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A new class of nanogel with controllable surface functionalization was developed and employed for targeting bone,
demonstrating modular biodistribution and affinity for the
marrow–bone interface. Nanogels, ∼70 nm in diameter and
composed of dextran, were synthesized via an astoichiometric
click-chemistry in-emulsion method to controllably display
residual, free clickable functional groups. Following intravenous injection in mice, nanogels localized in cervical lymph
nodes, liver, and the bone marrow cavities, observed in the
spine and femur. Functionalization of nanogels with a bisphosphonate ligand modulated this localization, reducing liver
uptake by 43% and effecting localization on the marrow–bone
interface. The targeting ligand resulted in significant nanogel
binding to hydroxyapatite (HA) molecules on the inner walls
of the marrow cavity in both cortical and trabecular bone and
reduced nanogel uptake into bone marrow F4/80-positive cells.
Targeted nanogels also depleted F4/80-positive cells within
bone marrow, suggesting anti-osteoporotic effects.
Bone diseases, such as osteoporosis, metabolic diseases, and
metastatic cancers, are common, but systems capable of targeting therapeutics to the bone remain limited.[1] Nanogels—

nanoscale, hydrogel networks—are a class of nanomaterials
with tunable chemical properties that facilitate targeting and
delivery to specific tissues. They are intrinsically porous and
can be loaded with small drugs or macromolecules by physical
entrapment, covalent conjugation, or controlled self-assembly.[2]
Nanogels based on biopolymers potentially benefit from their
low toxicity and biorecognitive properties. Dextran, a polysaccharide of glucose, can be recognized by C-type lectin receptors in myeloid cells and taken up by these cells.[3] Crosslinked
nanogels composed primarily of dextran have been synthesized
and usually contain other polymeric building blocks, such as
hydroxyl ethyl methacrylate, used for free radical polymerization.[4] Biodistribution of nanogels appears to be modulated in
part by the attachment of surface ligands, similar to behavior
of other nanoparticle types. For instance, the functionalization
of poly(2-N,N-(diethylamino)ethyl methacrylate) nanogels with
polyethylene glycol (PEG) results in a shift of distribution from
the liver and spleen towards the lungs and kidneys.[5] Nanogels
incorporating dextran have shown promise as delivery vehicles,[4] however, little related in vivo work has been conducted,
and no such work has been shown in bone tissue.
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The high concentration of the mineral hydroxyapatite (HA)
reaction between substituted dextrans was initiated with Cu+2
in bone represents a promising target for selective delivery.
and sodium ascorbate added to the aqueous phase before emulCalcium ions in HA are chelated by the bisphosphonate (BP)
sification with cyclohexane and a lipophilic surfactant. The
group, which is structurally analogous to endogenous inorganic
resulting nanogels were characterized by NMR upon dispersing
phosphate.[6] Systemic administration of BPs leads to deposiin deuterated water after purification. The spectra (Figure S1 of
tion of these molecules on bone tissues with minimal accuthe SI) exhibit diminished alkyne peaks and allow quantificamulation at other sites.[7] Bisphosphonates are used to treat
tion of the remaining excess alkyne groups. The alkyne-heavy
osteoporosis, metabolic diseases,[8] and they have been explored
particles contain a final alkyne ligand substitution ratio of 7.4%
for the targeting of radio-pharmaceuticals, estrogen, corticoids,
with respect to the total number of glucose subunits contained
anti-inflammatory agents, and proteins.[1,9] Polymers targeted
in the particle. The NMR spectra show negligible azido group
with bisphosphonate ligand have demonstrated bone-tissue
signal within both alkyne-heavy and azide-heavy nanogels,
localization.[10]
possibly due to low intrinsic signal strength of the group or
Herein, we introduce a facile method to produce nanogels
restricted ligand mobility due to preferential localization within
using click chemistry[11] with free groups for surface modifithe particle instead of on the surface.[13]
cation which we employed to target several tissues, including
Dynamic light scattering (DLS) measurements of nanogels
bone. The biopolymer dextran, modified separately with clickdispersed in PBS exhibit mean diameters of 67 nm and 86 nm
able alkyne or azide groups, was crosslinked within an inverse
for alkyne-heavy and azide-heavy particles, respectively, sugemulsion to result in nanoparticles with an excess of free unregesting relatively monodisperse particle sizes (Figure 1c). Transacted groups for subsequent conjugation. Both free clickable
mission electron micrographs (TEM) of alkyne-heavy nanogels
groups were used to control the nanogel surface and internal
show particles of homogenous electron densities with sizes
properties. The nanogels, with an average diameter of ∼70 nm,
between 20 and 40 nm (Figure 1d,e). These differences between
were characterizable via NMR, underwent enzymatic degradasize measurements in aqueous medium (DLS) and dry (election, exhibited negligible cytotoxicity, and demonstrated prefertron microscopy) are consistent with other nanogel types.[14]
ential uptake by macrophages in vitro. In vivo biodistribution
Nanogels were imaged by atomic force microscopy (AFM)
studies found that dextran nanogels localized in lymph nodes,
to confirm formation of crosslinked particles. Silicon functionliver, spine, and femur. Moreover, the bisphosphonate ligand
alized with an azido-silane compound (6-azidosulfonylhexylreduced nanogel uptake in the liver by 43%. While non-targeted
triethoxysilane) was used to promote alkyne-heavy nanogel
nanogels entered the bone marrow and were engulfed by F4/80attachment via cycloaddition conducted on the silicon surface.
positive cells in bone tissue, bisphosphonate-functionalized
Height measurements, conducted in air, show evidence of
nanogels exhibited reduced F4/80-positive cell uptake and
surface-adsorbed spherical particles which confirm the sizes
demonstrated binding to both cortical and trabecular bone
observed in the TEM micrographs (Figure 1f,g).
lining the marrow cavities. Although the
overall uptake into the F4/80-positive cells
decreased, a secondary beneficial effect noted
was F4/80-postive cell depletion, suggesting
an anti-osteoporotic capacity of the targeted
nanogels.
Nanogels composed of dextran were synthesized by initiating click chemistry within
an inverse emulsion and characterized by
several methods. Dextran polysaccharide
(MW = 10 000 Da) was modified via conjugation separately with a ligand bearing an
alkyne group or azido group (Figure 1a). The
alkyne-functionalized dextran (alkyne-dextran), characterized via NMR (see Figure S1
and Experimental Methods in the Supporting
Information (SI)), was synthesized with an
alkyne ligand substitution ratio of 11.7% per
glucose subunit, while azide-dextran exhibited a 4.6% substitution ratio (calculations
described in methods).
The nanogel particles were assembled by clicking the two modified dextran Figure 1. a) Dextran polymer precursors with alkyne or azide ligands for click chemistry.
polymers together in either a 3:1 or 1:3 b) Synthesis scheme for alkyne-heavy nanogels: alkyne- and azide–functionalized dextrans react
within an inverse emulsion. c) Dynamic light scattering (DLS) measurements of alkyne-heavy
alkyne-dextran:azide-dextran ratio within
(♦), bisphosphonate-functionalized (䊏), and azide-heavy (䉱) nanogels in phosphate-buffered
an inverse emulsion,[12] producing alkyne- saline (PBS). d,e) Transmission electron micrographs of alkyne-heavy nanogels. f,g) Atomic
heavy or azide-heavy particles respectively force micrographs of surface-bound alkyne-heavy nanogels. Microscopy was conducted in dry
(Figure 1b). The alkyne-azide cycloaddition conditions.
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The nanogels showed evidence of
enhanced degradation in the presence of dextranase. The nanogels, kept in pH 6.0 buffer
to maximize dextranase efficiency, swelled
to approximately 500% of their original size
within 6 days of dextranase introduction
(Figure 2a). This behavior is consistent with
other investigators’ nanogel systems which
demonstrate swelling as a result of the degradation of intra-particle crosslinks.[15] Particles
in dextranase-free buffer exhibited comparatively slight swelling behavior.
The astoichiometric excess of alkyne or
azido groups allowed nanogel post-functionalization with two different moieties. Alkyneheavy nanogels were functionalized with a
bisphosphonate-presenting group containing
a labile azido moiety, synthesized from alendronate precursor. The bisphosphonatefunctionalized nanogels exhibited little
change in size compared to unfunctionalized alkyne-heavy nanogels (Figure 1c),
with a peak diameter averaging 69 nm. The
minority clickable group was also present in
the nanogels and used for functionalization
with a second ligand. The azido group in
alkyne-heavy nanogels, although undetected
by NMR spectroscopy, was functionalized
with Alexa Fluor 647 containing an alkyne
moiety and resulted in fluorescent nanogels
post purification. The nanogels contained
approximately 0.3 nmol of fluorophore per
milligram of particles according to absorption spectrophotometry. Bi-functionalized
nanogels exhibiting both fluorophore and
bisphosphonate ligands contained 0.19 nmol
of fluorophore per milligram of particle.
A binding study demonstrates that bisphosphonate functionalization increases nanogel Figure 2. a) Dextranase degradation of nanogels at pH 6.0. Nanogel size increases by approximately 500%. All error bars equal one standard deviation. b) Fluorescently labeled alkyne-heavy
affinity to the bone mineral hydroxyapatite nanogel, and c) bisphosphonate-derivatized nanogel binding study to surface-bound hydroxya(Figure 2b–d). Hydroxyapatite, adhered to a patite particles. d) Bright-field image of hydroxyapatite particles. e) Fluorescence of nanogels
polystyrene surface, was interrogated with (FN) measured relative to hydroxyapatite particle area (AHA).
either dextran nanogels or bisphosphonatefunctionalized nanogels. Both nanogel constructs were conjugated to Alexa Fluor 647 fluorescent dye
over 90 images of confluent cells under each condition. The
using their minor (azido) clickable group. After 12 hours of
images were processed in order to measure total corrected fluoincubation, bisphosphonate-labeled nanogels exhibited signifirescence intensity per cell (Figure 3b). Bisphosphonate functioncantly higher binding to hydroxyapatite, as demonstrated by a
alization in nanogels attenuated cellular uptake by RAW264.7,
23% higher emission intensity on the hydroxyapatite particles,
as suggested by the 40% reduction in fluorescent intensity.
relative to alkyne-heavy nanogels, quantified by normalizing
Still, the fluorescent signal in these cells remained significantly
mean fluorescence to the hydroxyapatite-covered area.
higher than in HeLa and HepG2 cell lines. Nanogel-mediated
Dextran nanogels demonstrated higher uptake by macrocytotoxicity was evaluated using the MTS assay. For non-funcphages than epithelial cells and hepatocytes in vitro, and
tionalized nanogels, no measurable cell death was apparent in
they exhibited negligible cytotoxicity in all studied cell types.
RAW264.7, HeLa and HepG2 cell lines even at concentration
RAW264.7 cells (murine macrophage cell line) showed a 4-fold
as high as 1.8 mg/mL (Table S1 of the SI). Functionalization
increase in uptake of Alexa Fluor 647-labeled nanogels as comof bisphosphonate moieties in nanogels had a slight effect on
pared to HeLa or hepatocellular carcinoma (HepG2) cell lines
cytotoxicity, particularly in Raw264.7 and HeLa cells, which
(Figure 3a). In vitro measurements, collected in a 96-well plate
showed half maximal inhibitory concentration (IC50) values of
format via high-throughput confocal microscopy, resulted in
1.2 mg/mL and 1.5 mg/mL, respectively.
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Figure 3. Alkyne-heavy nanogels exhibit enhanced uptake by RAW 264.7 macrophages compared to HeLa and HepG2 cells. a) Quantified total fluorescence in three cell types computed from b) images of fluorophore-labeled nanogels taken with a high-throughput confocal fluorescence microscopy
system. Asterisks signify that means are significantly different (P < 0.0001)

In vivo, bisphosphonate-functionalized nanogels exhibited spinal localization and attenuation of liver accumulation
in murine biodistribution studies. Hairless SKH-1 mice were
intravenously (i.v.) injected via the tail vein with a single dose
of Alexa Fluor 647-labeled nanoparticles that were either nonfunctionalized or derivatized with a bisphosphonate ligand
(100 μL; 75 mg/kg body weight). In vivo imaging of mice harboring alkyne-heavy nanogels showed generalized fluorescence
in the body 24 h post-injection (Figure 4a; all mice shown in
Figure S2 of the SI). In the ventral view, a bright central fluorescent accumulation is apparent in the liver. In addition, pairs
of fluorescent spots appear symmetrically at locations known to
harbor cervical lymph nodes.[16] The dorsal image shows some
generalized fluorescence throughout the body with localization
in the body midsection and the centerline up to the head. For
comparison, un-crosslinked dextran polymer demonstrates similar lymph node and centerline accumulation without liver localization (Figure S3 of the SI). Of note, five days post-injection
of dextran nanogels, the in vivo whole-body fluorescence
attenuates markedly (Figure S4 of the SI). Mice injected with
bisphosphonate-functionalized nanoparticles exhibit attenuated fluorescence in the liver compared to non-functionalized
dextran nanoparticles. Dorsally, the mice exhibit a higher relative localization of fluorescence up the centerline of the animal,
especially at the midsection where the spine curves away from
internal organs.
Imaging of the harvested organs confirms spinal accumulation, as well as liver and kidney attenuation, of bisphosphonatefunctionalized nanoparticles compared to non-functionalized
dextran nanoparticles (Figure 4b, S5 of the SI). Fluorescence
quantification of whole organs by near-infrared imaging, shown
to closely approximate other techniques,[17] was conducted 24 h
after i.v. injection. Accumulation in femur for both types of nanoparticle is also appreciable and, notably, contrasts with wholeanimal imaging data which shows little apparent accumulation.
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In mice treated with bisphosphonate-functionalized nanoparticles, corrected fluorescent intensity significantly decreases in liver
and kidneys by approximately 43% for each organ. Localization
increases slightly in the spleen, and significantly in the spine,
by 36%. Overall, incorporation of the bisphosphonate moiety
induces significant modulation in nanogel biodistribution, which
are not attributable to changes in particle size or charge alone.
Dextran nanogels exhibited F4/80-positive cell uptake in
femoral and spinal bone marrow, while bisphosphonate-functionalized nanogels attenuated this phenomenon, as shown by
flow cytometry analysis. Bone marrow cells from femur and
spine, harvested from Alexa Fluor 647-labeled dextran nanogeltreated mice, were labeled with FITC-conjugated F4/80
antigen-specific antibodies which target macrophages and
osteoclast precursors.[18] For non-functionalized nanogels, flow
cytometry measurements showed cells that are double positive for F4/80 and nanogels (4.12% cells for spine and 5.76%
cells for femur), suggesting nanogel uptake by F4/80-positive
cells (Figure 4c). Bone marrow cells from Alexa 647-labeled,
bisphosphonate-functionalized nanogel treated mice showed
near-background levels of nanogel emission. Cells which were
double positive for F4/80 and bis-nanogels were reduced to
2.22% cells for spine and 3.14% cells for femur. This treatment
group also showed lower total levels of F4/80-positive cells,
likely denoting a depletion of F4/80-positive cells relative to the
control. Depletion of macrophages and future osteoclasts, an
effect of bisphosphonate, is described in the literature as the
mechanism of its anti-osteoporotic effects.[19,20] Furthermore,
engulfment of nanogels by F4/80-positive cells was incomplete
in the case of both dextran and bisphosphonate-modified
nanogels, as many free nanogels were found within both the
femoral and spinal marrow stroma, as detected by bulk fluorescence emission of rinsed cell supernatant (Figure S6 of the SI),
signifying the presence of particles not accumulated in F4/80postive cells.
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Figures S11,12 of the SI). The binding of
bis-nanogels to HA is suggested by the colocalization of bis-nanogels with the calcium
ion-binding dye calcein in femur (Figure 4f,
Figure S13 of the SI).
The apparent unchanging femoral localization of targeted nanogels in Figure 4b is
likely caused by the large relative volume
of marrow within the femur as well as the
low surface area of the marrow–bone interface. Although the targeting ligand did not
increase total nanogel signal in the femur, it
did shift the femoral distribution in the bone
from the marrow to the HA on the external
parts of the cavity, resulting in greater bone
localization of the targeted nanoparticles.
This may be due both to the targeting ability
of the functionalized particle as well as the
F4/80-postive cell depletion effect of the
ligand, resulting in less nanogel sequestration in phagocytes. Localization in spine
exhibited an overall increase possibly due to
the cancellous nature of the spinal vertebrae
with a higher surface area-to-volume ratio of
the marrow–bone interface in spine versus
femur, allowing a larger percentage of the
nanogels in the marrow cavities to bind to
spinal versus femoral bone.
Modular, dextran-based nanogels were
synthesized via a facile method to improve
control over chemistry, characterization, and
accumulation in frequent metastatic sites.
Figure 4. Biodistribution of alkyne-heavy nanogels and bisphosphonate-functionalized nano- The nanogels demonstrated degradability
gels (Bis-Nanogels) in SKH-1 hairless mice. a) In vivo fluorescence at 24 h. Liver and lymph and displayed ligands for post-functionalizanode localization is evident in the ventral view, while the dorsal view shows increased relative
tion via click chemistry. The particles exhibspinal distribution of bis-nanogels. (All mice shown in Figure S2 of the SI, N = 4.) b) Relative
fluorescence intensity in organs ex vivo, after 24 h. Asterisks signify that means are significantly ited extremely low cytotoxicity in vitro, higher
different (P < 0.05). c) Fluorescence-activated cell sorting (FACS) analysis of F4/80+ and co- uptake by macrophages versus hepatocytes
positive F4/80+Alexa-647+ cells in single-cell suspensions prepared from PBS- or nanoparticle- and epithelial cells, and were tolerated at
(nanogels or bis-nanogels) treated bone marrow (spinal or femural) from SHK-1 mice. Cell high doses in vivo. Biodistribution studies
numbers shown in each quadrant are expressed as a percentage of the total cell population.
showed significant localization in the liver
In correlation with in vitro data (Figure 3), bisphosphonate modification decreased F4/80/ and cervical lymph nodes, and bone marrow
Alexa-647 co-positive cell populations in spine and femur bone marrow in vivo by 46.2%
F4/80-postive cells uptake. Functionalization
and 45.5%, respectively, as compared with Dex-treated samples (n = 2 per treatment group).
d) Confocal images of cryosectioned femur and spinal vertebrae treated with either PBS, nano- with a bisphosphonate ligand modulated this
gels, or bis-nanogels, and isolated from SHK-1 mice at 24 h. Representative images taken with a localization, reducing kidney and liver uptake
10× objective lens are shown for both femurs and spine. Nanogel signal (Alexa-647) is shown in by 43% and increasing accumulation in the
red. Bone marrow and bone morphological features are shown in blue. White arrows highlight spine by 36%. The targeting ligand resulted
the bis-nanogel-bound bone tissue. e) Cryosections of cortical and trabecular femoral bone in significant nanogel localization at the HAtissue are shown after treatment with either nanogels or bis-nanogels. White arrows highlight
marrow interface in the walls of the marrow
bis-nanogel-bound bone. f) Calcein-stained femur shows areas of co-localization of bis-nanogel
cavities in both femur and spine, and in
fluorescence and higher calcium concentrations in the tissue.
both cortical and trabecular bone. Although
the overall nanogel uptake into F4/80-posBisphosphonate-functionalized nanogels exhibited sigtive cells was lower for the targeted nanogels, these nanogels
nificant localization to the external HA in the marrow–
depleted F4/80-positive cells within bone marrow, suggesting
bone interface in cryosectioned spinal and femoral tissue
that the particles may contribute to a depletion of future ost(Figure 4d, Figures S7–S10 of the SI). Un-targeted nanogels
oeclasts and might provide an anti-osteoporotic effect, which
in both femur and spine distributed throughout the marrow
warrants further study. In summary, we demonstrated a facile
without localizing to the marrow–bone interface. Within the
technique to generate modular nanogels with controllable funcfemur, the localization of targeted nanogels at the interface
tionalization and targeting which hold potential for therapeutic
was apparent in both cortical and trabecular bone (Figure 4e,
applications towards bone disease.
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Experimental Section
Nanogels were synthesized in an inverse miniemulsion created using
573 mg of Span 80 dissolved in 15 mL cyclohexane in a glass vial with
a magnetic stir bar. The aqueous phase consisted of 0.043 mg/mL of
alkyne-dextran polymer, 0.014 mg/mL azide-dextran polymer, 40 mM
sodium ascorbate, and 13 mM of copper(II) sulfate dissolved in water.
The aqueous phase was mixed immediately, after the addition of solutes,
with the oil phase and ultrasonicated in a water bath for 30–60 s. The
reaction mixture was stirred at 350 rpm for 12–20 h.
The nanogels were purified by centrifuging the minemulsion at
16 000 rcf for 30 min before removing the supernatant. The pellet
was resuspended in THF and above process was repeated. The pellet
was then suspended in water and dialyzed extensively using a 100 000
molecular weight cut-off (MWCO) membrane for four days. Particles
were lyophilized and stored at −20 °C. Additional methods are found in
the SI.
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