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T
he application of nanotechnology to
drug delivery is widely expected to
revolutionize the treatment of a

range of diseases.1�5 In recent years, nano-
engineered polymer hydrogel particles
have received interest as drug delivery sys-
tems because they can be fabricated
through versatile techniques that provide
precise control over the particle physio-
chemical properties and functionality.6�8

Although important parameters have been
investigated, such as the influence of parti-
cle size, shape, and elasticity on biological
systems in vitro and in vivo,9�11 it remains a
challenge to control and predict the ability
to avoid clearance by phagocytic blood
cells before reaching the desired site of
action. Poly(ethylene glycol) (PEG), an FDA-
approved polymer that enhances surface
hydrophilicity and reduces association and

uptake by phagocytes, is the most fre-
quently used so-called “stealth” material
for this application.12�14 The stealth proper-
ties of PEGylated particles are usually
dependent on the PEG chain architecture
and PEG surface density, both of which are
difficult to finely control and simulate.15�18

An alternative method to circumvent the
issues relating to PEG chain architecture and
PEG density is to use particles composed
primarily of PEG.
Several approaches have been reported

to generate PEG-based particles. DeSimone
and co-workers developed a “PRINT” meth-
od for the preparation of PEG-based hydro-
gel particles with different shapes and
sizes.19,20 The Doyle group reported micro-
meter-sized PEG-based particles with tun-
able size via a continuous-flow lithography
method.21�23 In addition, we introduced a
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ABSTRACT We report the engineering of poly(ethylene glycol) (PEG)

hydrogel particles using a mesoporous silica (MS) templating method via

tuning the PEG molecular weight, particle size, and the presence or absence of

the template and investigate the cell association and biodistribution of these

particles. An ex vivo assay based on human whole blood that is more sensitive

and relevant than traditional cell-line based assays for predicting in vivo

circulation behavior is introduced. The association of MS@PEG particles

(template present) with granulocytes and monocytes is higher compared

with PEG particles (template absent). Increasing the PEG molecular weight (from 10 to 40 kDa) or decreasing the PEG particle size (from 1400 to 150 nm)

reduces phagocytic blood cell association of the PEG particles. Mice biodistribution studies show that the PEG particles exhibit extended circulation times

(>12 h) compared with the MS@PEG particles and that the retention of smaller PEG particles (150 nm) in blood, when compared with larger PEG particles

(>400 nm), is increased at least 4-fold at 12 h after injection. Our findings highlight the influence of unique aspects of polymer hydrogel particles on

biological interactions. The reported PEG hydrogel particles represent a new class of polymer carriers with potential biomedical applications.
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strategy to produce PEG-based hydrogel particles via
click-driven chemistry or surface-initiated polymeriza-
tion within template particles.24,25 These PEG-based
particles were prepared via polymerization of PEG
diacrylate and/or PEG monomethacrylate. Recently,
we reported PEG particles solely composed of 8-arm-
PEG with tunable elasticity via a mesoporous silica
(MS) templating method,26 which has proven to be a
versatile approach for the fabrication of polymer par-
ticles for drug and gene delivery because it allows
precise control over size, shape, chemical composition,
and elasticity, as well as cargo loading and release.27�31

The deformability behavior of the PEG particles in micro-
channels can be tailored to be similar to that of red blood
cells. While the reported approaches have shown their
versatility to fabricate PEG particles on-demand, their
detailed biological interactions (e.g., in vivo behavior)
are largely unexplored. Therefore, it is important to
engineer PEG particles with different physicochemical
properties and examine their biological behavior to aid
in the development of next-generation, long-circulating
drug delivery systems.
Herein, we investigate the influence of the PEG

molecular weight, particle size, and presence or ab-
sence of the template on phagocytic blood cell asso-
ciation and biodistribution of the particles (Figure 1).
To facilitate efficient PEG loading in the MS templates,
8-arm-PEG with amine functional groups (8-arm-
PEG-NH2) was used to infiltrate the MS templates,
exploiting electrostatic interactions. PEG particles were
obtained by cross-linking the amine groups, followed
by removal of the MS templates. Three different
molecular weights (10, 20, or 40 kDa) of 8-arm-PEG-
NH2 were used as building blocks. The size of the PEG
particles was tuned by varying the initial template
diameters between 110 and 1000 nm (specifically
110, 280, 500, and 1000 nm). In addition, the free amine
groups could be modified with functional moieties,
such as fluorescent dyes to permit visualization of the
particles for in vitro and ex vivo studies, or cage amine
ligands capable of coordinating positron-emitting 64Cu
for in vivo biodistribution studies.
An understanding of biological interactions in vitro

and in vivo is required for the design of stealth drug
carriers. In vitro experiments typically measure phago-
cyte association using cell lines to select promising
candidates for in vivo studies. It is generally assumed
that particleswith lower cell association have extended
circulation times.32,33 However, particles incubated
with cell lines may behave differently to particles
placed in more complex environments such as human
tissue, human blood, or the circulatory system of
animals. In this study, we incubated the particles with
fresh, human whole blood at 37 �C to investigate
phagocytic blood cell association, which predicts
in vivo circulation behavior more accurately than
traditional cell-line based assays. We observed that

increasing PEGmolecular weight or decreasing particle
size reduced phagocytic blood cell association of the
PEG particles. MS@PEG particles resulted in higher blood
cell association compared to their template-free PEG
particles. Similarly, biodistribution studies inmice showed
that the PEG particles had superior in vivo circulation
times (>12 h) compared with the MS@PEG particles and
that smaller PEG particles (150 nm) resulted in higher
blood retention and longer circulation times.

RESULTS AND DISCUSSION

For the construction of PEG particles, four different
sizes of MS particles with average diameters of 1000,
500, 280, and 110 nm (denoted as MS-1000, MS-500,
MS-280, and MS-110 particles, respectively) were syn-
thesized. The three larger templates were synthesized

Figure 1. (a) Molecular structure of 8-arm-PEG-NH2 for
particle fabrication. (b) Schematic illustration of the
MS@PEG (template present) and PEG particles (template
absent) with different sizes. (c) Schematic illustration of
the retention of PEG particles in the bloodstream, which
indicates their low phagocytic cell (blue) association
and extended circulation time, compared with MS@PEG
particles.
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using polyelectrolyte�surfactant complexes as dy-
namic templates according to a modified literature
method.34 The size of the MS particles was controlled
by varying the concentration of polyelectrolytes,
where less polyelectrolyte resulted in a smaller particle
diameter.34 Smaller MS particles (110 nm)were synthe-
sized using cetyltrimethylammonium tosylate as the
templating surfactant and small organic amines (i.e.,
triethanolamine) as base.35 The spherical morphology
and porous structure of the MS particles are shown in
the transmission electron microscopy (TEM) images
(Figure 2a1�d1). For the fabrication of the PEG parti-
cles, 8-arm-PEG-NH2 with a hexaglycerol core structure
was infiltrated into the MS templates, driven by elec-
trostatic interactions.26 The amine groups of the 8-arm-
PEG-NH2were thenpartially cross-linkedwith 8-arm-PEG
functionalized with succinimidyl carboxyl methyl ester
(8-arm-PEG-NHS, Figure S1a), which resulted inMS@PEG

particles. The PEG particles were obtained by dissol-
ving the MS templates. Alexa Fluor 488 carboxylic acid
succinimidyl ester (AF488) was used to fluorescently
label the PEG particles for visualization by fluorescence
microscopy. Figure 2a2�d2 shows fluorescencemicro-
scopy images of the PEG particles with different sizes
(denoted as PEG40-1000, PEG40-500, PEG40-280, and
PEG40-110 particles), where MS-1000, MS-500, and
MS-280 were used as templates and the PEG with a
molecular weight of 40 kDa was used for particle
fabrication. All of the particles were well-dispersed in
aqueous solution, showing homogeneous fluores-
cence and swelling ∼40% relative to their respective
templates (Table S1). Note that the fluorescence
images of PEG40-110 particles were taken by immobi-
lizing the particles in 2.5% agarose gel (low melting
point) topreventdiffusionof theparticles (Figure 2d2,d3).
Microelectrophoresis measurements showed that

Figure 2. TEM images of the MS particles with diameters of (a1) 1000 nm, (b1) 500 nm, (c1) 280 nm, and (d1) 110 nm. Fluo-
rescence microscopy images of AF488-labeled (a2) PEG40-1000, (b2) PEG40-500, (c2) PEG40-280, and (d2,d3)
PEG40-110 particles. (a3�c3) AFM images and (a4�c4) TEM images of the (a3,a4) PEG40-1000, (b3,b4) PEG40-500,
and (c3,c4) PEG40-280 particles.
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the PEG particles had a zeta-potential of ∼15 mV in
water, which indicates there are still free amine groups
in the particles. However, the zeta-potential became
neutral at pH 7.4 in 10 mM phosphate buffer, which
may be due to the hydrolysis of the N-hydroxysuccini-
mide (NHS) ester forming carboxylate groups during
the cross-linking step and the charge screening by salt.
Fourier transform infrared spectroscopy (FTIR) mea-
surements proved the presence of carboxylate groups
(1730 cm�1) in the PEG particles (Figure S2). However,
it was difficult to discern the N�H (3409 cm�1) peak for
both 8-arm-PEG-NH2 and PEG particles. Atomic force
microscopy (AFM) measurements of the PEG particles
showed that the PEG particles collapsed following air-
drying, and that the thickness of the particles was just
∼1/100 times of the diameter of the PEG particles in
aqueous solution (Figure 2a3�c3 and Table S1). This
indicates that the PEG particles are highly hydrated in
aqueous solution. TEM was also used to elucidate the
structure of the PEG particles in the dry state, which
shows that they dehydrate and spread on the copper
grid (Figure 2a4�c4). This is consistent with the results
of AFMmeasurements. Note that, because of dehydra-
tion, the PEG40-110 nmparticles could not be detected
by AFM or TEM. For a comparison of the parameters
governing particle formation, 8-arm-PEG-NH2 with
different molecular weights (10, 20, and 40 kDa) was
used to assemble PEG particles (template diameter,
1000 nm). These particles are denoted as PEG10-1000,
PEG20-1000, and PEG40-1000, respectively. The thick-
ness of the PEG particles after air-drying was lower
when highermolecular weight PEGwas used (Figure S3),
which indicates that the PEG particles prepared with
higher molecular weight PEG were more hydrated in
aqueous solution. Because of the neutral charge and
extensive hydration in physiological solution, the PEG
particles were expected to exhibit stealth properties in
biological systems.
To investigate the stealth properties of the PEG

particles, we first assessed the cell association of the
MS@PEG and PEG particles using the THP-1 cell line,
which is a humanmonocytic cell line commonly studied
in phagocytosis assays. There was less cell association
for the PEG particles compared to the corresponding
MS@PEG particles (Figure S4). Also, smaller MS@PEG40
particles resulted in less cell association, which may be
due to differences in sedimentation and particle
diffusion.36 For the PEG particles, THP-1 cell association
was less than 3% and the PEG particles prepared with
higher molecular weight PEG (i.e., longer PEG arms)
induced less cell association. This is most likely because
of the increased hydration mentioned above and be-
cause longer PEG chains result in a thicker protective
layer.16 The low levels of association for the PEGparticles
precluded detecting significant differences between
the cell associations of the smaller PEG particles (i.e.,
PEG40-500 and PEG40-280).

Monocytes and granulocytes play amajor role in the
elimination of pathogens, dead or dying cells, and
foreign bodies in the blood.37 This property can restrict
the capacity of particles to reach target cells to deliver
the payload. A human whole blood assay is therefore a
more relevant model system to test the stealth proper-
ties of particles when compared to cell lines derived
fromone specific type of blood cell. To visualize the cell
association of the PEG particles in whole blood, we
labeled monocytes and granulocytes with fluorescent
antibodies. After incubation with particles, cell associa-
tion was observed using deconvolution microscopy
(Figure S5). Cell-associated particles were almost
exclusively internalized by these professional phago-
cytes. PEG10-1000 particles were internalized by about
30% of monocytes and in low numbers (1�2 particles),
while∼80% of monocytes containedMS@PEG10-1000
particles. Similar observations were made for granulo-
cyte association, which inspired a more quantitative
look at cell association in whole blood using flow
cytometry.
Cell association was investigated for the PEG and

MS@PEG particles with gated populations of mono-
cytes and granulocytes using flow cytometry after
incubating the particles in whole blood for 1, 5, or
21 h (Figure S6). In agreement with the results ob-
served from the THP-1 cell association experiments,
higher molecular weight PEG resulted in less cell
association for PEG particles (Figure 3a). We found that
the monocyte association was higher than the granu-
locyte association for the same particles (p < 0.001),
although the effect of PEG molecular weight on parti-
cle association was the same for both cell populations.
Comparedwith the PEGparticles, the cell association of
the MS@PEG particles was significantly higher (all
above 50% after 1 h incubation, p < 0.001). Increasing
the incubation time to 5 h induced higher cell associa-
tion for the PEG particles, although cell association
remained low for PEG40-1000 particles. In comparison,
almost all of the cells associated with the MS@PEG
particles, regardless of the PEG molecular weight after
5 h incubation. Overall, there was much higher particle
association with human blood phagocytes compared
with the THP-1 cell line, which demonstrates that this is
a more sensitive assay to detect reductions in phago-
cyte association for different particle compositions.
On the basis of the results obtained above, we

focused our study on the 40 kDa PEG because higher
molecular weight PEG resulted in less cell association
for the PEGparticles. To investigate the influence of the
particle size on the cell association, PEG40 and
MS@PEG40 with different sizes were incubated with
human blood for 5 or 21 h. From Figure 3b, it can be
seen that smaller PEG particles resulted in less cell
association, a result that could not be concluded with
confidence from the THP-1 cell association assay. For
all sizes, the association for MS@PEG particles was
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much higher than that for the PEG particles (p < 0.001).
Except for the sedimentation effect,36 this may also be
because of the differences in elasticity of the obtained
particles due to template removal,38,39 where MS@PEG
particles with silica cores are almost incompressible,
while PEG particles cross-linked with 2 mg mL�1 of
cross-linker have a low Young's modulus of∼1.6 kPa.26

Non-PEG polymer particles (thiolated poly(methacrylic
acid), PMASH, 10% modification)40 were used as a
control to check cell association. The different sized
PMASH particles had higher cell association in whole
blood than similarly sized PEG particles (Figure S7),
confirming the importance of PEG for the stealth
property of the particles rather than the soft poly-
meric nature of the particles. Despite increased
monocyte association for both PEG40-500 and
PEG40-280 particles after 21 h incubation compared
to 5 h incubation, association of PEG40-110 particles
remained below 1%, making them good candidates
to examine their circulation in vivo.
For in vivo studies, a macrobicyclic cage amine

ligand was first conjugated to the particles by the

reaction of amine groups and macrobicyclic cage
amine ligand (1-CH3-8-NHCO(CH2)3CO2-NHS) sarco-
phagine (MeCOSar-NHS) (Figure S1b). Cage amine
ligands of the sarcophagine (sar, 3,6,10,13,16,19-
hexaazabicyclo[6.6.6]icosane) type form extremely
stable and kinetically inert CuII complexes.41�43 The
MS@PEG40 and PEG40 particles were further labeled
with 64Cu via incubationwith 64Cu solution in PBS at pH
7.2 for 30 min at room temperature. The particles were
washed twice with PBS and resuspended in PBS buffer.
Less than 0.1% of the initial 64Cu amount was found in
the second wash fraction, indicating efficient clean up.
To examine the in vivo biodistribution of the particles,
5 � 108 radiolabeled particles were intravenously
injected into each healthy C57BL/6mouse. The animals
were sacrificed at different time points after intrave-
nous injection, and the blood and organs were re-
moved to measure the radioactivity level using a
gamma counter. Distribution of PEG40-500 and
PEG40-280 particles from blood to tissues occurred
mostly in the first 30 min, and the retention of
these particles in blood decreased to 10�15 %ID g�1

(Figure 4a,b). Subsequently, 50% of the PEG40-500
particles were eliminated after 3 h, and there was only
1.4 %ID g�1 left in the blood 12 h postinjection.
However, it took about 12 h to eliminate 50% of the
PEG40-280 particles, which indicates that the PEG40-280
particles circulate longer than the PEG40-500 particles.
In comparison, theMS@PEG40-500 andMS@PEG40-280
particles were completely cleared from the blood less
than 30 min after injection (data not shown), indicating
that the PEG40particles had extended in vivo circulation
times compared with the MS@PEG particles. As shown
in Figure 4a,b, except for retention in the blood, PEG
particles mostly accumulated in the spleen and liver
because they are themononuclear phagocytic systems
(MPS) for clearing foreign blood-borne particulate
entities.44,45 Positron emission tomography/computed
tomography (PET/CT) imaging confirmed the biodis-
tribution results, which revealed prominent uptake
of MS@PEG40 particles and PEG40 particles in the
liver and spleen 30 min postinjection, respectively
(Figure 4c�f). In addition, some PEG particles in the
heart were observed (Figure 4e,f), which is attributed to
the heart containing a certain amount of blood at any
given time and because there is some retention of
PEG40 particles in the blood.
Since the PEG40-280 particles have higher blood

retention than the PEG40-500 particles 12 h postinjec-
tion, decreasing the size of PEG particles was expected
to result in a higher circulation time. To this end, the
retention of PEG40-110 particles in the blood was
3-fold higher 30 min postinjection and 4-fold higher
12 h postinjection compared to the PEG40-280 parti-
cles (Figure 5a). This is a promising circulation profile for
future drug delivery applications. Similar to PEG40-280
particles, PEG40-110 particles were eliminated slowly

Figure 3. Association (% of cells) of PEG or MS@PEG parti-
cles with monocytes and granulocytes after 1, 5, or 21 h
incubation at 37 �C in whole blood, measured by flow
cytometry. (a) Influence of PEG molecular weight on cell
association (template diameter, 1000 nm). (b) Influence of
particle size on cell association (PEG molecular weight,
40 kDa).
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from blood over the next 12 h postinjection. In addi-
tion, it took about 14.5 h to reduce to half of the initial
30 %ID g�1 detected 30min postinjection. As shown in
Figure 5b, most of the PEG40-110 particles remained in
systemic circulation 12 h postinjection, and there was
low biodistribution in the MPS such as the liver and
spleen. On the contrary, MS@PEG40-110 particles
mainly accumulated in the liver. PET/CT imaging also
revealed the high presence of the MS@PEG40-110

particles in the liver, and a large number of the
PEG40-110 particles in the heart were observed due
to their high retention in the blood. From the biodis-
tribution results, it can be concluded that the MS@PEG
particles are eliminated quickly (<30min) regardless of
size and that the smaller PEG particles result in higher
blood retention and longer circulation time, which is
consistent with the prediction from the ex vivo blood
cell association experiments.

Figure 4. Biodistribution of 64Cu-labeled (a) PEG40-500 and (b) PEG40-280 particles in various organs at three different time
points (30 min, 3 h, and 12 h) after intravenous injection. Data are presented as percentage injected dose per gram (%ID g�1)
of tissue. All data represent threemice per group. (c�f) PET/CT images ofmice 30min postinjection of (c) MS@PEG40-500, (d)
MS@PEG40-280, (e) PEG40-500, and (f) PEG40-280 particles. The color scale for all PET/CT image data shows radiotracer
uptake, with white corresponding to the highest activity and blue to the lowest activity.

Figure 5. (a) Blood radioactivity of 64Cu-labeled PEG40-110 particles at different time points. (b) Biodistribution of 64Cu-
labeledMS@PEG40-110 and PEG40-110 particles in various organs at 12 h after intravenous injection. PET/CT images of mice
12 h postinjection of (c) MS@PEG40-110 and (d) PEG40-110 particles. The color scale for all PET/CT image data shows
radiotracer uptake with white corresponding to the highest activity and blue to the lowest activity. All data represent three
mice per group.
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CONCLUSIONS

We have demonstrated the fabrication of PEG
hydrogel particles using MS particles with different

diameters (1000, 500, 280, and 110 nm) as templates

and 8-arm-PEG-NH2 with different molecular weights

(10, 20, and 40 kDa) as building blocks that were

modified with functional groups (e.g., dyes or cage

amine ligands capable of coordinating positron-

emitting 64Cu). Using a sensitive and relevant ex vivo

assay of human whole blood, we found that the PEG

particles prepared with higher molecular weight PEG

and smaller diameter templates resulted in lower levels

of cell association with phagocytic blood cells. The

MS@PEG particles showed higher phagocytic blood
cell association compared with the PEG particles. In
vivo experiments were consistent with the ex vivo

experiments, and the PEG particles had improved
biodistribution when compared to MS@PEG particles.
The PEG40-110 particles showed extended in vivo

circulation times (>12 h), with blood retention in-
creased by at least 4-fold 12 h postinjection compared
to larger PEG particles. The reported templating tech-
nique for fabricating diverse PEG particles represents a
new platform to investigate parameters that deter-
mine biological interactions in vitro and in vivo. Further
studies will focus on the capability of the PEG particles
to carry and deliver therapeutic payloads.

METHODS
Materials. Tetraethyl orthosilicate (TEOS), poly(acrylic acid)

(PAA, Mw ∼ 250 kDa, 35 wt % solution in water), cetyltrimethy-
lammonium bromide (CTAB), cetyltrimethylammonium to-
sylate (CTAT), triethanolamine, sodium phosphate dibasic,
N-(3-(dimethylamino)propyl)-N0-ethylcarbodiimide hydrochlo-
ride (EDC), hydrofluoric acid (HF, 48 wt %), ammonium fluoride
(NH4F), and ammonium hydroxide solution (28�30%) were
obtained from Sigma-Aldrich (Australia). The 8-arm-PEG-NH2

(10, 20, and 40 kDa) and 8-arm-PEG-NHS (10 kDa) with a
hexaglycerol core structure were purchased from JenKem
Technology USA Inc. (China) and Creative PEGWorks (USA),
respectively. Poly(methacrylic acid, sodium salt) (PMA, Mw =
15 kDa, 30 wt % solution in water) was from Polysciences, Inc.
(USA). Pyridine dithioethylamine (PDA) was purchased from
Shanghai SpeedChemical Co. Ltd. (China). Alexa Fluor 488
carboxylic acid succinimidyl ester (AF488), heat-inactivated fetal
bovine serum (HI-FBS), and RPMI 1640 medium with GlutaMAX
supplement were provided by Invitrogen (Australia). 64CuCl2
solution (0.02 M HCl, no carrier added) was produced at Sir
Charles Gairdner Hospital (Nedlands, Western Australia)
through the 64Ni(p,n)64Cu nuclear reaction. The water used in
all experiments was prepared in a three-stage Millipore Milli-Q
Plus 185 purification system and had a resistivity greater than
18.2 MΩ cm.

Synthesis of MS Particles. For the synthesis of MS-1000 parti-
cles, 1.1 g of CTAB was completely dissolved in 50 mL of water
with stirring. Subsequently, 4.3 g of PAA solution was added
with vigorous stirring at room temperature (25 �C) until a clear
solution was obtained. Next, 3.5 mL of ammonium hydroxide
solution was added to the above solution with vigorous stirring,
resulting in amilky suspension. After stirring for 20min, 4.46mL
of TEOS was added to the above solution. Following further
stirring for 15 min, the mixture was transferred into a Teflon-
sealed autoclave, which was left at 100 �C for 48 h. The as-
synthesized MS particles were washed with water and ethanol
three times and finally dried at 80 �C. The organic templates
were removed by calcination at 550 �C for 6 h. Size control of
500 and 280 nm was achieved by varying the concentration of
PAA. For the synthesis of the MS-110 particles, 480 mg of CTAT
and 347mgof triethanolaminewere dissolved in 25mL ofwater
at 80 �C. Then 3.9 mL of TEOS was quickly added into the
surfactant solution. The mixture was vigorously stirred at
80 �C for another 2 h. The synthesizedMS particles werewashed
with water and ethanol, dried at 80 �C, and finally calcined at
550 �C for 6 h.

Synthesis of (t-Boc)4‑5MeCOSar-NHS-ester. To a solution of
(t-Boc)4‑5MeCOSar (0.05 g, 0.055 mmol), consisting of a mixture
ofN-tert-butoxycarbonyl (t-Boc) regioisomers in dry DMF (1mL),
was added 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
(0.02 g, 0.11 mmol) followed by N-hydroxysuccinimide (0.01 g,
0.11 mmol). The solution was stirred under a nitrogen

atmosphere at 60 �C for 3.5 h. The reaction was monitored by
ESI-MS. The solvent was removed in vacuo, and the residue was
extracted with dichloromethane (100 mL) and washed with
water (100 mL) three times. The organic phase was dried over
anhydrous MgSO4, filtered, evaporated to dryness, and purified
by flash chromatography on a silica gel (mobile phase: dichlo-
romethane/methanol = 100/2 (v/v)) to give a mixture of t-Boc
regioisomers as a white solid (0.023 g, 46% approximately yield
based on four t-Boc groups). 1H NMR (400 MHz, CDCl3, 25 �C):
δ = 1.47, s, (CH3)3; 2.81, s, 4H, CH2 (NHS). 13C NMR (100 MHz,
CDCl3, 25 �C): δ= 20.6, CH3; 25.7, CH2; 28.6, (CH3)3, CH2; 30.4, CH2.
Further NMR assignments proved difficult due to the mixture of
regioisomers. ESI-MS: (þve ion) [C44H77N8O13 þ Hþ] m/z 100%
925.56 (experimental), 925.56 (calcd), [C49H85N8O15 þ Hþ] m/z
100% 1025.61 (experimental), 1025.61 (calcd).

Synthesis of MeCOSar-NHS. To a solution of (t-Boc)4‑5
MeCOSar-NHS-ester (0.023 g, 0.025 mmol) in dichloromethane
(5 mL) was added trifluoroacetic acid (5 mL). The mixture was
shaken at room temperature for 3 h. The solution was purged
with N2 to reduce the volume to 1mL. Cold diethyl ether (45mL)
was added to precipitate a white solid. Following centrifugation
(3 min, 1000g), the ether layer was removed by decanting and
the procedure was repeated. Finally, themajority of the residual
diethyl ether was removed in vacuo, and the tris-trifluoroacetic
acid tris-hydrate salt of the compound was isolated (0.017 g,
71% approximately yield based on four t-Boc groups) (found: C,
39.58; H, 5.65; N, 11.84; calcd for C24H44N8O5 3 3(C2HF3O2) 3
3(H2O) 3 0.2(C4H10O): C, 39.54; H, 5.93; N, 11.98).

1H NMR (500
MHz, DMSO-d6, 25 �C): δ = 0.86, s, 3H, CH3; 1.09, t, CH3 (Et2O);
1.84, m, 2H, CH2; 2.27, t,

3J = 7.5 Hz, 2H, CH2; 2.72, t,
3J = 7.5 Hz,

2H, CH2; 2.82, s, 4H, CH2 (NHS); 2.9�3.2, br m, 24H, cage CH2.
13C

NMR (125.7 MHz, DMSO-d6, 25 �C): δ = 15.2, CH3 (Et2O); 19.7,
CH3; 20.0, CH2; 25.4, CH2 (NHS); 29.5, 34.0, CH2; 36.7, quat. C of
methyl cage cap; 45.8, 47.2, 50.6, 53.2, cage CH2; 56.5, quat. C of
amine cage cap; 64.9, CH2 (Et2O); 117.0, q,

1JCF = 299 Hz, CF3;
158.3, q, 2JCF = 31 Hz, COCF3; 168.8, CO; 170.2, CO (NHS); 173.6,
CO. ESI-MS: (þve ion) [C24H44N8O5 þ Hþ] m/z 100% 525.35
(experimental), 525.35 (calcd).

Fabrication of MS@PEG and PEG Particles. Approximately 6 mg of
MS particles was washed with phosphate buffer (100 mM, pH 8)
and incubated in 480 μL of 8-arm-PEG-NH2 solution (5mgmL�1

in phosphate buffer) with constant shaking overnight. Subse-
quently, the particles were isolated by centrifugation and
washed three times with phosphate buffer. The pellet was
dispersed in 400 μL of 8-arm-PEG-NHS solution (2 mg mL�1 in
phosphate buffer) and incubated for 2 h, where PEG was cross-
linked and formed networks in the MS particles. The MS@PEG
particles were labeled with AF488 (5 μL, 1mgmL�1 in DMSO) or
MeCOsar-NHS (5 μL, 1 mg mL�1 in DMSO) during the cross-
linking step. After threewashing cycles with water, theMS@PEG
particles were resuspended in water. For the preparation of PEG
particles, MS templates were removed with a 2 M HF/8 M NH4F

A
RTIC

LE



CUI ET AL. VOL. 9 ’ NO. 2 ’ 1571–1580 ’ 2015

www.acsnano.org

1578

solution (pH ∼5).46 Caution! HF is highly toxic. Extreme care
should be taken when handling HF solution, and only small
quantities should be prepared. The resultant PEG particles were
washed three times with water and resuspended in water. The
MeCOsar-NHS-modified PEG particles were dispersed in 20 mM
phosphate buffer (pH 7.4) for further 64Cu labeling.

Fabrication of PMASH Particles. PMAPDA was synthesized via
EDC-mediated amide bond formation between the carboxyl
groups of PMA and the amine groups of PDA.28 In a typical
experiment, a PMA solution (360mgof 30wt% solution, 1 equiv
of MA) was diluted into 5mL of phosphate buffer (0.1M, pH 7.2).
The resulting solution was incubated with EDC (57.5 mg,
0.3 equiv) with stirring for 15 min. Subsequently, PDA (33.4 mg,
0.15 equiv) was added to the mixture, and the pH was adjusted
to 7.2. The reaction was allowed to proceed overnight. The
resulting mixture was placed inside a dialysis membrane
(molecular weight cutoff 3500, Thermo) and dialyzed exten-
sively against water, filtered with a 0.2 μm syringe filter, and
isolated via lyophilization. The degree of thiol functionalization
was characterized bymeasuring the absorbance of the released
pyridine-2-thione (λmax = 343 nm) and then quantified from a
calibration curve of PDA, which corresponded to 10 mol %
modification. PMASH particles were fabricated via thiol�
disulfide exchange cross-linking according to our previously
published method.40 The concentration of the cross-linker
(PMASH) was 0.5 mg mL�1.

THP-1 Cell Association. THP-1 cells (ATCC) were seeded in a
24-well plate (70 000 cells per well) in RPMI media with the
addition of 10% (v/v) HI-FBS and incubated with AF488-labeled
MS@PEG or PEG particles at a particle-to-cell ratio of 100:1 for
24 h at 37 �C in a 5% CO2 humidified atmosphere. After
incubation, the cells were collected and washed with PBS three
times via centrifugation at 400g for 5 min. The resulting cell
pellets were resuspended in PBS and analyzed by flow cyto-
metry (Apogee microflow cytometer).

Blood Cell Association and Imaging. Whole blood from healthy
volunteers was collected into sodium heparin vacuette tubes
(Greiner Bio-One). A single source of blood was used for flow
cytometry and an alternate single source of blood for micro-
scopy. Particles were incubated with 100 μL of blood at 37 �C
and 5% CO2 for 1, 5, or 21 h in 5 mL polystyrene tubes (BD
Biosciences, San Jose, CA). The particle/leukocyte ratio was
100:1 for all experiments.

For flow cytometry, prior to particle incubation, leukocytes
in whole bloodwere phenotyped at 37 �C for 30minwith CD45-
V500 (BD, clone HI30), CD3-Alexa Fluor 700 (BD, clone SP34-2),
CD14-APC H7 (BD, clone MjP9), CD20-Brilliant violet 421
(BioLegend, clone 2H7), CD56-PE (BD, clone B159), and HLA-
DR-PerCP Cy5.5 (BD, clone G46-6). Particle incubation was
terminated bywashing in 10 volumes of BD FACS lysing solution
(BD) followed by a wash with 4 mL of PBS. Cells were fixed with
BD stabilizing fixative and acquired within a few hours on a
LSRFortessa (BD). Analysis was performed using FlowJo soft-
ware, version 9.6.4. Leukocytes (CD45þ) were distinguished
from contaminating erythrocytes (CD45�). Monocytes were
identified as CD14þ and granulocytes as CD14�/SSChi.

For imaging, particles were incubated with blood as above
for 1 h. Particle incubation was terminated, and red blood cells
were lysed by adding 10 volumes of BD Pharm lyse lysing buffer
(BD) followed by a wash with 4 mL of PBS. Monocytes and
granulocytes were purified by cell sorting using aMoFlo Astrios.
Purified monocytes were then stained with CD14-APC (BD,
clone M5E2) and purified granulocytes with CD66c-PE (BD,
clone B6.2) for microscopy. Cells and associated particles were
visualized using a DeltaVision deconvolution microscope.

Human Research and Ethics Committee approval was ob-
tained for all studies of human samples, and informed signed
consent was obtained from the subjects.

PET Studies and Post-Mortem Biodistribution. Healthy mice were
injected with 64Cu-labeled particles via a lateral tail vein. After
20 min or 12 h incubation, a PET scan was performed using a
NanoPET/CT in vivo preclinical imager (Bioscan, Washington,
DC. USA) with a 10 min PET acquisition time and a coincidence
relation of 1�3. Image reconstruction was performed with the
following parameters: OSEMwith SSRB 2D LOR, energywindow,

400�600 keV; filter RamLak cut off 1, number of iteration/
subsets, 8/6. For the CT scans, an X-ray voltage of 45 kVp, an
exposure time of 900 ms, and a pitch of 0.5 were used. A total
projection of 240 projects over 360� of rotation was acquired.
Projection data were rebinned by 1:4 and reconstructed using a
RamLak filter into a matrix having an isotropic voxel size of
96 μm. Image files of PET and CT scans were fused and analyzed
using the analysis software InVivoScope version 2.00.

For particle biodistribution studies, the mice (n = 3 each
group) were injected with 64Cu-labeled particles via a lateral tail
vein and sacrificed at different time points (30 min, 3 h, 12 h,
24 h, or 48 h). The mice were perfused with PBS, and the organs
and blood were removed and measured with an aliquot
of injected solution as standard in the gamma counter
(PerkinElmer) using an energy window between 450 and
650 keV. Results are expressed as %ID g�1 of tissue.

All experiments involving animals were approved by the
Alfred Medical Research and Education Precinct Animal Ethics
Committee (E/1232/2012/B).

Characterization Methods. TEM analysis was carried out with a
Philips CM120 BioTWIN instrument operated at 120 kV. AFM
images were acquired with a NanoWizard II AFM (JPK Instru-
ments, Berlin, Germany). Aqueous particle suspensions were
air-dried onto silicon wafers, which were precleaned with
Piranha solution. Caution! Piranha solution is extremely corrosive
and reacts violently with organic materials. It should be handled
with great care. Fluorescence microscopy images were taken
using an Olympus IX71 inverted fluorescence microscope
equipped with a DIC slider (U-DICT, Olympus), the correspond-
ing filter sets, and a 60� oil immersion objective (Olympus
UPFL20/0.5NA, W.D. 1.6). The degree of PDA functionalization
was quantified via absorbance readings at 343 nm using a
NanoDrop1000 spectrophotometer (ThermoScientific, Australia).
FTIR experiments were conducted on a Varian 7000 spectro-
meter. Zeta-potential measurements of the particles were con-
ducted with a Malvern Zetasizer Nano ZS. Particle counting and
the THP-1 cell association assay were performed on an Apogee
microflow cytometer at an excitation wavelength of 488 nm.
Deconvolution fluorescence microscopy was performed on a
DeltaVision (Applied Precision) microscope with a 60�, 1.42 NA
oil objective with a standard FITC/TRITC/CY5 filter set. High-
resolution fluorescence images of PEG40-110 particles were
taken via a DeltaVision OMX microscope (Applied Precision).
Images were processed with Imaris (Bitplane) using the max-
imum intensity projection. LSRFortessa (BD) was used for all
blood cell association assays.
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