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Dendrimers are nanoscale macromolecules with well-defined branching chemical structures. Control over the
architecture and function of these structures has enabled many advances in materials science and biomedical
applications. Though dendrimers are directly synthesized by iteration of simple repetitive steps, generation of
the larger, more complex structures required for many biomedical applications by covalent synthetic methods
has been challenging. Here we demonstrate a spontaneous self-assembly of poly(amidoamine) dendrimers into
complex nanoscopic and microscopic particulates following partial fluorination of the constituent dendrimer
subunits. These dense particulates exhibit a stimulus-induced response to low external pH that causes their
disassembly over time, enabling controlled release of encapsulated agents. In addition, we show that these
assemblies offer a sufficiently high density of fluorine spins to enable detection of their site-specific accumu-
lation in vivo by '°F magnetic resonance imaging (1°F MRI). Fluorinated dendrimer-based particulates present
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new features and capabilities important for a wide variety of emerging biomedical applications.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Dendrimers are a class of branched polymers distinguished by
their repeating patterns emanating from a central core [1]. The well-
defined architecture of these molecules obtained by control over
their synthesis [2] has led to a diverse array of therapeutic and
diagnostic applications [3-15]. Though dendrimers are directly
synthesized by iteration of simple repetitive steps, generation of
larger and more complex structures by covalent synthetic methods
has proven far more challenging and expensive. Thus, assembling
dendrimer or dendron subunits, either by self-assembly [16-18] or
directed assembly [19-24], has become an attractive and inexpensive
short cut to achieve these structures. However, fabrication of ordered,
solid particulates from dendrimers for applications in materials
science and biological systems has not been reported to date.

We hypothesized that controlled fluorination of poly(amidoamine)
(PAMAM) starburst dendrimers would mediate self-assembly through
the “fluorophobic effect” [17,18,25]. This effect—the tendency of
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fluorinated molecules to separate and assemble into a fluorous phase
that is both hydrophobic and lipophobic [25] has unveiled a unique set
of non-covalent interactions useful for engineering self-assembled
systems. Exerting control over these interactions will enable the design
of interesting new systems for therapeutic and diagnostic applications.
Indeed, this effect has been observed in the self-assembly of semi-
fluorinated monodendrons into supramolecular columnar dendrimers
which exhibit liquid crystalline properties [17,18].

We chose PAMAM starburst dendrimers as our starting subunit
because of their well-established properties and wide use in
biomedical applications [1]. Additionally, the amphiphilic nature and
easily modifiable surface of the PAMAM dendrimer makes it an
attractive vehicle for targeted drug delivery and molecular imaging.
The use of these systems for therapeutic delivery applications has been
limited by the quantity and chemical nature of the encapsulated agent.
While the nanoscopic size and amphiphilicity of dendrimers are
important features for drug delivery, it would be attractive to be able to
manipulate this system to enhance encapsulation and release of
different agents. Self-assembly of partially fluorinated PAMAM into
larger particulates preserves dendrimer integrity and creates a dense
incorporation of fluorines sufficient to enable noninvasive observation
by '°F MRI. We therefore hypothesized that the self-assembly of
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partially fluorinated PAMAM dendrimers into larger particulates may
enhance the range of utility of these systems in drug delivery and
molecular imaging applications.

2. Materials and methods
2.1. Fabrication of fluorinated dendrimer-based particulates

2.1.1. Synthesis and '°F NMR characterization of fluorinated PAMAM(G3) dendrimers

Ten milligrams of PAMAM Generation 3 (PAMAM(G3)) starburst dendrimers
[Aldrich] were desiccated in a 24 mL glass scintillation vial. The dendrimer was then
dissolved in anhydrous dimethyl sulfoxide (DMSO) [Alfa Aesar] at a 5 mg/mL final
concentration. This solution was charged with 250 molar equivalents of triethyl-
amine (TEA) [Sigma] and 25 molar equivalents of heptafluorobutyric acid anhydride
(HFAA) [Pierce]. The reaction mixture was agitated vigorously for 2 h at 25°C. An
aliquot of the reaction mixture was prepared in chloroform-D [Cambridge Isotope
Laboratories, Inc.] with a 0.1% v/v trifluoroethanol (TFE) [].T. Baker] internal standard
for characterization by 'F NMR on a 400 MHz spectrometer [Bruker]. Extent of
fluorination was quantified by comparison of the CF; relative integrated peak areas
for the internal standard and the fluorinated PAMAM(G3) dendrimers (Supple-
mentary Fig. 1). This synthetic approach was carried out for dendrimer solutions
having final concentrations of 1, 2.5, 5, and 10 mg/mL. PAMAM(G3) dendrimers were
also fluorinated with either pentafluoropropionic acid anhydride (PFAA) [Pierce] or
trifluoroacetic acid anhydride (TFAA) [Pierce] and characterized by '°F NMR. The
fluorination of PAMAM(G3) dendrimers was performed across a stoichiometric
range of HFAA and PFAA (Table 1) to vary the fluorine-to-amine ratio.

2.1.2. Synthesis and '°F NMR characterization of fluorinated PAMAM(G6)
dendrimers

Generation 6 PAMAM starburst dendrimers [Aldrich] were fluorinated as
described above by proportionally adjusting the initial molar equivalents of HFAA
and TEA to account for the increase in surface amines compared with PAMAM(G3)
dendrimers (Table 1). '°F NMR characterization was performed as described above.
This synthetic approach was carried out with dendrimer solutions having final
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2.3. Perturbations to fluorinated PAMAM(G3) dendrimer-based particulate
formation

Fluorinated PAMAM(G3) dendrimer-based particulates were formulated as
described above with the following exception: the aqueous phase was modified
according to Table 2 prior to delivery. Following heating at 100 °C, the white
precipitate that was adherent to the glass surface was washed four times with two
volumes of diH,0 and lyophilized for 24 h for further characterization.

2.4. Scanning electron microscopy

Fluorinated PAMAM dendrimer-based particulate morphology was analyzed by
scanning electron microscopy [XL-30 ESEM-FEG, FEI Company]. A monolayer of dry
particulates was mounted on an aluminum stub using double-sided carbon tape and
coated with a thin layer of gold using a sputter coater [Cressington]. The coated
samples were imaged using an electron acceleration of 10 keV. Size distribution and
average particulate diameter were determined by analyzing 160 particulates per
image using the freeware program NIH Image].

2.5. Transmission electron microscopy

The internal structure of fluorinated PAMAM(G3) particulates was probed by
transmission electron microscopy (TEM). Particulates were either directly
embedded in Embed-812 [Electron Microscopy Sciences] or treated with 1.0% OsO4
in 0.1 m HEPES buffer, pH 7.4 for 30 min at 25 °C, prior to standard resin embedding.
After polymerization ultrathin (~80 nm) sections were prepared on a Reichert-Jung
Ultracut E microtome, mounted on Formvar film-coated 200 mesh nickel grids
[Electron Microscopy Sciences] and imaged unstained or stained with uranyl acetate
and lead citrate according to standard protocols. High-resolution digital electron

Table 2
Characteristics of the colloidal system.

concentrations of 5, 10 and 20 mg/mL. PAMAM(G6) dendrimers were also fluori- PAMAM (mg/mlL) HFAA:PAMAM TEA:HFAA Aqueous phase Salt(mwm) pH
nated across a stoichiometric range of HFAA (Table 1). 10 25:1 10:1 - 0 2-10
5 25:1 10:1 - 0 2-10
2.1.3. Formation of fluorinated PAMAM dendrimer-based particulates 2.5 25:1 10:1 - 0 2-10
An equivolume of MilliQ purified, deionized water (d;H,0) was added to the 1 25:1 10:1 - 0 2-10
fluorinated PAMAM dendrimer reaction mixture described above and mixed 10 25:1 10:1 H,POz/ HPOZ~ 100 2,7,12
vigorously to yield a cloudy, white precipitous suspension. Subsequent heating in 5 25:1 10:1 H,POz/ HPOZ~ 100 2,7,12
a 100 °C water bath for 1h yielded an aggregated white precipitate that was 25 25:1 10:1 H,POz/ HPOZ~ 100 2,7,12
adherent to the glass surface. The supernatant was decanted and the precipitate 1 25:1 10:1 H,POz/ HPO3~ 100 2,7,12
washed four times with two volumes of d;H,0. The precipitate was then lyophilized 10 25:1 10:1 NaCl 100, 500 -
for 24 h in a FreezeZone 1 [Labconco] for further characterization. 5 25:1 10:1 NaCl 100, 500 -
2.5 25:1 10:1 Nacl 100,500 -
» . . 1 25:1 10:1 Nacl 100,500 -
2.2. Critical temperature (T) of fluorinated PAMAM(G3) dendrimer-based 10 25:1 10:1 NaNOs; 100,500 -
particulate formation 5 25:1 10:1 NaNO; 100,500 -
. . . 25 25:1 10:1 NaNO; 100,500 -
Fluorinated PAMAM(G3) dendrimer-based particulates were formulated as 1 25:1 10:1 NaNOs; 100,500 -
descnbed_ above with the following exceptions: the 1n1t1§l dendrimer concentration 10 25:1 10:1 Na,SO4 100,500 -
was restricted to 10 mg/mL and the water bath was adjusted to dgﬁned tempera- 5 25:1 10:1 Na SOy 100,500 -
tl‘erhes a\ctrct)ssththe1 range fof 25-100 °E. (;l'lfle r(:.sultmg'tvt\lll:lte prlec1p1tat?dt]l—1lagwads 25 25:1 10:1 Na SOy 100,500 -
adherent to the glass surface was washed four times with two volumes of d;H,0 an . . _
lyophilized for 24 h for further characterization. L 251 101 N 100. 500
Table 1
Comparison of fluorinated PAMAM dendrimer-based formulations.
Generation PAMAM (mg/mL) HFAA: PAMAM PFAA: PAMAM TFAA: PAMAM # Fluorines # NH, Morphology
6 20 200:1 - - - - Spherical
6 10 200:1 - - - Spherical
6 5 200:1 - - 266 218 Spherical
6 10 100:1 - - - - Fused, disordered
3 10 25:1 - - - - Spherical
3 5 25:1 - - 105 17 Spherical
3 25 25:1 - - - - Spherical
3 1 25:1 - - - - Fused, disordered
3 10 12.5:1 - - - - Spherical
3 10 50:1 - - - - Spherical
3 5 - 18:1 - 75 17 Disordered
3 5 - 25:1 - 105 11 Fused, disordered
3 5 - 35:1 - 115 9 Spherical
3 5 - - 25:1 - - None
3 5 - - 50:1 - - None
3 5 - - 100:1 - - None
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micrographs were acquired on a Philips Tecnai Biotwin - T12 electron microscope
using Morada Soft Imaging System CCD (3700 x 2500 pixels).

The internal structure of fluorinated PAMAM(G3) particulates was also exam-
ined by TEM following generation of suitable freeze fracture replicas. Particulates
were immersed in 0.1 m HEPES buffer, pH 7.4 and cryoprotected with 25% glycerol in
0.1 m HEPES prior to rapid freezing in liquid ethane. Replicas were prepared on
a Balzers Freeze-Etch apparatus (BAF 400D) using gold specimen supports for
double replication. Specimens were cleaved at —110 °C under appropriate, high
vacuum conditions (<5 x 10~® mbar). Replication was achieved by shadowing with
2 nm platinum at an angle of 45° followed by 20 nm of carbon at 90°. Replicas were
incubated overnight in 50% chromosulfuric acid, rinsed 6 times in HPLC purified
distilled water and mounted on Formvar coated nickel grids. High-resolution digital
micrographs of the freeze fracture replicas were acquired as described above.

2.6. pH-dependent disassembly of fluorinated PAMAM dendrimer-based particulates

Disassembly of fluorinated PAMAM(G3) dendrimer-based particulates was moni-
tored by absorbance at 225 nm on a SpectraMax M5 cuvette reader [Molecular Devices]
equipped with SoftMax Pro 4.8 processing software. One and one half milligrams of
fluorinated PAMAM(G3) particulates were delivered to a quartz cuvette charged with
1 mL of either 20 mw citrate buffer at pH 7 or pH 5. Suspensions were mixed manually
prior to each scan for a 30-minute duration. At t = 30 min, 25 pLof 1 N HCl were delivered
to the pH 7 suspension to initiate and terminate denaturation. Reference spectra were
collected for each respective buffer to establish an appropriate baseline. The raw data for
pH 5 was fit with the “sigmoidal dose-response (variable slope)” function given by:

(Ymax - YO)

Yo + 1 oleaECo 0

(1)
where ECsg is the midpoint between Yy and Ymax and H is the Hill coefficient. Similar
measurements at pH 7, 6, 5 and 2 were also performed with fluorinated PAMAM(G3)
dendrimer-based particulates by monitoring absorbance at 600 nm. Dispersion
represents an increase in optical density (ODggp), where disassembly and solubili-
zation represent a decrease in ODggo. The raw data for pH 7 was fit with the “one
phase exponential association” function given by:

Ymax, (] - expfk‘x) (2)

with the constraint that K; >0, and the raw data for pH 6, 5, and 2 was fit with the
“one phase exponential decay” function given by:

Ymax, (expfk‘x) (3)

with the constraint that K; >0. All of the raw data fits were performed with the
Prism V4.0b software suite [GraphPad].

2.7. Zeta potential measurements

Two milligrams of fluorinated PAMAM(G3) dendrimer-based particulates were
dissolved into 2 mL of 20 mw citrate buffer prepared at either pH 7.0, 5.0, or 2.0, thor-
oughly mixed, and allowed to equilibrate. Zeta potential measurements were obtained
with a ZetaPALS instrument [Brookhaven Instruments Corporation]. Equilibrium
measurements were collected manually by averaging ten runs comprised of twenty
cycles per run.

2.8. Encapsulation of small molecules by fluorinated PAMAM(G3)
dendrimer-based particulates

Twenty-five milligrams of PAMAM(G3) starburst dendrimers were dried in
a 24 mL glass scintillation vial. The dendrimer was then dissolved into anhydrous
DMSO to a 5 mg/mL final concentration. This solution was charged with 250 molar
equivalents of TEA and 25 molar equivalents of HFAA. The reaction mixture was
agitated vigorously on an orbit shaker for 2 h at 25 °C. An equivolume aliquot of
0.4 mg/mL Rhodamine B [Acros Organics] in djH,O was added to the fluorinated
PAMAM(G3) dendrimer reaction mixture and mixed vigorously to yield a cloudy,
pink precipitous suspension. Subsequent heating in a 100 °C water bath for ~1h
yielded an aggregated pink precipitate that was adherent to the glass surface. The
supernatant was decanted and the precipitate washed eight times with two volumes
of diH,0 to remove excess Rhodamine B. The precipitate was lyophilized for 24 h.

2.9. Controlled release kinetic analysis

Each of three 1kDa molecular weight cut off dialysis columns [Amersham
Biosciences] were charged with 2.75 mg of Rhodamine B encapsulated fluorinated
PAMAM(G3) particulates and 500 pL of 20 mwm citrate buffer prepared at either pH
7.0, 5.0, or 2.0. Each column was dialyzed against 15 mL of 20 mw citrate buffer with
corresponding pH with stirring at 25 °C in the dark for 48 h. 100 pL aliquots were
removed from the 15 mlL dialysis buffer reservoir in time and transferred to
a Microtest black/clear bottom 96-well assay plate [BD Biosciences]. Immediate
endpoint fluorescence intensity measurements (Ex. 540 nm/Em 625 nm) were

performed on a SpectraMax M5 plate reader [Molecular Devices] equipped with
SoftMax Pro 4.8 processing software. The raw data was fit with the “two phase
exponential association” function given by:

Ymax, (1 - expiklx) + Ymax, (1 — exp*kzx) (4)

with the constraints that Ymax, and Ky and K; > 0.

2.10. Analysis of cytotoxicity

Fluorinated PAMAM(G3) particulates, PAMAM(G3), PAMAM(G4), and
PAMAM(G6) were suspended in 1x PBS at a final concentration of 2 mg/mL and
subsequently UV-sterilized for 10 min. 200 pL aliquots of each were plated sepa-
rately in triplicate on 96-well plates and serially diluted by 100 pL aliquots of
complete medium. Sterile 1x PBS and 10% w/v NaN3 were plated in duplicate and
serially diluted, as described above, to establish a positive and negative control,
respectively. Chinese hamster ovarian (CHO) cells were adjusted to 1 x 10° cells/mL
in complete medium. Per well, 1 x 10° CHO cells were plated and incubated at 37 °C
for 4 h. Cell viability was analyzed via the Cell Titer Blue fluorescence assay
according to the manufacturer’s protocol [Promegal.

2.11. T1 relaxation kinetics

Suspensions of fluorinated PAMAM(G3) particulates at 5 mg/mL were prepared
in each of three 20 mm sodium citrate buffers prepared at pH 7.0, 5.0, and 2.0,
respectively. Suspensions were sonicated in a Model 50D water bath sonicator
[VWR] to disperse the particulates and placed on a rototorque [LabQuake] for 18 h to
engage disassembly. Individual phantoms were prepared in 5-mL polypropylene
tubes by addition of 20% w/v gelatin and placed into a volume radio-frequency (RF)
coil with an inner diameter of 1 cm and a length of 1.5 cm. T1 relaxation times were
obtained using the method of progressive saturation. Signal amplitudes were fit to

S = Smax(1 — exp[ — (Tg/T1)]) (5)

where Ty is variable repetition time.

2.12. Gelatin phantom '°F chemical shift imaging

A 250 pL aliquot of 10% w/v gelatin solution prepared in 1x PBS was delivered to
a5 mL polypropylene tube to establish a blank gelatin phase. A 20 mg/mL suspension
of fluorinated PAMAM(G3) particulates was prepared in 1x PBS. A 250 pL aliquot of
the suspension was charged with 250 pL of 20% w/v gelatin solution and delivered to
the 5mL polypropylene tube to establish a sample-containing gelatin phase;
however, upon solidification, the particulates were observed to aggregate and settle
in the center of the meniscus of the blank gelatin phase. The layered system was
capped with a blank gelatin phase by the addition of a 250 pL aliquot of 10% w/v
gelatin solution. Imaging was performed with a cylindrical volume (1 cm diame-
ter x 1.5 cm) RF coil that could be tuned to either 170.5 MHz for 'H or 160.5 MHz for
19F, The layered phantom was positioned in a 4.0 T 80-mm horizontal bore imaging
system (Bruker). A 'H image was acquired using a 2DFT spin-echo sequence with TR/
TE = 500/10 ms and 128 x 128 image points. An '°F image was acquired by chemical
shift imaging (CSI) sequence, centered on the CF3 resonance, with TR =500 and
128 x 32 x 32 image points. Two millimeter-thick coronal slices were acquired for
both 'H and °F with exactly the same coordinates. The number of averages was 1 and
8 for the 'H and '°F images, respectively, and the total imaging time was 4 h.

2.13. Magnetic resonance °F chemical shift imaging

Experiments were performed in accordance with the regulations set by the Yale
Animal Resource Center (YARC). MRI experiments were carried out on a female B6
mouse, 7-8 weeks of age, which was maintained in the animal facilities of the
Malone Engineering Center at Yale University. The mouse was anaesthetized by an
intraperitoneal (i.p.) injection of ketamine in PBS, intubated, and connected to
a mechanical ventilator delivering a mixture of O/Ny/isofluorane to maintain
anesthetic effects and viability. The inferior vena cava (IVC) of one mouse was
surgically catheterized before the liver with a 10 pm-diameter polypropylene tube
connected to a syringe. The mouse was positioned in a 4.0 T 80-mm horizontal bore
imaging system [Bruker] and the torso anatomy was imaged immediately using
a single turn 3 cm x 3 cm surface RF coil that could be tuned to either 170.5 MHz for
H or 160.5 MHz for '°F. The anatomical images of the torso were acquired with 4
transverse slices through the liver and kidney regions using a respiratory-gated
gradient echo sequence with TR/TE =400/4.9 ms and 256 x 256 imaging points.
Using the setup described above, 200 uL of a 20 mg/mL solution of PEGylated
fluorinated PAMAM(G3) particulates in 100 mm borate buffer pH 9.0 was slowly
injected intravenously (i.v.) and imaged immediately. '°F CSI images were acquired
with selection for the CF; resonance, with TR =400 ms and 256 x 64 x 64 image
points. Two millimeter-thick slices were acquired for both 'H and '°F with exactly
the same coordinates. The number of averages was 1 and 8 for the 'H and '°F images,
respectively, and the total imaging time was 4 h.
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2.14. F chemical shift image processing

19F CSI data and associated 'H anatomical data were transferred to a workstation
and reconstructed by a simple fast Fourier transform technique using Biolmage Suite
software. The CF3 resonance was identified manually and the spectrum around the
peak was integrated to construct the fluorine image. Fluorine images were then
overlaid onto corresponding anatomical maps.

3. Results and discussion

3.1. Synthesis and characterization of fluorinated PAMAM
dendrimer-based particulates

PAMAM(G3) dendrimers were covalently modified with 15
heptafluoroacyl groups by reaction of the amine surface with hep-
tafluorobutyric acid anhydride (HFAA) in the presence of triethyl-
amine (TEA). These products were subsequently extracted into water
to initiate the fluorophobic effect (Fig. 1). With sufficient thermal
energy, we observed spontaneous aggregation of the fluorinated
PAMAM dendrimers. Scanning electron microscopy revealed the
formation of spherical particulates (Fig. 1f). Given that fluorophobic
interactions provided the cohesive forces driving aggregation,
a densely packed sphere was expected. Transmission electron
microscopy (TEM) of the particulates confirmed this densely packed

a b
+ e-0-e TEA
DMSO
_—
3.6 nm
d e

configuration (Fig. 1g). Further, TEM of a freeze fracture replica of the
particulates revealed a matrix-like internal structure composed of
nanoscale subunits of 10-20 nm, which we hypothesize to be the
partially fluorinated dendrimer subunits (Fig. 1h).

3.2. Control of the self-assembly of fluorinated PAMAM
dendrimer-based particulates

To investigate the optimal set of fluorination conditions neces-
sary for the formation of stable particulates, we chose to examine
the effects of manipulating the fluorine-to-amine ratio of the
fluorinated dendrimer. First, we varied the perfluoroalkyl chain
length of the acylating agent used to modify PAMAM(G3) den-
drimers (Table 1). We found that dendrimers modified with PFAA
required a two-fold higher fluorine-to-amine ratio to enable the
formation of stable particulates when compared to those modified
with HFAA, while those modified with TFAA failed to yield visible
precipitous aggregation. Next, we varied the extent of the fluori-
nation by controlling the stoichiometric ratio of HFAA to
PAMAM(G3) or PAMAM(G6) dendrimer (Table 1) and observed that
insufficient fluorination led to the formation of disordered archi-
tectures. Finally, it was observed that particulates could be formed
with both PAMAM(G3) and PAMAM(G6) dendrimers modified with

| .
b a —

Fig. 1. Self-assembly model of fluorinated, PAMAM(G3) dendrimer-based particulates. Fifteen primary amines on the surface of (a) PAMAM(G3) starburst dendrimers were
functionalized through reaction with (b) HFAA to yield (c) heptafluoroacylated PAMAM(G3) terminal branches. The blue sphere and the branch terminus represent the hepta-
fluoroacyl substituent and the terminal primary amine, respectively. The (d) randomized mixture of partially fluorinated dendrimers aggregated in aqueous environment and
formed (e) self-assembled particulates with the addition of sufficient thermal energy (100°C for 1 h). The cross-sectional diameter of the particulate in (e) illustrates the densely
packed internal network of partially fluorinated dendrimers. (f) Scanning electron micrograph of the fluorinated PAMAM(G3) dendrimer-based particulates formulated with 5 mg/
mL initial concentration of PAMAM(G3) dendrimers and 25 molar equivalents of HFAA. Scale bar is 10 um. (g) Transmission electron micrograph of 80-nm-thick cross-section of the
particulates in (f) treated with 1.0% 0OsO,4, embedded in Embed-812 epoxy, and stained with uranyl acetate and lead citrate. Scale bar is 1 pm. (h) Transmission electron micrograph
of a freeze fracture replica of the particulates in (f) depicting a dense matrix-like internal structure upon cross-fracture. Scale bar is 500 nm.
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15 and 38 heptafluoroacyl substituents, respectively. This suggests
that a geometrical constraint with respect to the presentation of the
perfluoroalkyl substituents on the dendrimer surface might play
arole in particulate formation. These observations strongly suggest
that fluorophobic interactions drive the particulate self-assembly.
We also note that an optimal set of fluorination conditions neces-
sary for the formation of stable particulates exists. These qualitative
results establish that the driving force responsible for the self-
assembly of the particulates is the fluorophobic effect.

Thermal energy also plays a critical role in self-assembled
systems driven by non-covalent interactions because of the necessity
to surmount entropic costs. By independently varying the temper-
ature, we determined that a critical temperature (Tc) of 50 °C existed
(Fig. 2a). At temperatures below this critical point, initial aggregation
resulted in disordered precipitation, rather than particulate forma-
tion. In conjunction with the results above, we demonstrate that
thermodynamic control governs the formation of these particulates.

The nucleation and aggregation responsible for particulate
formation is driven by a critical coagulation concentration (C.C.C.)
described by the equation:

(47e0)30.107¢3(kT)>Z4

ccc = 5
NaA2(ze)

(6)

where k is Boltzman’s constant, T is temperature, Z is zeta potential,
z is charge, ¢, is the permittivity of free space, ¢; is , Np is Avagadro’s
number, and A is an arbitrary constant [26]. To examine the

a T,=50°C

o
\

.F'

C  [PAMAM(G3)]

o | B B
o | B B B

pH 2 pH7  pH12 ~
Phosphate buffered pH
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colloidal properties of this assembly, we chose to manipulate
specific parameters of this equation. Since partial fluorination
renders unreacted primary amines susceptible to protonation, we
chose to adjust the pH of the reaction mixture to control the zeta
potential (Table 2). In buffered and unbuffered conditions, we
noticed a trend consistent with Equation (6). In unbuffered condi-
tions particulate formation was observed at pH >10.0 (Fig. 2b), thus
the higher zeta potential created at lower pH resulted in an increase
to the C.C.C. For phosphate buffered conditions the zeta potential at
pH >7.0 enabled particulate formation (Fig. 2c). The slight
discrepancy in the critical point for pH was largely due to the
presence of the buffering salts. Consistent across both sets of
conditions, particulate formation at the zeta potential created at
low pH would require elevated initial dendrimer concentrations to
compensate for increases in the C.C.C. To determine the effects of
charge on particulate formation, we utilized the aqueous addition
of salts comprising -1 and -2 charged counterions to facilitate
control over the reaction mixture charge (Table 2). Here, we also
noted a trend consistent with Equation (6). Increasing the anionic
charge of the salt counterion enabled particulate formation at
lower initial dendrimer concentrations (Fig. 2d).

3.3. Control over the size of fluorinated PAMAM(G3) dendrimer-
based particulates

One of the advantages of this assembly process is that modulation
of the initial dendrimer concentration can easily control the particulate

b pH10

d [PAMAM(G3)]

A
10 mg/mL @ @
5 mg/mL @ @
2.5 mg/mL @ @
1 mg/mL @ @
141 i~
lonic Charge

Fig. 2. Colloidal properties of fluorinated, PAMAM(G3) dendrimer-based particulates. (a) The critical temperature (T.) required for formation of stable particulates was determined
to be 50 °C. The gray spheres and disordered fragments are representations of the inset SEM images of the particulates and disordered architectures, respectively. Scale bars are
10 pum. Effects of (b) unbuffered and (c) phosphate buffered pH environments on the C.C.C. and particulate formation. (d) Effects of counterion charge on the C.C.C. and particulate

formation.
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diameter. We demonstrated this by varying the concentration of
PAMAM(G3) dendrimer fluorinated with 25 molar equivalents of
HFAA (Fig. 3). An initial concentration of 10 mg/mL of fluorinated
PAMAM(G3) dendrimer provided adequate nucleation and aggrega-
tion for the formation of large (~3 pum) polydisperse particulates
(Fig. 3a). Decreasing the initial dendrimer concentration toward the
C.C.C. both decreased the particulate size and dramatically narrowed
the polydispersity (Fig. 3b and c). Aggregation at 1 mg/mL generated
fused and disordered architectures and no formation of particulates
was observed in the absence of the dendrimer. Increasing the den-
drimer generation while maintaining the same extent of fluorination
has negligible effects on particulate size distribution (data not shown).

3.4. Fluorinated PAMAM(G3) dendrimer-based particulates
are pH-responsive

Since these dense particulates are formed by aggregation of the
heptafluoroacyl substituents due to the fluorophobic effect, we
reasoned that these assemblies might exhibit sensitivity to the pH
of the external environment. This is because partial fluorination of
the dendrimer subunits results in interspersed amines that may be
protonated at low pH, inducing electrostatic interactions that could
surmount the fluorophobic-driven stability of the particulate and
elicit disassembly via a repulsion event.

To investigate the effect of pH on these particulates, we inferred
that the disassembly could be monitored intrinsically by following

a

40-
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the absorption wavelength of the characteristicn — w* transition of
the amide bond (Amax =225 nm). This is because the disassembly
event would effectively expose the hidden amide bonds either
inherent to the dendrimer core or resultant of the reaction of the
perfluorocarboxylic acid anhydride with PAMAM(G3) amine
surface (Fig. 1). Similarly, we deduced that the disassembly could
also be monitored globally by following changes in bulk solution
dispersivity at an optical density of 600 nm (ODggg). This is because
dispersion of intact particulates would result in an increase in
ODggo, Whereas their disassembly and subsequent solubilization
would cause a decrease in ODggp. By these methods, we observed
that fluorinated PAMAM(G3) particulates were indeed sensitive to
pH changes of the external environment, as their disassembly was
strongly dependent on pH (Fig. 4a-c). This disassembly event was
determined to be irreversible.

Further, to establish that the electrostatic repulsive forces were
indeed responsible for driving particulate disassembly, we examined
the zeta potential of particulates following exposure to different
external pH environments. We observed a positive increase in zeta
potential with decrease in external pH (Fig. 4d), demonstrating that
electrostatic repulsion disrupts particulate stability.

3.5. pH-induced controlled release of small molecules

The inherent pH-responsive capabilities of these particulates
in the range of 7-5, in concert with their size, have attractive
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Fig. 3. Dependence of particulate size on initial fluorinated PAMAM(G3) dendrimer concentration. PAMAM(G3) dendrimers at initial concentrations of 10, 5, 2.5 and 1 mg/mL were
fluorinated with 25 molar equivalents of HFAA. Particulates were formed from fluorinated PAMAM(G3) dendrimers at (a) 10 mg/mL, (b) 5 mg/mL, and (c) 2.5 mg/mL by heating at
100°C for 1 h. Particulate size distributions were determined for (d) 10 mg/mL, (e) 5 mg/mL, and (f) 2.5 mg/mL formulations using NIH Image] software. The mean particle diameters
calculated were 3.3 + 1.4 um, 1.2 + 0.4 um, and 0.7 + 0.2 um for (a)-(c), respectively. Scale bars are 10 pm.
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Fig. 4. Effects of external pH on fluorinated, PAMAM(G3) dendrimer-based particulates. (a) Spectrophotometric determination (Amax =225 nm) of the intrinsic disassembly of
fluorinated PAMAM(G3) dendrimer-based particulates at pH 5. (b) The particulates were stable at pH 7 and only disassemble upon sensing a low pH environment indicated by the
addition of 1 N HCL. (c) Spectrophotometric determination (OD = 600 nm) of the global disassembly of fluorinated PAMAM(G3) dendrimer-based particulates at pH 7, 6, 5 and 2.
Particulate disassembly was observed to be irreversible. (d) Equilibrium zeta potential measurements of fluorinated PAMAM(G3) dendrimer-based particulates following exposure

to pH 7, 5, and 2 external environments.

applications for drug delivery. To investigate these applications,
we encapsulated the fluorescent dye Rhodamine B as a model
small molecule drug. We observed that the pH-induced disas-
sembly resulted in controlled release of the encapsulated dye,
with faster release kinetics in lower pH environments (Fig. 5). At
pH 2, the release kinetics were approximately 2-fold faster than
at pH 5 and 4-fold faster than at pH 7. These data demonstrate
that fluorophobic effect-driven dendrimer self-assembly produces
pH-responsive particulates, an important feature for drug
delivery.

3.6. °F magnetic resonance imaging in vivo

19F MRI is a powerful noninvasive imaging modality because of
negligible fluorine background from surrounding tissue. A critical
limitation of this technique has been the ability to generate agents
that comprise short T1 relaxation times for fast acquisition and
offer sufficient signal-to-noise for detection. To date, these criteria
have been met by either liposomes encapsulating perfluorocarbons
[27] or liquid perfluorocarbon nanoparticles [28-34]. For example,
cells loaded with perfluorocarbon nanoparticles comprising >10"?
fluorine spins per cell were sufficient for detection [28]. Since the
self-assembly we observed was mediated by covalent attachment
of perfluoroalkyl substituents to the surface of PAMAM dendrimers,
we exploited this high fluorine spin density to noninvasively image
the site-specific accumulation of the particulates with '°F MRI. In
this work, we performed the MR experiments with chemical shift

imaging (CSI) [27,35] centered on the CF3 resonance. Since '°F CSI
reports only on the detection of the fluorinated particulates,
collection of a spatially and geometrically identical proton ('H)
image is necessary to obtain an appropriate anatomical map for
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Fig. 5. Stimulus-induced controlled release of small molecules. Controlled release
profiles for pH-dependent release of Rhodamine B over 48 h. Half-life; values obtained
from the two phase exponential association fits of 33.32 h, 17.05 h, and 8.131 h for pH 7,
pH 5, and pH 2, respectively, were observed to follow the trend consistent with the pH-
dependent disassembly. - ¥ - represents pH 2, - @- represents pH 5, and - M- repre-
sents pH 7.
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fluorine localization. To establish the sensitivity of this technique,
a gelatin-based phantom containing a localized compartment of
5 mg of fluorinated PAMAM(G3) particulates was used for imaging
with 1°F CSI. The overlay of the 1°F CSI image and its corresponding
'H image (Fig. 6a—c) demonstrates the capability of observing site-
specific accumulation of fluorinated PAMAM(G3) particulates.
After demonstrating that the particulates possess a compa-
rable biocompatibility profile to PAMAM Generation 6 den-
drimers (Fig. 6d), we monitored their accumulation in vivo
following i.v. injection into the mouse systemic circulation by '°F
CSIL. Prior to injection, the particulates were surface-modified
with poly(ethylene glycol) (PEG) to enhance their circulation and
transport properties in blood [36]. Particulates remain in the
systemic circulation and are efficiently filtered by the liver

(Fig. 7).
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3.7. pH-induced changes in the magnetic resonance relaxivity
of fluorinated PAMAM(G3) dendrimer-based particulates

Particulate stability as a function of external microenvironment
pH was assessed by probing the inherent lineshape characteristics
and T1 relaxivity of the fluorinated PAMAM(G3) particulates’ CF3
resonance following dispersion into different physiologically rele-
vant pH compartments: pH 7.4, 5.0, and 2.0. We observed a narrowing
of the full-width at half-maximum from ~300 Hz to ~100 Hz that
correlated with altering the pH environment from physiological pH to
low pH (data not shown). Further, we observed strong pH-depen-
dence in the T1 relaxation rates, as the inherent T1 relaxation time
significantly increased with decreasing pH (Fig. 8a), indicating that
the particulates maintain a stable and rigid structure of densely
packed heptafluoroacyl substituents at physiological pH (Fig. 1) that
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Fig. 6. Imaging with '°F MRI and biocompatibility. The overlay of the (a) '°F CSI image and (b) 'H image of the layered gelatin phantom illustrating the sensitivity for detection of
fluorinated PAMAM(G3) particulates is presented in (c). Images were reconstructed by a fast Fourier transform technique using Biolmage Suite [37]. The cytotoxic effects of 30 pg/
mL fluorinated PAMAM(G3) particulates were compared to the effects of 30 pg/mL of PAMAM generations 3, 4, and 6 on Chinese hamster ovarian (CHO) cells (d).
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Fig. 7. Noninvasive imaging with '°F MRI. The inferior vena cava (IVC) of female B6 mouse was surgically catheterized just below the level of the liver to enable intravenous (i.v.)
injection of 4 mg of PEGylated, fluorinated PAMAM(G3) particulates. The overlay of the (a) '°F CSI image and (b) 'H image illustrating the presence of the PEGylated particulates in
the mouse kidney vasculature after i.v. injection into the IVC is presented in (c). The overlay of the (d) 'F CSI image and (e) 'H image illustrating the filtration of the PEGylated
particulates in the mouse liver after i.v. injection into the IVC is presented in (f). Images were reconstructed by a fast Fourier transform technique using Biolmage Suite [37].
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Fig. 8. Fate of the fluorinated PAMAM(G3) particulates following exposure to low pH compartments. (a) pH-dependence of T1 relaxation times observed by '°F magnetic resonance
spectroscopy indicate a stable, rigid fluorine network within the particulate at physiological pH that is disrupted at low pH. - ¥ - represents pH 2.0, - @ - represents pH 5.0, and - -
represents pH 7.0. (b) Scanning electron micrograph of fluorinated PAMAM(G3) particulates. (c) Scanning electron micrograph of fluorinated PAMAM(G3) particulates following
treatment with 20 mw citrate buffer at pH 2 and subsequent dialysis against water. Particulate disassembly was observed to be irreversible. Scale bar is 10 pm.

isdisrupted upon exposure to low pH environments. This observation
was confirmed by SEM (Fig. 8b and c).

4. Conclusions
Covalent attachment of perfluoroalkyl substituents to the surface

of PAMAM dendrimers mediates self-assembly into a complex
system with unique and adjustable physiochemical properties. Self-

assembly by partial fluorination of nanoscale dendrimer units
preserves dendrimer features that are important for biomedical
applications, while introducing new functionalities. A distinct
feature of this system is the intrinsic imaging component that
enables noninvasive monitoring of particulate trafficking in vivo.
Further, the stimulus-induced response to subtle changes in pH
makes possible targeting drug to or imaging capabilities of low pH
physiological compartments.
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Appendix. Supplementary data

Supplementary data associated with this article can be found in
the on-line version at doi:10.1016/j.biomaterials.2009.04.014.

Appendix

Figures with essential colour discrimination. Parts of Figs. 6 and
7 of this article are difficult to interpret in black and white. The full
colour images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2009.04.014.
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