. Two samples of each
homogenate were aliquoted by volume into 20 mL polypropyl-
ene scintillation vials, based on the wt % of organ contained.
The target tissue sample masses were 40, 70, and 100 mg for
liver, kidney, and all other organs, respectively. A 1:1 mixture of
Soluene-350:isopropyl alcohol (IPA) (4 mL) was added to each
sample. Samples were kept at 60 �C overnight to allow tissues to
digest. Samples were cooled to room temperature and hydro-
gen peroxide (30% w/v, 200 μL) was added in 2 � 100 μL
aliquots. After bubbling had ceased (approximately 30 min)
Ultima Gold (10 mL) was added and samples were thoroughly
homogenized using a vortex mixer and stored at 4 �C, in dark
conditions without agitation for at least 96 h. Sample scintilla-
tion was then measured for one sample of each tissue homog-
enate with the counter temperature maintained at 12 �C. This
measurement established the approximate level of activity in
each sample. Subsequently one sample from each pair was
spiked with a suitable solution of 4-azidosalicylic acid (ring-
5-3H) of known activity based on the approximate activity
measured in order to determine the efficiency of extraction of
the radiolabel from tissue samples. After thorough mixing, all
samples were allowed to rest for a further 96 h at 4 �C. Before
sample measurement the scintillation counter was cooled to
12 �C. Samples were loaded in batches of 12 to prevent
significant temperature changes during the course of the
measurements. Tissue samples from untreated rats were also
processed using the same method to provide a background
count for equivalent masses of each tissue type.

The acquired raw data was used to establish an efficiency
value for each sample using the following equation:

efficiency ¼ spiked tissuedpm � tissuedpm,uncorr
spiked solutiondpm

(1)

where spiked tissuedpm is the radioactivity measured in the
spiked sample, tissuedpm,uncorr is the radioactivity in the un-
spiked sample, and spike solutiondpm is the known amount
of radioactivity added to the spiked sample. The calculated
efficiency value was used to correct the dpm value for each
measured sample to eliminate the effect of quenching, which
may have resulted from sample processing. This was performed
using the following relationship:

tissuedpm, corr ¼ tissuedpm, uncorr
efficiency

(2)
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where tissuedpm,corr is taken to give the true sample activity.
The activity of the whole organ was calculated based on the
fraction of total organ mass contained within the measured
sample.
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