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Ease of Synthesis, Controllable Sizes, and In Vivo Large-Animal-Lymph
Migration of Polymeric Nanoparticles
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Yolonda L. Colson,*[c] and Mark W. Grinstaff*[a]

Nanoparticles (NPs) are finding ever-increasing uses in a wide
range of fields including photonics, catalysis and medicine,
and identification of new compositions and synthetic methods
is key to the continued discoveries with these materials. Within
the medical arena, NPs are being investigated for drug delivery
and medical imaging applications.[1–8] Our efforts are focused
on exploring synthetic procedures that will enable a greater di-
versity of polymer compositions, encapsulants and sizes, and
thus greater resultant NP utility. We recently reported the
preparation of responsive NPs from an acrylate monomer for
the triggered release of paclitaxel.[9] Here we further expand
upon this synthetic approach and the use of two free-radical
polymerization initiation methods. Both of these mild, room-
temperature reactions allow for a range of monomers to be
used and for control of particle size. As our interest lies in the
diagnosis and treatment of lung cancer at its various stages,
including metastases, we evaluated these NPs for lymphatic
migration in a large animal.

NPs were prepared using a miniemulsion polymerization
technique,[10–12] which combines high-energy emulsification
and free-radical polymerization of an acrylate monomer and
crosslinker. This is in contrast to the more common solvent
evaporation method for synthesizing NPs (e.g. , poly(lactic acid-
glycolic acid) NPs),[13–19] which uses a previously synthesized
polymer. Both photoinduced and base-catalyzed reactions
were explored to initiate the free-radical polymerization. Spe-
cifically, NPs were prepared from monomers 1–5. The mono-
mers were synthesized in good to high yields (59–88 %) by re-
acting the primary hydroxy, secondary hydroxy or primary
amine with methacryloyl chloride or methacrylic anhydride.
The complete synthetic protocols can be found in the Support-
ing Information. These structures are representative of the di-
verse range of monomers that can be designed, synthesized

and used to prepare NPs with specific properties, including
those monomers based on a carbohydrate (glycerol), an amino
acid (serine), and a fluorescent dye (coumarin). This NP proce-
dure is also amenable to working with a variety of common
chemical linkages, such as esters, amides, ethers, carbamates
and acetals, which are present in our monomers.

To prepare the NPs, the monomer (1–5) and a crosslinker
(1,4-O-methacryloylhydroquinone, 6) were dissolved in a small
amount of dichloromethane. The miniemulsion was formed by
adding this organic solution to an aqueous solution of the sur-
factant sodium dodecyl sulfate (SDS) and sonicating the mix-
ture under an argon blanket (Figure 1). Next, the free-radical-
initiation system was added. When using the photochemical
initiation method, eosin Y dye, 1-vinyl-2-pyrrolidinone, and tri-
ethanolamine were added to the emulsion, followed by irradia-
tion under a xenon arc lamp. When using the base-catalyzed
reaction, ammonium persulfate (APS) and N,N,N’,N’-tetramethyl-
ethylenediamine (TEMED) were added to the emulsion while
stirring under an argon blanket. Both initiation methods allow
polymerization to be carried out under mild conditions at
room temperature. The base-catalyzed initiation method also
allows particles to be synthesized in the absence of light—criti-
cal when working with photosensitive monomers or encapsu-
lants. Following polymerization using either method, the resul-
tant NP suspensions were stirred overnight while open to the
atmosphere to allow the remaining organic solvent to evapo-
rate. The NPs were then dialyzed against phosphate buffer
over two days to remove excess surfactant and salts. Dynamic
light scattering (DLS) measurements revealed suspensions of
relatively monodispersed, small-diameter NPs prepared from
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monomers 1–4. Images obtained with scanning electron mi-
croscopy (SEM) show the spherical shape and smooth mor-
phology of particles prepared with SDS (NPs composed of mo-
nomer 1 see Figure 1; NPs composed of monomers 2–4 see
Figure 2). As shown in the micrographs, the size of the NPs
was dependent upon which monomer was used.

We also altered our experimental conditions to prepare NPs
of various sizes. As shown in Table 1, the amount of SDS used
when synthesizing NPs from monomer 1 was varied between
0.5 and 5 mg, thus enabling the synthesis of NPs with an aver-
age diameter as large as �200 nm and as small as �50 nm, re-
spectively. Control of NP size depends not only on the particle
composition, but also on the amount of surfactant present in
the aqueous phase.

Next, pyrene was encapsulated within the NPs prepared
from 1 as a model fluorescent molecular probe. Pyrene has an
emission spectrum that contains five peaks. The relative inten-
sities of the peaks I and III can be used to measure the local
hydrophilicity/hydrophobicity of the pyrene environment.[20]

Pyrene encapsulation was accomplished by adding pyrene
(3 % w/w monomer) into the organic solution of monomer
while performing the miniemulsion polymerization procedure.
The resulting particle suspension in water was excited at a
wavelength of 321 nm, and the emission was recorded over

the range of 360–550 nm. The encapsulated pyrene signal had
a peak I/III ratio of 1.24, characteristic of a more hydrophobic
medium than water, as the peak I/III ratio in water is 1.96.[20]

This result confirmed entrapment of the dye within the hydro-
phobic NP (Figure 3).

The detection and subsequent treatment of lymph node
metastases in patients is critically important for reducing mor-
bidity and mortality.[21–23] Significant advances have been made
in the detection of lymph node metastases using NPs. For ex-
ample, superparamagnetic iron oxide NPs (1= 30 nm) admin-
istered via intravenous injection will reach the lymphatic
system and be transported to the lymph nodes in animals and
patients. These lymph nodes can then be imaged using mag-
netic resonance imaging to determine the site of metasta-
ses.[24–26] There have also been reports describing the use of
polymeric NPs, and this approach offers several opportunities
for lymphatic imaging and drug delivery.[27–38] These previous
studies were conducted using small-animal models (e.g. , injec-
tion into a rat footpad or mouse tail), where the migration dis-
tances are limited. For our in vivo lymphatic migration studies,
we synthesized NPs with a diameter of �50 and 120 nm from
monomer 1 and the coumarin monomer 5 (5 % w/w monomer
of 1) loaded with the near-infrared (NIR) dye IR-786, using the
base-catalyzed method. The emission spectrum of the resulting
dual-labeled NPs is shown in Figure 3. Since the lmax for emis-
sion is distinct for the two dyes, we were able to perform local-
ization studies of the NP and encapsulant. Specifically, the NPs
were injected subcutaneous into the breast of fully anesthe-
tized Yorkshire pigs (n = 4). The animals were imaged with a
FLARE NIR imaging system 24 h later using a previously de-
scribed method.[39] Migration was observed for the �50 nm
NPs only. These NPs migrated over 20 cm to the regional drain-
ing lymph nodes within the neck or inguinal regions. As
shown in Figure 4, the near-infrared, color-fluorescence-

Table 1. Summary of the different sizes of NPs synthesized from mono-
mer 1 as determined by DLS and SEM.

Entry SDS [mg] Diameter [nm]
via DLS via SEM

1 0.5 215 182
2 2.5 134 110
3 5 61 40

Dynamic light scattering (DLS); nanoparticle (NP); scanning electron
microscopy (SEM); sodium dodecyl sulfate (SDS).

Figure 1. Schematic representation of NP synthesis. The organic monomer
solution is emulsified in an aqueous surfactant solution using sonication,
followed by free-radical polymerization.

Figure 2. SEM micrographs of particles prepared from monomers 2–4, in
panels A–C, respectively. Scale bar = 200 nm.
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merged image clearly shows delivery of the fluorescent NPs to
the draining sentinel lymph node (SLN) from the injection site
within the breast. Upon surgical removal of the sentinel lymph
node and histological analysis with fluorescent microscopy,[40]

we observed colocalization of the fluorescence signals of the
coumarin and IR-786 dye within the SLN confirming delivery of
the IR dye via the NP (Figure 4 B–D). Our study demonstrates

that polymeric NPs are effective at migrating over large distan-
ces, which is critical for eventual human use.

In summary, we have synthesized polymeric NPs using a va-
riety of monomers under mild conditions. This miniemulsion
polymerization system allows different monomers and encap-
sulants to be easily combined, in addition to enabling the
preparation of particles of different sizes. The room tempera-
ture, mild photoinduced or base-catalyzed polymerization
methods also allow sensitive molecules, such as dyes, to be en-
capsulated. For example, NIR-dye-loaded NPs for lymphatic mi-
gration and lymph node localization were synthesized and suc-
cessfully used in a large-animal model. Continued research in
this area will increase our repertoire of materials and synthetic
procedures available for the design of application-specific NPs.
In the cancer arena, these investigations will facilitate the de-
velopment of new approaches to identify nodal disease, char-
acterize the extent of disease, and establish treatment regimes.

Experimental Section

NPs were prepared using a miniemulsion polymerization method.
Briefly, monomer 1, 2, 3, 4 or 5 (50 mg) and crosslinker 6 (0.5 mg)
were dissolved in CH2Cl2 (0.5 mL). This solution was added to a
10 mm aq buffer solution (2 mL) containing 0.5–5 mg sodium do-
decyl sulfate (SDS). This mixture was sonicated for 10 min (1 s
pulses with a 2 s delay; 35 W) under an argon blanket to create
the miniemulsion. When using the photochemical initiation
method, following sonication, a 20 mm aq eosin Y solution (20 mL)
and a 10 % v/v aq 1-vinyl-2-pyrrolidinone solution (4.27 mL) were
added to the emulsion. The mixture was then exposed to a xenon
arc lamp (300 W) for 20 min while stirring to initiate polymeri-
zation. Alternatively, when using the base-catalyzed reaction, fol-
lowing sonication, a 200 mm aq ammonium persulfate (APS) solu-
tion (20 mL) and N,N,N’,N’-tetramethylethylenediamine (TEMED)
(2 mL) were added to the emulsion and stirred under an argon
blanket for 2 h. Following polymerization using either method, the
suspension was then stirred overnight while open to the atmos-

Figure 3. A) Emission spectrum of NP-encapsulated pyrene (structure shown) with peaks I and III denoted. B) Emission spectra of NPs containing a covalently
bound coumarin dye (c) and an encapsulated near infrared dye IR-786 (c). Dye structures are shown above their respective spectrum.

Figure 4. A) Visualization of the sentinel lymph node (arrow) through the
skin of a live pig after injection of NPs loaded with IR-786 dye into the
breast (not shown). Invisible NIR fluorescent light was pseudo-colored in
lime green and superimposed on the color video image to produce this
merged image. The NPs have localized in the lymph node 24 cm from the
site of injection. The insert shows the fluorescent SLN after excision along
with a nonfluorescent, negative adjacent node. B) Histological analysis of
the lymph node confirms colocalization of C) encapsulated IR-786 and
D) coumarin-labeled NP within the SLN.
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phere to allow the remaining solvent to evaporate. The resulting
polymeric NPs were then dialyzed against 5 mm phosphate buffer
(pH 8.0) over 2 d to remove excess surfactant and salts.

All animal experiments were conducted in accordance with the
Beth Israel Deaconess Medical Center Institutional Animal Care and
Use Committee (BIDMC IACUC)-approved protocol.
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