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Abstract
In order to establish a homing signal in the lung to recruit circulating stem cells for tissue repair,
we formulated a nanoparticle, SDF-1α NP, by complexing SDF-1α with dextran sulfate and
chitosan. The data show that SDF-1α was barely released from the nanoparticles over an extended
period of time in vitro (3% in 7 days at 37°C); however, incorporated SDF-1α exhibited full
chemotactic activity and receptor activation compared to its free form. The nanoparticles were not
endocytosed after incubation with Jurkat cells. When aerosolized into the lungs of rats, SDF-1α
NP displayed a greater retention time compared to free SDF-1α (64% vs. 2% remaining at 16 hr).
In a rat model of monocrotaline-induced lung injury, SDF-1α NP, but not free form SDF-1α, was
found to reduce pulmonary hypertension. These data suggest that the nanoparticle formulation
protected SDF-1α from rapid clearance in the lung and sustained its biological function in vivo.
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Introduction
Stem cell therapy has the potential to improve injury-related lung diseases, such as
pulmonary hypertension, emphysema, and bronchopulmonary dysplasia. The difficulty with
this therapy, however, is the challenge of targeting stem cells to an organ that is air-filled
with diffuse and often heterogeneous disease lesions. Commonly used local injection
methods for stem cell therapy is not possible. As an alternative approach, we sought to
aerosolize SDF-1α in the lung to establish a homing signal in order to recruit circulating
stem cells to the injured tissue.

SDF-1α has been known to play fundamental roles in stem cell homing. During embryonic
development, SDF-1α mediates the homing and colonization of two critical populations of
stem cells to their final destination organs: primordial germ cells to the gonad 1 and
hematopoietic stem cells to the bone marrow 2. In adulthood, SDF-1α maintains
hematopoietic stem cells as well as other types of stem/progenitor cells in the bone
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marrow 3, 4. Additionally, SDF-1α participates in tissue repair after injury by mobilizing
stem cells from bone marrow to peripheral blood and recruiting these cells to the site of
injury 5.

The homing function of SDF-1α is mediated by its chemoattractant activity. Indeed, SDF-1α
is structurally related to a group of 50 small proteins, named chemotactic cytokines or
chemokines 6. In this superfamily, SDF-1α is referred to as CXCL12, and its receptors,
CXCR4 and CXCR7. SDF-1α adopts the remarkably conserved tertiary structure as well as
the heparin-binding sequence of the chemokine superfamily, which allow the chemokines to
bind to cell surface glycosaminoglycans and subsequently form dimers or oligomers 7.
Chemokines in general mediate leukocyte trafficking; SDF-1α is no exception in this regard.
It interacts with T-cells and monocytes in particular 8. SDF-1α differs, however, from all
other chemokines in that it is constitutively expressed in all tissue/organs (except in blood
cells) 9, 10 and in that its expression is either unaffected or decreased (instead of stimulated)
by inflammatory stimuli, such as lipopolysaccharide (LPS), IL-1, TNF-α, and IFN-γ 11, 12.
Tissue injury and hypoxia, by contrast, promote SDF-1α expression 13, 14. Thus, the
leukocyte chemotactic activity of SDF-1α is thought to play an important role in immune
surveillance and in maintenance of tissue homeostasis 8, 15.

Based on its role in stem cell homing, SDF-1α has been administered to several animal
disease models for the treatment of myocardial infarction (for review see 5), spinal cord
injury 16–18, stroke 19, skeletal muscle injury 20, bone and tendon damage 21, 22, and dermal
wounds 23–25. These studies showed that the SDF-1α administration improves tissue/cell
function and angiogenesis, and reduces infiltration of inflammatory cells in the injured area.
Different physical forms of SDF-1α were used in these studies. In the treatment of bone,
spinal cord, and skeletal muscle injury, SDF-1α was infused in free form into the tissues by
osmotic pump or by simple injection. In heart, tendon, and skin injury, SDF-1α has been
delivered through bioengineered scaffolds, including nanofibers, PEGylated fibrin patches,
knitted silk-collagen sponge scaffolds, alginated hydrogel patches, and collagen-
glycosaminoglycan scaffold. Apparently, these methodologies have all resulted in sustained
elevation in SDF-1α concentration in the injured area and produced beneficial effects after
delivery. Their unique applications are related to the specific tissue environments of the
damaged area.

For the purpose of lung delivery, in this study we chose to use a SDF-1α nanoparticle
(SDF-1α NP) prepared by complexing SDF-1α with two charged glycans, dextran sulfate
(DS) and chitosan (CS). The nanoparticle approach, which we have used previously 26, was
preferred for two reasons. One is that free SDF-1α is known to be degraded readily in tissue
by several proteases 27–30, while heparin-bound or dimerized SDF-1α has been shown to be
resistant to protease digestion 31, 32. DS has similar structural properties as those of heparin,
and may, therefore, protect the delivered SDF-1α in the lung. The second reason is related to
the structure of the airway, which branches by orthogonal bifurcation and becomes narrower
while branching. The diameter of the alveolus/alveolar duct is reported to be 25–100 μm in
rats 33, 34. As the stem cell homing mechanism operates at the alveolar-capillary boundary, it
is critical that the aerosolized SDF-1α complexes be small and sufficiently mobile to reach
the target. The following report describes studies of a negatively-charged SDF-1α-dextran
sulfate-chitosan NP with a diameter of ~700 nm. This study demonstrated that the
incorporated SDF-1α was barely released from the particles in vitro, but exhibited full
activities with regard to cell migration, receptor internalization, and downstream signaling
pathway activation. A rat model of monocrotaline-induced pulmonary vascular injury and
subsequent pulmonary hypertension was used to compare the effects of SDF-1α NP and free
SDF-1α in vivo. It was found that the NP, but not free form SDF-1α, reduced the pulmonary
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hypertension. These effects were consistent with rapid clearance of free SDF-1α in the lung
after aerosol delivery, which was prevented by the glycan NP formulation.

Materials and Methods
Chitosan (MW range 50–190 kDa, 75–85% deacetylated), anti-smooth muscle cell α-actin
monoclonal antibody, and AMD3100 were obtained from Sigma-Aldrich. UltraPure
chitosan chloride (Approx. MW < 200 kDa, 75–90% deacetylated) was purchased from
NovaMatrix (Protasan UP CL 113). Dextran sulfate, weight-average MW 500 kDa, was
purchased from Fisher Scientific (#1585-100). UltraPure DNase/RNase-Free distilled water
was obtained from Invitrogen. SDF-1α was prepared in our laboratory (see below), and also
purchased from R&D Systems. Anti-phophoERK1/2 and anti-ERK antibodies were obtained
from Cell Signaling. APC conjugated anti-CXCR4 antibody was purchased from BD
biosciences. Monocrotaline was obtained from Trans World Chemicals, Inc. (Rockville,
MD). MicroSprayer®Aerosolizer - Model IA-1B-R was purchased from Penn-Century, Inc.
(Wyndmoor, PA). Fetal bovine serum was purchased from Atlanta Biologicals (# S11550).
Bovine serum albumin (Probumin) was from Millipore (# 82-045-1). Chitosan fluorescein
and chitosan rhodamine were obtained from Creative PEGWorks (Winston Salem, NC).

Preparation of recombinant human SDF-1α
The open reading frame of human SDF-1α cDNA was modified and the codon optimized
for expression in E.coli. These modifications included deletion of the signal sequence (Asn2
to Gly21), and changing Pro23 codon CCC to CCA and Leu76 codon CTA to CTG. The
optimized sequence was inserted into an expression vector, pET-11a (EMD), and
subsequently used to transform an E.coli strain, BL21(DE) codon plus RP, obtained from
Stratagene. The expression of SDF-1α was carried out in an autoinduction medium,
Overnight Express™ Instant TB Medium, obtained from EMD. To purify SDF-1α, E.coli
pellets from the expression culture were suspended in STE buffer (100 mM NaCl, 50 mM
Tris HCl, pH 8.0, and 1 mM EDTA) containing 10% glycerol, 15% sucrose, and 0.1 mg/ml
lysozyme. The suspension was incubated at room temperature for 2 hr with stirring and then
mixed with 2%Triton X-100. The resulting lysate was sonicated and centrifuged at 16,000 x
g for 30 min. SDF-1α inclusion bodies in the centrifugation pellet were washed with STE
buffer plus 2% Triton X100 and then with STE buffer twice. SDF-1α was solubilized,
refolded, and purified according to a previously described procedure 35. The solubilizing
solution contained 50 mM Tris HCl, pH 8.0, 6 M guanidine, and 10 mM DTT, and the
refolding was carried out by dialysis against STE buffer containing 0.4 M arginine
hydrochloride, 1 mM reduced glutathione, and 1 mM oxidized glutathione. The renatured
SDF-1α was further purified with reverse-phase high-pressure liquid chromatography using
a Source RPC 15 column (GE Healthcare Life Sciences).

Preparation of SDF-1α NPs
All reagents used in this preparation were dissolved in UltraPure Water (Invitrogen) and
sterile filtered. SDF-1α NPs were prepared as previously described 26 with several
modifications. Briefly, lyophilized SDF-1α was dissolved in 30 mM HEPES buffer and
mixed with a specified volume of 1% DS. After 20 min stirring at 800 rpm, a specified
volume of 0.1% chitosan (CS) was added. ZnSO4 solution was subsequently added to a final
concentration of 25 mM, and the reaction mixture was stirred for 30 min before 15%
mannitol solution was added. The resulting SDF-1α-CS-DS particles were pelleted by
centrifugation at 16,000 x g for 15 min at 4°C. The particles were washed three times with
5% mannitol, and stored at 4°C for further analysis. Two sources of CS were used in this
study: chitosan (Sigma) and UltraPure chitosan chloride (NovaMatrix). The former was
dissolved in 0.2% acetic acid/UltraPure water and the latter in UltraPure water. Both

Yin et al. Page 3

Biomacromolecules. Author manuscript; available in PMC 2014 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



solutions were adjusted to pH 5.5 and sterile filtered before use. There were no significant
differences in particle size, entrapment efficiency, or inflammatory responses observed
between the two forms, but the latter was used for the in vivo study described in this report.

To formulate SDF-1α NP containing fluorescein isothiocyanate (FITC)-conjugated SDF-1α
(FITC-SDF-1α) and rhodamine-conjugated chitosan (rhodamine-chitosan), SDF-1α was
stirred with DS for 20 min before addition of NHS-Fluorescein (Pierce # 46410). Binding of
SDF-1α to DS before interaction with the amine-reactive fluorescence dye reduces the
chance of blocking critical basic residues in the protein sequence that are directly involved
in binding to CXCR4 (Lys1) and interaction with heparin/DS (Lys 24, Lys 27). The
SDF-1α-DS mixture was adjusted to pH 8.5 with borate buffer, and NHS-Fluorescein was
added at a molar ratio of 20:1 to SDF. After incubation in the dark for 1 h, the unbound dye
was removed with Fluorescent Dye Removal Columns (Pierce, # 22858). The number of
incorporated FITC was estimated by a fluorescence measurement against FITC standards
(Pierce, # 46425). Approximately 3–5 fluorescein moieties were conjugated to each SDF-1α
molecule. The fluorescent SDF-1α/DS complexes were subsequently incubated with
rhodamine-chitosan, and followed by remaining steps in the NP preparation. The SDF-1α
content and activity in the final fluorescent SDF-1α NPs were determined by methods
described below.

To determine the particle size and zeta potential, SDF-1α particles were diluted in water and
measured in ZetaPALS zeta potential analyzer (Brookhaven Instruments). The SDF-1α
content in the particles was determined by SDS polyacrylamide gel electrophoresis (SDS
PAGE) in combination with densitometry analysis. Briefly, SDF-1α particle suspensions
were boiled in 1 x Laemmli sample buffer for 10 min with vortexing. The samples were then
loaded to a 4–20% SDS gel (BioRad) and the gel run at 200 V for 25 min. The gels were
stained with Coomassie blue using GelCode Blue stain reagent (Pierce). Densitometry
analysis was performed using a VersaDoc imaging system and Quantity One image analysis
software from BioRad. The quantity of SDF-1α in the particles was calculated against a
standard curve constructed with soluble SDF-1α standards run in the same gel.

Migration assay
A cell migration assay (chemotaxis assay) was carried out using Costar polycarbonate
Transwell inserts (pore size 5 μm, diameter 6.5 mm) placed in wells of a 24-well plate
(Costar # 3421). Jurkat cells (5 × 105) were suspended in 100 μL Migration Medium
[RPMI-1640 medium containing 0.5% bovine serum albumin (BSA, Sigma # A9576)] and
added to a Transwell insert (top well). SDF-1α was diluted in 0.6 ml migration medium and
added to a well in the 24 well plate (bottom well). Incubation was carried out at 37°C for 2
hr in a 5% CO2 incubator. Cells that transmigrated into the bottom well were vigorously
suspended and counted with a BD Accuri C6 flow cytometer equipped with a CFlow Plus
program (BD Biosciences). Each sample was counted twice at a pre-set slow flow rate (14
μL/min) for 10 μL. For negative controls, the cells were added to the top wells but no
SDF-1α in the bottom wells. For the input cell number, cells were added directly to the
bottom well and counted with the migration samples. Migration was calculated as a
percentage of the input cell number after subtraction of the numbers in negative controls.
The subtraction of the negative control was avoided in Figure 5 in order to demonstrate the
competition between forms of SDF-1α loaded in both top and bottom wells.

Assessing internalization of CXCR4 and SDF-1α NP
Jurkat cells were incubated with SDF-1α NPs in Migration Medium for 30 min at 37°C. The
incubation mixture was centrifuged to separate cells from unbound NPs. The cells were
washed once with Migration Medium and fixed at 4°C for 20 min with 4%
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paraformaldehyde and 1% sucrose in PBS solution. The cells were subsequently
permeabilized at 22°C for 5 min with 0.2% saponin, 1%BSA, and 1% sucrose in PBS
solution, and immediately washed with PBS containing 1% BSA and 0.1% NaN3 (Staining
Buffer). Antibody staining was performed at 4°C for 30 min with APC-conjugated anti-
CD184 monoclonal antibody (BD Pharmingen # 555976, clone 12G5, for CXCR4
detection), and anti-fluorescein rabbit IgG (Alexa 488 conjugate, Invitrogen # A-11090, for
amplifying FITC signals). The cells were washed with Staining Buffer and incubated with 1
μg/ml DAPI in PBS at 22°C for 5 min before loading on slides. Confocal laser scanning
microscopy was performed with Zeiss LSM 700 system equipped with ZEN microscope
software.

In vitro release study
SDF-1α NPs were suspended in Release Buffer containing 2.5% mannitol and 50%
Dulbecco’s phosphate-buffered saline without calcium and magnesium (D-PBS). (Note that
the release buffer supports the stability of DS-CS NPs which are colloids of polyelectrolyte
complexes.) The suspension was divided into 0.05 mL aliquots and rotated at 37°C on a
Labquake Rotating Micro-Tube Mixer. At specified timepoints, the samples were removed
and immediately centrifuged at 16,000 × g for 10 min at 4 °C. The supernatants and pellets
were separated and stored at −20°C. The pellets were reconstituted with 0.05 mL of Release
Buffer and examined with the supernatants using SDS PAGE. The quantity of the released
SDF-1α was determined by ELISA using a kit from R&D systems. The activity of the
released SDF-1α was measured by a Jurkat cell migration assay.

Animal studies
Sprague-Dawley male rats weighing 200–225 g were purchased from Charles River
Laboratories, and were acclimated for 4 days in our animal facility. Animal studies were
performed according to protocols approved by the Harvard Medical Area Standing
Committee on Animals. Animals were maintained with unlimited food and water access,
regular 12 hr light-dark cycle, no forced exercise, and in a generally pathogen-free
environment.

Intratracheal aerosolization and analysis for lung tissue SDF-1α content
Rats were anesthetized with isoflurane and placed on a Tilting WorkStand (Hallowell
EMC). The vocal cords of the animal were visualized with a specula-attached otoscope. A
small amount of 2% lidocaine HCl jelly was applied to the vocal cords and surrounding
vestibular folds. A sterilized MicroSprayer®Aerosolizer attached to a 0.5-ml gastight
syringe was inserted into the trachea and advanced to ~1 cm above the bifurcation point. The
aerosolized solution (0.25 mL) was delivery to the rat at the beginning of an inhalation
cycle. At the specified time after delivery, lung tissue of the rats was harvested and frozen in
liquid nitrogen. The tissue was homogenized in ice-cold homogenization buffer containing
D-PBS, 2 mM EDTA, and 1% Protease Inhibitor Cocktail set III (Calbiochem #539134)
using a Polytron homogenizer (Kenematica Model PT2100) at 22,000 rpm for 30 s for two
cycles. The homogenate was divided into 0.5 mL aliquots and sonicated on ice for three
cycles at 20% amplitude for 30 sec at a pulse frequency of 3 sec on and 1 sec off. The
homogenates were centrifuged twice at 18,000 × g for 15 min at 4 °C. Supernatants were
stored at −80 °C. The protein concentrations in the supernatants were determined by the
BCA protein assay using bovine serum albumin as a standard. SDF-1α concentrations in the
homogenate supernatants were determined by ELISA using reagents from R&D systems
following the manufacturer’s instructions.
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Bronchoalveolar lavage (BAL)
Rats were euthanized by injection of ketamine (130 mg/kg) and xylazine (8 mg/kg) followed
by exsanguination. An 18 gauge tubing adaptor was inserted into the trachea. D-PBS (5 mL)
was gently flushed into and aspirated from the lungs, and the lavage repeated five times. The
BAL fluids were combined and centrifuged at 500 × g for 10 min. The resulting cell pellet
was suspended in 1 mL of 1 x RBC Lysis Buffer (eBiosciences) and incubated at room
temperature for 5 min. The cells were pelleted again and resuspended in 1 ml D-PBS. The
leukocyte number in the suspension was counted using a hemocytometer.

Right heart catheterization and histological analysis
Right heart catheterization was performed as described previously 36 with several
modifications. Briefly, rats were anesthetized with ketamine (93 mg/kg) and xylazine (6.5
mg/kg), and the right jugular vein was dissected. A piece of PE-50 tubing with a shaped tip
was inserted into the vein and advanced into the right ventricle. The tubing was connected to
a Millar Pressure-Volume System (MPVS-400) through a Deltran® disposable blood
pressure transducer (Utah Medical Products) and a bridge amplifier (ADInstrument). The
pressure tracing was analyzed by PVAN data analysis software. Histological analyses of the
rat lung tissues were performed as previously described 37. Paraffin-embedded lung tissue
sections (5 μm) were stained with hematoxylin and eosin (H&E staining) and with anti-
smooth muscle α-actin antibody.

Statistics
Data are presented as mean ± standard error of mean (SEM). Statistical analysis was
performed by one-way ANOVA and Tukey’s multiple comparison test. P < 0.05 indicates
statistical significance.

Results
Preparation of recombinant human SDF-1α

Owing to the large quantity of SDF-1α required for the present study, recombinant human
SDF-1α was prepared in our laboratory. The protein was initially expressed in a
baculovirus-insect cell expression system as we previously described 26, but the secreted
SDF-1α was found at a low level in the culture medium. Only ~0.65 mg SDF-1α was
purified from 1L expression culture. SDF-1α was subsequently expressed in an E.coli
expression system, which gave a yield of 6–8 mg purified SDF-1α per liter of culture. In the
E.coli expression system, the starting codon-translated methionine was retained at the N-
terminus of SDF-1α. It was not removed after the purification, as previous reports indicated
that N-terminal extension of methionine or glycine does not affect the activity of
SDF-1α 35, 38, 39. Indeed, compared to the insect cell-expressed SDF-1α and an E.coli-
expressed SDF-1α with the N-terminal methionine removed (R&D Systems), the SDF-1α
exhibited similar chemotactic activity (Fig. 1). The EC50s of these purified SDF-1α were in
the range of 0.14 – 0.61 ng/ml.

Formulation of SDF-1α NP
SDF-1α NPs were prepared by mixing SDF-1α with dextran sulfate (DS) and chitosan (CS).
To obtain negatively charged particles with sizes between 200–800 nm and maximum
SDF-1α entrapment, various SDF-1α/CS/DS ratios were investigated. As shown in Figure
2A, at fixed amounts of SDF-1α (40 μg) and DS (1 mg), varying CS/DS ratios of 0.2/1,
0.25/1, 0.33/1, and 0.5/1 resulted in particle sizes of 636 ± 15, 574 ± 34, 622 ± 17, and 1252
± 95 nm, respectively. The particles in these preparations all exhibited negative zeta
potentials, and no significant difference was observed among the groups (−40.8 to −43.6

Yin et al. Page 6

Biomacromolecules. Author manuscript; available in PMC 2014 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mV, Fig. 2B). The entrapment efficiencies of SDF-1α in these preparations were also
similar among the groups, ranging between 77–80% of initial input (Figs. 2C and 2D). Thus,
CS/DS ratios of 0.25/1 and 0.33/1 were chosen for subsequent studies.

At fixed amounts of CS (0.33 mg) and DS (1 mg), varying SDF-1α quantities of 20, 40, 80,
and 120 μg resulted in particles sizes of 585 ± 27, 640 ± 27, 705 ± 19, and 794 ± 60 nm,
respectively (Fig. 3A). The increase in particle size correlated with the amount of SDF-1α
added. No statistical differences were found in zeta potentials (−45.6 to −47.4 mV, Fig. 3B)
or entrapment efficiencies (66–77%, Figs. 3C, 3D) of these preparations. The total amount
of SDF-1α in the particles, therefore, was proportional to the initial input of the protein (Fig.
3E). A similar trend was found in preparations with CS/DS ratio of 0.25/1. At 20, 40, 80,
and 120 μg SDF-α1 particles sizes were 591 ± 38, 635 ± 39, 697 ± 34, and 757 ± 37 nm,
respectively. In the following studies, SDF-1α particles were prepared at ratios of SDF-1α/
CS/DS of 0.04/0.33/1 (for in vitro study) or 0.08/0.33/1 (for in vivo delivery), and referred
to as SDF-1α NPs.

In vitro release study
To investigate the rate of release of SDF-1α from the NPs, the particles were suspended in
Release Buffer (2.5% mannitol and 50% D-PBS), divided into small aliquots, and rotated at
37°C for various periods of time. The released SDF-1α was separated from the NPs by
centrifugation. The supernatants (contained released SDF-1α) and pellets (contained
SDF-1α NP) were analyzed by SDS PAGE, ELISA, and migration assay. As shown in
Figure 4A, SDF-1α in the supernatants collected between 0 hr and 7 days was barely
detectable by Coomassie blue staining, while that in the pellets appeared to be unchanged
throughout the incubation time. To quantify better the minimally released SDF-1α, ELISA
was performed. As shown in Figure 4B, only 3.4% SDF-1α was released from the NPs after
a 7-day incubation, and the amount released plateaued at 48 hrs. Nevertheless, the released
SDF-1α retained its chemotactic activity as shown in the migration assay (Fig. 4C).

To better mimic the in vivo situation, the release of SDF-1α from the NPs was performed in
Release Buffer containing 5, 10, or 20% fetal bovine serum (FBS), or 2 or 10 mg/ml bovine
serum albumin (BSA). Incubations were carried out at 37°C for 24 h. As shown in Figures
4D and 4E, these conditions did not cause significant release of SDF-1α from the NPs.

The tight interaction of SDF-1α protein and DS polymer could be related to the ionic
interactions between the molecules. To examine this type of interaction, SDF-1α NPs were
incubated with 0.15, 0.3, 0.6, 1.2, or 2.4 M NaCl at 37°C for 30 min. As shown in Figure 4F,
SDF-1α was detected in the supernatants of samples incubated with 1.2 and 2.4 M NaCl.
These concentrations are equivalent to 8- to 16-fold of physiological ionic strength (150
mM). Thus the results show that SDF-1α is unlikely to dissociate from the NPs in a
physiological fluid environment.

Chemotactic activity of NP-bound SDF-1α
The migration assay was initially performed to compare the activities of NP-bound and free
SDF-1α. As shown in Figure 5A, the dose-response curves of the two forms of SDF-1α
were superimposable. An inhibition study was then carried out in which AMD3100, a
specific inhibitor for receptor CXCR4, was incubated with Jurkat cells prior to the migration
assay. As shown in Figure 5B, AMD3100 inhibited the SDF-1α-induced migration dose-
dependently and to the same degree for both forms of SDF-1α. Comparison of the
chemotactic activities of the two forms of SDF-1α was further evaluated by a competition
assay in which various concentrations of SDF-1α NP were added to the top wells
(transwells) and a fixed concentration (3 ng/mL) of SDF-1α (free form, FF) was added to

Yin et al. Page 7

Biomacromolecules. Author manuscript; available in PMC 2014 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the bottom wells. As shown in Figure 5C, SDF-1α NP inhibited the migration of Jurkat cells
toward the bottom wells at concentrations ≥ 3.2 ng/mL. Thus SDF-1α NP was able to
compete for migration of Jurkat cells induced by the same concentration of free SDF-1α.

SDF-1α binding to CXCR4 is known to activate several downstream signaling pathways,
including MAP kinase P42/44 or ERK1/2-dependent pathways 40. ERK activation results in
cell proliferation which is different from other CXCR4 activated pathways involving
cytoskeleton rearrangement and migration. The effect of the two forms of SDF-1α on the
activation of ERK1/2 was examined. As shown in Figure 6, the free SDF-1α and SDF-1α
NP activated ERK1/2 similarly, both in a time course, (Fig. 6A) and dose-dependence (Fig.
6B).

Activation of CXCR4 by SDF-1α is also known to cause polarization and internalization of
the receptor 41, 42. To compare the effect of the two forms of SDF-1α in CXCR4 activation
and intracellular translocation, Jurkat cells were treated with both forms of SDF-1α for 30
min and stained with a fluorescent conjugated anti-CXCR4 antibody. The localization of
CXCR4 was examined by confocal microscopy. As shown in Figure 7, the two forms of
SDF-1α caused similar CXCR4 polarization and internalization with no distinct
morphological differences. Thus, in all the assays performed above, the SDF-1α NP
exhibited the same activities as that of free form SDF-1α.

Analyses of Internalization of SDF-1α NP
In order to examine the localization of SDF-1α NPs after interaction with Jurkat cells,
fluorescein-conjugated CS (FITC-CS) was used to prepare SDF-1α NPs instead of CS. The
cells were stained for CXCR4 after the incubation in order to confirm the receptor
activation. The localization of SDF-1α NP was examined by confocal laser scanning
microscopy. The top panel in Figure 8 shows the confocal images of cells incubated with 10
–10,000 ng/ml SDF-1α NPs (concentrations normalized to SDF-1α). The FITC fluorescence
was found on the surface of the cells that were incubated with 1,000 and 10,000 ng/ml
SDF-1α NPs, but not in those incubated with the lower concentrations. The CXCR4
receptor, however, was activated in all the samples, indicating that interactions of SDF-1α
NPs with the cells had taken place. No FITC fluorescence was present in the intracellular
space of the cells. An anti-FITC antibody was used to amplify the FITC signal to detect the
potentially bound SDF-1α NP in the low concentration samples, but no additional signal
was found. Thus, these images indicated that the SDF-1α NPs were not endocytosed by the
cells. Furthermore, the particles had limited retention on the cell surface, as the majority of
the fluorescent NPs were washed away following the incubation.

To determine the distribution of SDF-1α, NPs containing FITC-SDF-1α and rhodamine-
chitosan were used for interaction with Jurkat cells. The cells were stained with an anti-
CXCR4 and an anti-FITC antibody (APC and Alexa 488 conjugated, respectively) after the
incubation and subjected to confocal microscopic analysis. As shown in the lower panel of
Figure 8, the rhodamine (chitosan) and FITC (SDF-1α) signals were colocalized on the cell
surface, indicating that the components of the particles remained associated, and the
particles were not endocytosed by the cells. A trace amount of SDF-1α (FITC label) was
colocalized with the internalized CXCR4, which is consistent with a previous report
demonstrating a minimal and a dramatic internalization of SDF-1α during interaction with
CXCR4 and CXCR7, respectively 43.

In vivo inflammatory response analysis
Free SDF-1α or SDF-1α NP was next aerosolized into the lungs of rats in order to examine
potential inflammatory responses caused by the delivery. Bronchoalveolar lavage (BAL)
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was performed to access leukocyte infiltration in the lung at 24 or 48 hrs after the SDF-1α
delivery. As shown in Figure 9A, rats received SDF-1α at doses of 20, 40, or 80 μg/rat had
the same BAL leukocyte counts as those treated with D-PBS. Thus, SDF-1α at the high
doses did not induce a significant inflammatory response in the lung. A comparison of the
responses was then carried out in rats treated with aerosolized control NPs (made with CS
and DS only), 15 μg SDF-1α, 15 μg SDF-1α NP, or LPS. As shown in Figure 9B, no
statistical differences were found among the untreated rats and the rats treated with NP,
SDF-1α, or SDF-1α NP, although the average nucleated cell counts in the SDF-1αNP-
treated lung was slightly higher (~2-fold) than of that of the controls. Lipopolysaccharide, a
positive control, caused more than 60-fold greater leukocyte infiltration compared to the
controls.

In vivo retention time
To determine in vivo retention times of aerosolized SDF-1α or SDF-1α NP, lung tissues
were harvested at 0, 1, 3, 5, 8, 16, 24, 48, and 72 hr after delivery. Supernatants of tissue
homogenates were prepared, and the SDF-1α content was determined using ELISA. SDF-1α
concentrations in the lung tissue samples were compared to those collected at 0 hr
(immediately after delivery) and plotted as a percentage of 0 hr content. As shown in Figure
10, the SDF-1α content in the lung decayed in an exponential pattern. The half-life of the
decay was 3.2 hr for SDF-1α and 20 hr for SDF-1α NP, with decay constants of 0.2146 hr−1

and 0.0345 hr−1, respectively. The calculated decay plateaued at 2.2% for SDF-1α and 29%
for the SDF-1α NP, corresponding to 16 hr and 72 hr, respectively, after the delivery of the
protein to the rat lungs.

Effect in a rat model of lung injury and pulmonary hypertension
To determine whether aerosolized SDF-1α or SDF-1α NP is functional in vivo, a
monocrotaline (MCT) rat model was employed. Intraperitoneal-injected MCT is known to
be metabolized in rat liver to an active form, which, upon release into circulation, causes
damage to the pulmonary vascular endothelium. The initial endothelial injury triggers a
cascade of responses in the subsequent few weeks, which results in a muscularization or
thickening of vessel walls of small/precapillary pulmonary arterioles and narrowing/
occlusion of the vessel lumen 44. These changes lead to an increase in pulmonary vascular
resistance, and, thus, pulmonary hypertension. To examine the effect of SDF-1α in this rat
model, rats were injected with MCT at day 0. At day 3 (after the pulmonary endothelial
injury occurred), 15 μg SDF-1α in free or NP form were aerosolized into the lungs of rats.
At day 21 (when the elevation of pulmonary artery pressure approached its highest values),
right heart catheterization was performed to assess right ventricular systolic pressure (RVSP,
which equals pulmonary artery systolic pressure in the absence of pulmonic valve disease).
Lung tissue samples were collected after the catheterization to examine the histological
changes in pulmonary vessels in the rats. As shown in Figure 11A, the average RVSP in the
rats with no treatment (NoTx), or treated with MCT only, MCT + SDF-1α, and MCT +
SDF-1α NP were 27 ± 0.8, 84 ± 4, 87 ± 4, and 69 ± 5 mmHg (M ± SEM), respectively.
Thus, all MCT treated groups had elevated pulmonary pressure compared to the untreated
group, and there was no statistical difference between the MCT only and the MCT+SDF-1α-
treated groups. The MCT+SDF-1α NP-treated rats, however, had significant reduced
pressure compared to the MCT groups. To confirm the reduced pulmonary artery pressure
observed in the SDF-1α NP-treatment group resulted from a decrease in pulmonary vascular
remodeling, immunohistochemical staining was carried out in four lung tissue samples from
each group that exhibited RVSP below the average value of the group. Representative
micrographs of the anti-smooth muscle α-actin antibody-stained sections are shown in
Figure 11B, and counts of the muscularized precapillary vessels (diameter <50 μm) are
shown in Figure 11C. These data demonstrated that SDF-1α NP-treated rats had both a
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reduced total number of muscularized precapillary vessels and decreased thickness of the
vessel walls. The overall analyses suggested a beneficial effect of SDF-1α NP in the rat
model of pulmonary hypertension.

Discussion
The SDF-1α NP prepared in this study differs from many other nanoparticles in that the
incorporated SDF-1α was not spontaneously released over the time in vitro. It is, thus,
debatable whether the NP can exert a biological function through a sustained release
mechanism that is expected for many other bioengineered particles/scaffolds. While the
phenomenon was unexpected, it posed questions as to whether the incorporated SDF-1α is
active without release, and whether the SDF-1α NP is functional in vivo. For this reason, we
carried out an extended analysis to compare the activities of SDF-1α in its free and NP-
incorporated forms. The chemotactic activities of the two forms of SDF-1α were examined
in three different ways: a standard migration assay, a receptor inhibition assay (using
AMD3100), and a competition assay (between the free and NP forms). The activation of
receptor CXCR4 by the two forms of SDF-1α was visualized by confocal microscopic
imaging. A downstream signaling pathway (ERK pathway) that mediates the cell survival
and growth function of SDF-1α was examined by time course and dose response analyses.
In all these assays, the NP-incorporated SDF-1α exhibited the same activity as its free form.

A literature search was carried out to understand why the NP-bound SDF-1α was not
released, and yet able to exert full biological activity. It showed that this phenomenon is
related to the intrinsic glycosaminoglycan-binding property of SDF-1α. Dextran sulfate
(DS) used in the NP preparation has a similar structure as that of heparin or certain domains
in heparan sulfate (Fig. 12). These are heavily sulfated and negatively charged
polysaccharides and the major glycosaminoglycan forms. Previous studies have shown that
SDF-1α has a heparin-binding site at Lys24-His25-Leu26-Lys27 (BBXB) and binds to
heparin with high affinity (38 nM) 45. The heparin binding of SDF-1α does not overlap with
its receptor-binding site, which is at the N-terminus of the protein with the first two residues
(Lys1-Pro2) directly involved in activation of CXCR4 38. Furthermore, studies of the
heparin- and receptor-binding sites of SDF-1α suggested that glycosaminoglycan binding is
crucial to the function of the protein 7, 46: it facilitates chemokine tethering on the cell
surface and leads to high local concentration. Using solid phase-bound SDF-1α systems,
studies have shown that a spatial gradient is not necessary for the chemotactic activity of
SDF-1α and certain other chemokines41, 47. The redistribution of CXCR4 to the leading
edge of cells, thereby inducing polarization of the receptor, was proposed to determine the
direction of the cell migration41. Whether a soluble gradient is relevant to the function of
chemokines in vivo has been questioned, as chemokines direct leukocyte trafficking on the
surface of endothelium facing blood flow41, 47. SDF-1α-induced internalization of CXCR4
and polarized redistribution of the receptor have been shown in several other
studies 42, 48, 49.

In the present study, the same concentration of SDF-1α in free or NP form was used to
compare the activities of the protein. Stoichiometrically, the number of free SDF-1α
molecules in the incubation medium was greater than that of NPs. If the NPs were firmly
attached to the cell surface once interacting with CXCR4, the frequency of concentration-
dependent collisions would be significantly less, as would activities of SDF-1α NP. The
dose-dependent images shown in Figure 8, top panel, suggest that this is not the case, as the
majority of SDF-1α NPs were washed away after the incubation. The little attachment of the
particles to the cells, likely due to an electrostatic repulsion between the negatively charged
cell surface and the NPs, would allow multiple interactions between the SDF-1α NPs and
CXCR4 molecules.
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Investigating the correlation between surface charges of nanoparticles and their cellular
uptake rate, previous studies have demonstrated that positively charged particles are more
susceptible to cellular uptake than negatively charged ones 50, 51. Positively charged and
small rigid NPs (eg. polystyrene NP, 20–120 nm) can even translocate across alveolar
epithelium, occurring at a flux rate ~65 times faster than that of negatively charged ones
(see 52 and references therein). The present study showed that SDF-1α NPs were not
internalized by Jurkat cells (Fig 8, lower panel). Avoiding endocytosis could help retain
active SDF-1α NP delivered to the lung and minimize inflammatory responses against the
particles.

By not being released from the NPs and exerting full chemotactic activity, the incorporated
SDF-1α could serve as a stationary “homing” factor to attract mobilized stem cells. Several
possible scenarios, however, can occur after the delivery of SDF-1α NPs to the lung. The
NPs, which are colloids of polyelectrolyte complexes53, can collapse after contacting the
pulmonary epithelium over the time. SDF-1α in the NP matrix could exchange to the
extracellular matrix, which is rich in negatively-charged glycosaminoglycans. In addition,
SDF-1α or the matrix molecules of the NPs, dextran sulfate and chitosan, can be degraded in
the lung. To compare the overall effect, we delivered free and NP-bound SDF-1α to the
lungs of rats which were treated with MCT. An early time point after the MCT injury was
chosen (day 3 after injection), as the acute injury provides other factors required for stem
cell homing, including mobilization of bone marrow progenitor/stem cells and changes in
permeability of the alveolar-capillary barrier. The data showed that SDF-1α NP, but not free
SDF-1α, has a beneficial effect in reducing the pulmonary hypertension development after
the MCT injury. The different effect of the two forms of SDF-1α is apparently related to
their different retention times in the lung. A persistent homing signal would be more
efficient than a relatively transient signal in recruiting low levels of circulating stem/
progenitor cells. Furthermore, SDF-1α has been known to facilitate the survival and growth
of stem cells by activating Akt and ERK1/2 pathways through CXCR4 activation40, 54, 55.

Conclusion
In order to establish a homing signal in the lung to recruit circulating stem cells for tissue
regeneration, this study formulated SDF-1α-DS-CS nanoparticles (SDF-1α NP) and
examined the activities of the particles in vitro and in vivo. The in vitro studies showed that
SDF-1α was barely released from the particles over an extended period of time (3% over 7
days at 37°C), and that particle-bound SDF-1α had the same activities as that of free
SDF-1α. When aerosolized into the lungs of rats, SDF-1α NP exhibited greater retention
time than that of free SDF-1α (t1/2 = 20 hr, and 3.2 hr, respectively; 29% remaining after 72
hr vs. 2% after 16 hr, respectively). The aerosolized SDF-1α NPs, but not free form
SDF-1α, reduced pulmonary artery pressure in monocrotaline-treated rats. These data
indicate that SDF-1α NPs fit to the criteria for a desired homing signal in the lung. The rat
pulmonary hypertension study indicated a potential use for SDF-1α NP in the treatment of
injury-related pulmonary diseases.
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Figure 1. Chemotactic activity of purified recombinant human SDF-1α
Human SDF-1α was expressed in E.coli (circles) and sf21 insect cells (squares), and
compared to that obtained from R&D Systems (triangles). Chemotactic activities of the
purified proteins were determined by Jurkat cell transmigration assay. Data are presented as
the mean of two separate experiments, and are fitted to sigmoidal curves.
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Figure 2. Properties of SDF-1α particles formulated with various ratios of CS/DS
SDF-1α was mixed with the indicated ratios of CS/DS. The resulting particles were assessed
for their sizes (A) and zeta potentials (B) using ZetaPALS, and for SDF-1α entrapment
efficiency using SDS PAGE (C) followed by band densitometry analysis (D). Panel C, lane
1, MW standards; lanes 3–6, SDF-1α standards; and lanes 7–14, SDF-1α particle
suspensions prepared at indicated CS/DS ratios. Data are presented as mean ± SEM, n = 4 –
6 separate particle preparations. *p < 0.05 compared to the other groups.
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Figure 3. Properties of SDF-1α particles formulated with various SDF-1α-to-DS ratios
Various amounts of SDF-1α were mixed with DS (1 mg) and CS (0.3 mg). The resulting
particles were assessed for their sizes (A), zeta potentials (B), and SDF-1α entrapment
efficiency (C) and (D). The total entrapment of SDF-1α is shown in (E). Panel C, lane 1,
MW standards; lanes 3–6, SDF-1α standards; lanes 7–14 aliquots of SDF-1α particle
suspensions loaded in a volume inversely proportional to the indicated SDF-1α/DS ratio
(lanes 7–10) or at the same volume (lanes 11–14). Data are presented as mean ± SEM, n =
4–6 separate particle preparations. * p < 0.05 compared to the other groups; #, p < 0.05
compared to the 0.02/1 group.
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Figure 4. In vitro release of SDF-1α from DS-CS nanoparticles
(A)–(C), SDF-1α NPs were incubated in Release Buffer at 37°C for various times, (A) SDS
gel showing the amounts of SDF-1α in the supernatants and pellets at indicated timepoints
of incubation; (B) ELISA quantification of the released SDF-1α in the supernatants over
time; and (C) correlation of chemotactic activities (by migration assay) and concentrations
(by ELISA) of the released SDF-1α in the supernatants. (D) and (E), SDF-1α NPs were
incubated at 37°C for 24 h in Release Buffer containing 0, 5, 10, or 20% FBS (D) or 0, 2, or
10 mg/ml BSA (E); Lane 2 shows SDF-1α standard; the remaining lanes (between mw
standards) show protein contents in pellets and supernatants of the incubation samples, and
in the releasing solutions alone. (F) SDF-1α NPs were incubated in 0, 0.15, 0.3, 0.6, 1.2, or
2.4 M NaCl at 37°C for 30 min; the SDS gel shows the SDF-1α distribution in the pellets
and supernatants after the incubation. Data are presented as mean ± SEM, n = 3 separate
incubation samples. Gels are representative of three separate experiments.
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Figure 5. SDF-1α NP exhibits the same chemotactic activity as that of the free form (FF)
(A) Dose-response curves of SDF-1α (circle) and SDF-1α NP (square) in Jurkat cell
migration assay. Note that the dose of SDF-1α NP is normalized to SDF-1α content in the
NPs. (B) Inhibition assay for Jurkat cell migration: 10 ng/ml SDF-1α or SDF-1α NP was
used to induce Jurkat cell migration, which was inhibited by AMD3100. (C) Competition
assay for Jurkat cell migration. The assays were carried out by addition of 3 ng/ml SDF-1α
(FF) to the bottom wells of the transwell plate, and SDF-1α NPs or control NPs at various
concentrations to the top wells. Jurkat cells were loaded in the upper wells.

Yin et al. Page 20

Biomacromolecules. Author manuscript; available in PMC 2014 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. SDF-1α NP activates MAP kinase ERK1/2 similarly as free SDF-1α
Jurkat cells were incubated with 10 ng/ml SDF-1α in free (FF) or NP forms for the indicated
time (A) or with the indicated concentrations for 10 min (B). Western blotting analyses were
carried out to detect phosphorylated ERK1/2 (pERK1/2) and total ERK1/2 in the cell
lysates.
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Figure 7. SDF-1α NP activates CXCR4 similarly as free SDF-1α
Jurkat cells were incubated in culture medium for 30 min with nothing added (A), or with
addition of SDF-1α at 1 ng/ml (B) or 10 ng/ml (C), control CS-DS nanoparticles (D), and
SDF-1α NP at 1 ng/ml (E) or 10 ng/ml (F). Cells were subsequently fixed, permeabilized,
stained with APC-conjugated anti-CXCR4 antibody (shown in red), and counterstained with
DAPI (a nuclear dye, blue). Confocal microscopy images were taken at the middle plane (z-
series) of the cells. Bar = 10 μm. Note that activation of CXCR4 is manifested by
internalization and aggregation of the receptor, with SDF-1α and SDF-1α NP inducing
similar effects.
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Figure 8. Confocal images showing the localization of SDF-1α NPs after incubation with Jurkat
cells
Top panel, cells were incubated with various amounts of SDF-1α NPs (normalized to
SDF-1α concentration) containing FITC-chitosan (green), and were stained for CXCR4
(red) and nucleus (blue). Lower panel, cells were incubated with 5,000 ng/ml SDF-1α NPs
containing rhodamine-chitosan and FITC-SDF-1α. The cells were stained for CXCR4,
FITC, and nucleus before imaging. The split panels show the individual and merged images
of the fluorescence-stained molecules.
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Figure 9. No significant inflammatory responses are found in rat lungs treated with SDF-1α or
SDF-1α NP
(A) PBS solutions containing 20, 40, or 80 μg of SDF-1α were aerosolized to the lungs of
rats. At 24 hr (filled bar) and 48 hr (open bar) after delivery, bronchoalveolar lavage (BAL)
was performed. Leukocytes in the lavage fluid were pelleted and counted. The total number
of cells from each rat was plotted. Data are shown as the mean of the counts from 2 rats per
group. (B) PBS solutions containing 15 μg SDF-1α or SDF-1α NP, control NP (without
SDF-1α), or 200 μg lipopolysaccharide (LPS) were aerosolized into the lungs of rats. At 24
hr (filled bar) and 48 hr (open bar) after delivery, BAL was carried out as described above.
Data are presented as mean ± SEM, n = 3 rats per group, *p < 0.05 compared to the other
groups.
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Figure 10. SDF-1α NP exhibits greater retention time in the lung compared to SDF-1α
SDF-1α (20 μg) and SDF-1α NP (13 μg SDF-1α content) were aerosolized into the lungs of
rats. At the indicated timepoints, lung tissues were harvested and homogenized. The
concentrations of SDF-1α in the supernatants of the homogenates were determined by
ELISA, and plotted as percentages of that in the tissue harvested at 0 hr. Data are presented
as mean ± SEM, n = 4–8 rats per group. Data are fitted to monophasic exponential decay
curves.
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Figure 11. SDF-1α NP but not SDF-1α reduces monocrotaline-induced pulmonary hypertension
in rats
Rats were injected with monocrotaline (MCT, 50 mg/kg, i.p.) at day 0. At day 3, 15 μg
SDF-1α or SDF-1α NP were aerosolized into the lungs of the rats. At day 21, right heart
catheterization was performed in the rats followed by lung tissue harvest. (A) right
ventricular systolic pressure (RVSP) measurements of the rats. Data are presented as
individual measurement in each rat, as well as the mean of each group; n = 8–11 rats per
group, *p < 0.05 compared to the MCT or MCT + SDF-1α group; #, p < 0.05 compared to
the other groups. (B) Representative tissue sections with alpha smooth muscle actin staining
obtained from rats with no treatment (I), with MCT (II), MCT + SDF-1α (III), or MCT +
SDF-1α NP-treatment (IV). Bar = 50 μm. (C) Counts of alpha smooth muscle actin-stained
vessels with diameter <50 μm in the entire lung section from the rat samples marked in red
shown in panel A; n = 4 per group, *p < 0.05 compared to the MCT group; #, p < 0.05
compared to the other groups.
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Figure 12. Generalized structural units of glycans
Heparin, (1–4)-linked 2-sulfo-α-L-iduronic acid and α-D-N-sulfoglucosamine-6-sulfate;
Dextran sulfate, (1–6)-linked α-D-glucose sulfate (5% with α-1,3 linkage); Chitosan, β-(1–
4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit).
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