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A cell’s fate is tightly controlled by its microenvironment. Key factors contributing to this microenvi-
ronment include physical contacts with the extracellular matrix and neighboring cells, in addition to
soluble factors produced locally or distally. Alterations to these cues can drive homeostatic processes,
such as tissue regeneration/wound healing, or may lead to pathologic tissue dysfunction. In vitro models
of cell and tissue microenvironments are desirable for enhanced understanding of the biology and
ultimately for improved treatment. However, mechanisms to exert specific control over cellular micro-
environments remains a significant challenge. Genetic modification has been used but is limited to
products that can be manufactured by cells and release kinetics of therapeutics cannot easily be
controlled. Herein we describe a non-genetic approach to engineer cells with an intracellular depot of
phenotype altering agent/s that can be used for altering cell fate via intracrine-, paracrine-, and endo-
crine-like mechanisms. Specifically, we show that human mesenchymal stem cells (MSCs) can be
engineered with poly lactide-co-glycolic acid (PLGA) particles containing dexamethasone, which acts on
cytoplasmic receptors. The controlled release properties of these particles allowed for sustained intra-
cellular and extracellular delivery of agent to promote differentiation of particle-carrying cells, as well as
neighboring cells and distant cells that do not contain particles.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Control of cell fate and its extracellular environment is critical for
tissue regeneration and cell therapy. During development, for
example, cells are instructed by a complex set of microenviron-
mental cues, comprising soluble mediators and direct contacts with
extracellular matrix and neighboring cells that are precisely regu-
lated in time and space [1]. Consequently, when the microenviron-
mental balance is altered, cellsmaybe activated towardhomeostatic
responses, such as to regeneration of damaged tissues, or pathologic
changes in cell phenotype leading to aberrant cell growth or loss of
function. To better understand these processes, engineer tissues,
develop in vitro tissue models, and develop cell therapies, one must
be able to exert localized control over the cell microenvironment.
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Current methods to control cell fate in culture include: i) genetic
manipulation of cells to programa desired phenotype, ii) addition of
drugs or growth factors to the culturemedia, and iii) presentation of
an engineered extracellular environment. Genetic modification has
been used to program cell fate in culture to promote expression of
specific cell surface receptors and to drive production of therapeutic
peptides and proteins [2e7]. However, these modifications often
exhibit a long-term impact on the cells, are limited to agents that can
be manufactured by cells, and aside from use of genetic switches,
there is an inability tofinely tune the release kinetics of these agents.
Drugs or growth factors can be added to culture media to mimic
a tissue microenvironment, however all cells receive essentially the
same signal, and application of soluble factors for controlling the
fate of transplanted cells is limited to pre-conditioning regimens.
Alternatively, scaffolds or 2D/3Dmicro/nano-engineered substrates
are useful to create multiple distinct microenvironments within
a single culture system. These types of substrates have been used
extensively to study cellecell interactions, transplant cells, ormimic
stem cell niches in vitro through support of cell proliferation,
differentiation, or migration via controlled presentation of soluble
programming of cell fate through engineered intracrine-, paracrine-,
terials.2010.12.036
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cues, adhesive interactions, or surface stiffness and topology [8e12].
In addition, cues such as growth factors can be chemically immo-
bilized to the substrate, providing specific locations tomodulate cell
behavior [13e15]. However, all of these strategies require cells to be
on, or in close proximity to the substrate. Engineering substrates to
control cell phenotype and function often involves a complex
manufacturing methodology and there are several circumstances
under which it is desirable to infuse cells in vivowithout the use of
a carrier or substrate (e.g. systemic cell infusion) [16].

Thus, there is a need to exert control over cells and their
microenvironment without genetic modification or the use of an
engineered substrate. Such a strategy would be useful to create in
vitro models of regenerative or disease microenvironments that
recapitulate critical cellecell signaling events in situ. This approach
could also be applied to control the fate of cells following trans-
plantation or control specific in vivo microenvironments without
the need for a cell carrier.

Here we propose a method to control the cellular microenvi-
ronment through a simple biomaterial-based cell modification
approach independentof geneticmanipulationor thepresence of an
artificial substrate. Rather than immobilizing cells on a biomaterial
to control the cellular microenvironment, we present a strategy
in which readily internalized biodegradable particles containing
phenotype altering agents can be used to control cell fate (Fig. 1A).
Uponmodificationof the cells, intracellular and extracellular release
of agents was characterized. Assayswere developed to test whether
the released agents could promote osteogenic differentiation of
particle-carrying cells as well as neighboring and distant cells
(Fig. 1B). Furthermore, in vitro and in vivo applications of the cell
modification approach are discussed.

2. Materials and methods

2.1. Mesenchymal stem cell culture and characterization

Primary humanMSCs were obtained from the Texas A&MHealth Science Center,
College of Medicine, Institute for Regenerative Medicine at Scott & White Hospital
which has a grant from NCRR of the NIH, Grant #P40RR017447. MSCs were derived
from healthy consenting donors and thoroughly characterized as previously
described [17]. MSCs were maintained in a-MEM expansion media (Invitrogen)
supplemented with 15% Fetal Bovine Serum (Atlanta Biologicals), 1% (v/v) L-Gluta-
mine (Invitrogen), and 1% penicillin:streptomycin solution (Invitrogen). Cells were
cultured to 70e80% confluence before passaging. All experiments were performed
using MSCs at passage number 3e6 where cells expressed high levels of MSC
markers CD90 and CD29 (>99% cells), and did not express hematopoietic markers
CD34 or CD45 (0% of cells) as observed from flow cytometry analysis.

2.2. PLGA microparticle fabrication

Rhodamine 6G dye (Sigma) or the osteogenic differentiation agent, dexameth-
asone (DEX), were encapsulated in poly (lactic-co-glycolic) acid (PLGA) particles
using a single emulsion encapsulation technique. Briefly, 100 mg of 50:50 PLGA
(carboxylic acid end group) was dissolved in 2 mL dichloromethane. DEX or dye was
Fig. 1. Controlling cell fate through internalized biodegradable particles. (A) Schematic il
internalized particles. (B) The encapsulated agent can control the cell and neighboring micro
(i) particle-carrying cell through intracrine-like signaling, (ii) neighboring cells, through pa
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then added to the PLGA solution and mixed thoroughly. For complete dissolution of
DEX, 10% methanol was added to dichloromethane. The PLGA solution was then
added to 20 mL of 1% (w/v) polyvinylalcohol solution in deionized water and
emulsified using a sonicator at 30W for 60 s. The solutionwas then stirred overnight
at room temperature on amagnetic stirrer to allow extraction and evaporation of the
organic solvent. The remaining solution was centrifuged and rinsed with PBS to
isolate particles and lyophilized. Particle size was determined by dynamic light
scattering and confirmed by scanning electron microscopy. To determine the
encapsulation efficiency, briefly, 10 mg of DEX-PLGA particles were dissolved in
anhydrous dimethyl-sulfoxide (DMSO) followed by quantification of DEX with
a UVevis spectrophotometer at 251 nm. Blank PLGA particles without any DEX
served as control. DEX was reliably encapsulated in DEX-PLGA particles with an
efficiency of 71 � 13.5% (e.g. from an initial 10 mg of DEX, w7.1 mg � 1.35 was
typically entrapped within the PLGA particles).
2.3. Modifying MSCs with PLGA microparticles

To improve particle uptake, PLGA microparticles were incubated with 50 mg/mL
poly-L-lysine for 3 h before incubation with MSCs. PLGA particle suspensions with
concentrations of 0.1 mg/mL and 0.5 mg/mL in PBS were added to 90% confluent
layers of MSCs in a 24-well plate for 10 min after which the PBS was removed and
complete media was added. The MSCs were allowed to internalize particles for 24 h
at 37 �C. To characterize particle internalization and stability of internalized parti-
cles, MSCs were loaded with DiO containing PLGA particles and characterized with
a Zeiss LSM510 laser scanning confocal microscope equipped with a 63� water
dipping objective. After a 24 h incubation, the cells were fixed with 3.7% formal-
dehyde at room temperature and stained with 5 mg/mL of propidium iodide (PI)
solution or 5 mL/mL DiL Vybrant cell stain solution for 10 min to visualize the cells.
The cells were visible through the red fluorescence channel and the particles were
visible through the green fluorescence channel. The internalization of the particles
was examined from 3-D re-constructed Z-stack confocal microscopy images and
a particle was considered internalized if it was localized within the plane of the
nucleus, yet inside the borders of the cell membrane. The percentage of internalized
particles was calculated from the number of particles present inside the cell
compared to the total number of particles associated with cells in the field of view
for ten random fields. For transmission electron microscopy, particle modified cells
were prepared as described above, fixed, and analyzed by the W.M Keck Microscopy
Facility at the Whitehead Institute. Specifically, the cells were fixed in 2.5% gluter-
aldehyde, 3% paraformaldehyde with 5% sucrose in 0.1 M sodium cacodylate buffer
(pH 7.4), pelletted, and post fixed in 1% OsO4 in veronal-acetate buffer. The cell pellet
was stained in block overnight with 0.5% uranyl acetate in veronal-acetate buffer
(pH 6.0), then dehydrated and embedded in Spurrs resin. Sections were cut on
a Reichert Ultracut E microtomewith a Diatome diamond knife at a thickness setting
of 50 nm, stained with uranyl acetate, and lead citrate. The sections were examined
using a FEI Tecnai spirit at 80 KV and photographed with an AMT CCD camera.
The viability, adhesion kinetics and proliferation of particle-modified MSCs and
unmodified MSCs were examined using our previously reported experimental
methodology [18]. Briefly, the viability of the cells was examined immediately after
modification (time 0) and after the cells were incubatedwithin 6-well plates for 48 h
using a trypan blue exclusion assay. Cell adhesion kinetics were quantified by
measuring the number of adherent cells on the tissue culture surface after 10, 30,
and 90 min. Proliferation of modified and unmodified MSCs was quantified by
plating cells in T25 flasks at low density and counting the number of cells in the flask
for an 8 day period with light microscopy at 10� for ten random fields. Multi-lineage
differentiation potential of the particle modified MSCs and unmodified MSCs was
examined by incubating cells with osteogenic and adipogenic induction media
followed by respective colorimetric staining [18]. Cells were assayed for osteogenic
differentiation and adipogenic differentiation using cell membrane associated
alkaline phosphatase activity and Oil Red O staining, respectively.
lustration of functionalizing cells with biodegradable particles to generate cells with
environment in three distinct ways. The release of the agent can control the fate of the
racrine-like signaling, (iii) and distant cells through endocrine-like signaling.

programming of cell fate through engineered intracrine-, paracrine-,
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2.4. In vitro release experiment from particle modified MSCs

0.1 mg/mL, 0.5 mg/mL, or 1 mg/mL PLGA microparticles with entrapped
rhodamine dye were incubated with MSCs for 24 h at 37 �C. The media was then
discarded and the cells were rinsed with PBS and supplied fresh media to create
a baseline for the dye release measurements. On days 2, 4, 7, 10 media was collected
and the quantity of dye released was measured using a fluorescence spectropho-
tometer with excitation and emission wavelengths of 540 and 625 nm, respectively.
Preliminary characterization of the particle-modification approach showed that
0.1 mg/mL particles were efficiently internalized by cells and resulted in adequate
cell loading, therefore this concentration was used for the remainder of the exper-
iments. To quantify the amount of dexamethasone released, MSCs were incubated
with 0.1 mg/mL DEX-PLGA particles for 24 h at 37 �C. On day 2, 4, 6, 10,14,18, and 22,
1 mL of media was collected and replenished with fresh media. The released DEX
was determined using ultraviolet (UV) spectrophotometer at 251 nm. Cells with no
particles and cells with blank particles (no DEX) served as controls.

2.5. Examination of osteogenic differentiation

To evaluate osteogenic differentiation, cell membrane associated ALP activity
was examined after 21 days by aspirating the culture media and rinsing the cells
followed by fixation with 3.7% formaldehyde solution for 10 min at room temper-
ature and rinsing. After 45 min incubation in 0.06% Red Violet LB salt solution in Tris
HCl, DMF and Naphthol AS MX-PO4, the wells were rinsed 3 times with distilled
water and visualized with light microscopy. Osteogenic differentiation was identi-
fied by red staining for alkaline phophatase. To visualize individual cells, the nuclei
of the cells were stained with 100 mL of DAPI solution (1 mg/mL in PBS) after treat-
ment with 100 mL of 0.1% TRITON X solution in PBS. To quantify the percentage of
MSCs stained positively for alkaline phosphatase, ImageJ� software was used. Some
cultures stained for ALP were further examined for the presene of mineralization via
the Von Kossa stain. Briefly, plates were rinsed 3e4� in ddH2O, and stained with
2.5% silver nitrate for 30 min. After rinsing 3e4� in ddH2O, plates were incubated in
sodium carbonate formaldehyde for 1e2 min, rinsed, air dried, and examined by
light microscopy.

2.6. Differentiation of particle modified cells

Microparticles containing DEX were incubated with MSCs for 24 h followed by
rinsing to remove free particles and the media was replaced with b-glycer-
olphosphate (G) and Ascorbic Acid (A) containing media. Cells grown in a-MEM
complete media served as a negative control, while cells grown in media supple-
mented with DEX, G and A served as a positive control for osteogenic differentiation.
Additional controls included media containing only G or A and cells containing
empty PLGA particles (no DEX). Cultures were maintained for 21 days and then
assessed for osteogenic differentiation by ALP staining as described above.

2.7. Differentiation of neighboring and distant cells

To assess the potential of MSCs modified with DEX-PLGA microparticles to
induce osteogenic differentiation of adjacent unmodified MSCs, a model assay was
developed. MSCs modified with DEX-PLGA particles were mixed with equal number
of unmodified MSCs and plated at a density of 300,000 cells per well in a 6-well
plate. Themediawas supplementedwith b-glycerolphosphate (G) and Ascorbic Acid
(A). Cells grown in a-MEM complete media served as a negative control, while cells
grown in media supplemented with DEX, G and A served as a positive control. Other
controls included media containing only G or A and cells containing empty PLGA
particles. Cultures were maintained for 21 days and then assessed for osteogenic
differentiation as described above. To assess the potential of DEX-PLGA micropar-
ticle modified MSCs to induce osteogenic differentiation of unmodified MSCs at
a distant site, two model assays were employed. First, MSCs containing DEX-PLGA
microparticles were plated into 6-well culture plates and unmodified MSCs were
plated in separate 6-well culture plates. The media added to DEX-PLGA modified
MSCs was supplemented with G and A. Media from the particle modified MSCs was
transferred to wells containing unmodified MSCs every third day and fresh media
with b-glycerolphosphate (G) and Ascorbic Acid (A) was replenished. Cells grown in
a-MEM complete media served as a negative control, while cells grown in media
supplemented with DEX, G and A served as a positive control. Other controls
included media containing only G or A and cells containing empty PLGA particles.
Cultures were maintained for 21 days and then assessed for osteogenic differenti-
ation as described above. To rule out the possibility that the observed induction of
osteogenesis was mediated by factors secreted by the differentiating DEX-PLGA
modified MSCs, the experiment was repeated using fibroblasts (in place of MSCs)
modified with DEX-PLGA particles. Toward the same goal, the impact of transferring
media from >21 day osteogenic cultures of MSCs (without particles) to a separate
culture dish containing unmodified cells was assessed. Second, MSCs containing
DEX-PLGA microparticles were plated on the bottom well of a transwell plate.
Unmodified MSCs were then plated on the membrane of the transwell and the
media was supplemented with b-glycerolphosphate (G) and Ascorbic Acid (A). Cells
grown in a-MEM complete media (without osteogenic factors) served as a negative
Please cite this article in press as: Sarkar D, et al., Cellular and extracellular
and endocrine-like mechanisms, Biomaterials (2011), doi:10.1016/j.bioma
control, while cells grown in media supplemented with DEX, G and A served as
a positive control. Other controls included media containing only G or A and cells
containing PLGA particles without DEX. Cultures were maintained for 21 days and
then assessed for osteogenic differentiation as described above.

2.8. Effect of cryopreservation

To examine the effect of cryopreservation on DEX release and ability to influence
the cellular microenvironment, the DEX-PLGA particles were incubated with MSCs
for 24 h followed by trypsinization with 1X trypsin-EDTA solution. The particle
modified cells were frozen in complete cell culture media supplemented with 5%
dimethyl sulfoxide at �140 �C. After 10 days the cells were thawed, plated, and the
release of DEX was examined in addition to repeating the osteogenic differentiation
experiments described above.

3. Results and discussion

To exert control over cells without genetic modification or engi-
neered substrates, we conceived of a strategy utilizing a controlled
drug delivery approach. Specifically, we envisioned that cells could
be modified with a depot containing drugs or differentiation factors
that could impact the modified cells and their cellular microenvi-
ronment through diffusion or transport of agents out of the carrier
cell. Although strategies for modifying the surface of cells with
nanoparticles exist, achieving stability beyond minutes or hours
requires chemicalmodification of the cell surface [19,20]. To develop
an approach that does not require chemical modification of the cell,
we considered utilizing biodegradable particles which are readily
internalized by multiple cell types. Particles formulated with poly
(lactide-co-glycolide) (PLGA) enable a nontoxic and efficient system
for sustained intracellular delivery of multiple therapeutic agents
directly to the cytoplasm through rapidly escaping the degradative
endo-lysosomal compartment [21]. PLGA is a polyester that hydro-
lyzes into biologically compatible andmetabolizablemoieties (lactic
acid and glycolic acid). While small molecules such as dexametha-
sone (DEX), a commonly utilized osteogenic differentiation factor,
can freely cross the membrane of cells such as MSCs to engage
intracellular receptors [22,23], many exogenously supplied large or
acidicmolecules (i.e. added to the culturemedia) have limited ability
to transverse membranes unless the membranes are permeabili-
zed [24,25]. For agents that cannot passively transverse the cell
membrane, active processes including gap junctions and perme-
ability glycoproteins can be utilized [26,27]. Thus, we hypothesized
that particle based carriers could be used to deliver high intracellular
concentrations of agents leading to either passive or active transport
across the cell membrane to impact the extracellular environment.
For proof of concept of this approach,we focused on smallmolecules
that have been shown to freely cross the cell membrane including
dexamethasone and rhodamine dye.

3.1. Engineering MSCs with PLGA particles

Although MSCs readily internalize nano-sized particles [28],
small particles (<1 mm) that are typically endocytosed [29] have
been shown in other cell types to be rapidly exocytosed unless they
are conjugated to the cell membrane [21,30e32]. To reduce the
potential for exocytosis, PLGA particles with a diameter of 1e2 mm
were fabricated (Fig. 2A and B) and found to be internalized byMSCs
irrespective of the surface chemistry, likely via phagocytosis [29]
(Fig. 2C). However, the kinetics of internalization was increased by
modifying the surface with a positive charge or with an antibody
directed toward an MSC surface antigen (e.g. CD90) (Fig. 2C). Thus
positively charged particles were selected for further experimenta-
tion. Confocal microscopy demonstrated that w95% of the PLGA
particles were internalized following a 12-h incubation (Fig. 2D).
Additionally, internalization of particles was confirmed with trans-
mission electron microscopy (Fig. S1A). Importantly, in contrast to
programming of cell fate through engineered intracrine-, paracrine-,
terials.2010.12.036



Fig. 2. Particle morphology, size, uptake and stability. (A) Scanning electron microscope image of PLGA particles reveals particles are spherical with a smooth pin-hole free surface
(Scale bar: 1 mm). (B) Representative distribution of particle diameter as determined by dynamic light scattering. (C) Particle interaction/binding with cells was moderately affected
by changes in surface chemistry, yet after 12 h the majority of cells contained bound particles regardless of surface chemistry. (D) Kinetics of particle internalization as a function of
particle surface chemistry. (E,F) Stability of internalized particles within DiD stained MSCs (red) as analyzed by confocal microscopy. Representative orthogonal confocal images
(E) 1 day, and (F) 7 days after incubation with DiO loaded PLGA particles (green) (Scale bar: 10 mm).
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previous reports of nanoparticle exocytosis, the 1e2 mm particles
were stable inside the cell for at least 7 days (Fig. 2E and F).
Furthermore, modification of MSCs with PLGA particles did not
impact cell phenotype including viability, adhesion, proliferation
(Fig. S2) and multi-lineage differentiation potential (Fig. S3).

Following the development of particles that were readily and
stably internalized by MSCs, we sought to examine the potential
for agents encapsulated within the particles to be released into
the intracellular and extracellular milieu using rhodamine dye as
a model small molecule (mol. wt. 479). Intracellular accumulation of
rhodamine dye was examined over a 10 day period through per-
meabilization of the cells at different time points following rinsing to
remove residual culture media. Dye was released in an initial burst
Please cite this article in press as: Sarkar D, et al., Cellular and extracellular
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within the first 2 days followed by relatively constant release
(Fig. 3A). To examine the potential for rhodamine to be transported
into the extracellular milieu, we sampled the media throughout the
cultureperiodwithafluorescence spectrophotometerandcompared
this result to a particle suspension without cells. Remarkably, we
detected increasing concentrations of rhodamine over time in the
culture media indicating transport from the intracellular to the
extracellular milieu. Release of rhodamine from particles without
cells showed a characteristic initial burst release with over 40% of
encapsulated rhodaminebeing releasedwithin thefirst day followed
by steady sustained release (Fig. 3B). In contrast, rhodamine was
released from internalized PLGA depots at a constant rate, with
40% of entrapped rhodamine released by day 5 and 100% by day 10
programming of cell fate through engineered intracrine-, paracrine-,
terials.2010.12.036



Fig. 3. Rhodamine intracellular accumulation and extracellular release from MSCs.
(A) To quantify the intracellular accumulation of rhodamine over time, MSCs loaded
with 0.1 mg/mL or 0.5 mg/mL of rhodamine-PLGA particles were permeabilized with
5 mg/mL of L-lysine at 4 h, 2 days, 4 days, 7 days, or 10 days, the permeabilized cells
were discarded, and the dye concentration in the lysate was assessed with fluorescence
Spectrophotometry. (B) Kinetics of rhodamine dye released into the culture media
from MSCs modified with particles versus a suspension of PLGA particles without cells.
200 mL of a 0.1 mg/mL rhodamine-PLGA particle solution was added to the MSCs
leading to internalization of w19 mg and release was examined in 500 mL of media. To
examine release of dye from particles without cells, conditions were normalized to the
experimental group with w19 mg of particles suspended in 500 mL of PBS.
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(Fig. 3B). Importantly the rate of rhodaminedeliverywaseasily tuned
by changing the concentration of particles added to the cultures
(Fig. S4). This demonstrates the potential of engineering cells with
particles to achieve sustained targeted release of membrane
permeable agents to the carrier cell and its microenvironment.

3.2. Controlling the fate of particle engineered cells, neighboring
cells, and distant cells

MSCs are multipotent cells capable of self-renewal that can give
rise to a number of unique, differentiated mesenchymal cell types
includingosteoblasts, chondrocytes, and adipocytes. To examine the
potential to control MSC phenotype we utilized an osteogenesis
assay where differentiation of MSCs to osteoblasts can easily be
detected through the characteristic expression of alkaline phos-
phatase (ALP) [33]. MSCs differentiate into osteogenic cells in the
presence of the glucocorticoid, dexamethasone (DEX) that passively
diffuses across the cell membrane [22,23], but only produce
mineralized extracellular matrix in the presence of ascorbic acid (A)
andphosphate ions (e.g. fromb-glycerolphosphate (G)) [33]. Instead
of placing DEX into media, we incorporated DEX into PLGA micro-
particles that were internalized by MSCs (Fig. 4A). Quantification of
dexamethasone in media above modified cells demonstrated that
DEX was transported from the particle engineered MSCs to the
extracellular environment for up to 2 weeks (Fig. 4B). The media
was supplemented with A and G and after 21 days, osteogenic
Please cite this article in press as: Sarkar D, et al., Cellular and extracellular
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differentiation was detected via ALP staining (Fig. 4C). MSCs with
blank particles, and MSCs in the presence of A and G alone did not
stain positive for ALP (Fig. 4D). Approximately 80% of the MSCs
engineeredwithDEX containing particles in the presence of A andG
stained positive for ALP, which was comparable to the ALP staining
of MSCs (without particles) in complete ostegenic media. In addi-
tion, co-staining cultures with ALP and Von Kossa revealed the
formation of bone nodules inDEX-PLGA cultures (Fig. 4E). SinceDEX
binds to intracellular glucocorticoid receptors [22,23], these results
demonstrate that DEX released from PLGA microparticles induced
osteogenic differentiation of particle modified MSCs as previously
shown with nanoparticles [34,35]. Thus microparticles that do not
readily undergo exocytosis, as nanoparticles do [21], can be used to
deliver phenotype altering agents such as dexamethasone to
intracellularly control the fate of particle modified cells.

Given that DEX can be transported across the MSC membrane
into the extracellular environment following internalization of DEX
loadedmicroparticles,we envisionedparticle engineered cells could
be used to control the phenotype of neighboring cells in a paracrine-
like manner. For an in vitro model, the previous experiment was
repeated, with only half of the MSCs containing DEX-PLGA particles
(Fig. 5A). Specifically, MSCs and DEX-PLGA modified MSCs were
mixed in a 1:1 ratio and plated in a 6-well plate. Strikingly, following
differentiation conditions, the majority of cells within the coculture
withDEX-PLGAparticles stainedpositive forALP (Fig. 5B). Given that
cell adhesion and proliferation properties of the PLGA modified and
unmodified cells were similar (Fig. S2), these results are likely not
due to differences in adhesion and proliferation between the two
populations of cells. Thus, this data suggests that DEX released from
particle modified MSCs can control the fate of adjacent cells.

Next we examined the potential for extracellular release of DEX
from particle-modified cells to promote differentiation of unmod-
ified MSCs in a different culture dish (endocrine-like signaling). On
every third day, conditioned media was transferred from particle
modified cells (supplementedwith G and A) to the unmodified cells
and after 21 days stained to detect ALP activity (Fig. 6A). ALP
staining of the unmodified cells incubated in conditioned media
from DEX-PLGA modified cells was comparable to the DEX-PLGA
modified MSCs (Fig. 6B). Importantly, no detectable ALP staining
was observed when the media was transferred from MSCs engi-
neeredwith blank PLGA particles (supplemented with G and A) and
from unmodified MSCs (supplemented with G and A) to a separate
dish contatining unmodifiedMSCs. To ensure that the released DEX
was responsible for induction of osteogenic differentiation and that
this was not due to a factor released from the differentiating MSCs,
additional experiments were performed. Specifically, media trans-
ferred from unmodified MSC cultures following 21 days of osteo-
genic differentiation (supplemented with DEX, G, and A) resulted in
no detectable ALP staining (Fig. 6C). In a separate experiment, lung
microvascular fibroblasts with internalized DEX-PLGA particles
were used in place of MSCs. Media transferred from the DEX-PLGA
modified fibroblast cultures to unmodified MSCs (supplemented
with G and A) induced osteogenic differentiation of theMSCs to the
same degree as media transferred from DEX-PLGA modified MSCs
(Fig. 6D). These two controls demonstrate that the DEX released
from the particle modified cells was responsible for inducing
osteogenic differentiation of the unmodified MSCs in a different
culture dish in an endocrine-like manner.

To determine if engineered endocrine-like signaling could
promotedifferentiation in amore relevant assay,we investigated the
ability of adhered DEX-PLGA modified MSCs to impact the fate of
cells on a distant transwell membrane in the same culture envi-
ronment. We incubated MSCs with DEX-PLGA particles on the
bottom surface of a transwell dish, and unmodified MSCs on a filter
surface that was 2 mm above in the presence of A and G (Fig. 6E).
programming of cell fate through engineered intracrine-, paracrine-,
terials.2010.12.036



Fig. 4. Intracrine-like signaling leads to osteogenic differentiation of DEX-PLGA particle modified MSCs. (A) Schematic of DEX release into culture media from adherent MSCs
modified with DEX-PLGA particles. (B) Release kinetics of DEX from MSCs incubated with 0.1 mg/mL DEX-PLGA particles into media at 37 �C for 21 days. (C) Osteogenic differ-
entiation of DEX-PLGA modified MSCs and controls were assessed via alkaline phosphatase staining (ALP, red), nuclei were counterstained with DAPI (blue). (D) Quantification of
ALP staining. (E) Bone nodules were identified via positive dual staining for Von Kossa and ALP in DEX and internalized DEX-PLGA particle containing cultures supplemented with
A and G but not in the absence of DEX or DEX-PLGA particles.

Fig. 5. Paracrine-like activity of modified MSCs. (A) Schematic illustration of DEX-PLGA
modified MSCs controlling the fate of neighboring MSCs without particles (black
arrows). (B) Osteogenic differentiation of DEX-PLGA modified MSCs and neighboring
MSCs seeded in a 1:1 ratio quantified through ALP staining. D ¼ Dexamethasone,
A ¼ Ascorbic Acid, G ¼ b-Glycerolphosphate, CCM ¼ MSC expansion media.
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Cellswere stained to detectALPactivityafter 21days in culture. DEX-
PLGA modified MSCs were shown to induce the differentiation of
w80% of the unmodifiedMSCs on the transwell membrane (Fig. 6F).
This demonstrates that agents released from particle-modified cells
can impact the fate of distant cells without cell contact.

3.3. Controlling cell fate after cryopreservation

To assess the potential for particle modified MSCs to retain their
DEX releasing properties following cryopreservation, cells con-
tainingDEX-PLGAparticleswere stored for 10 days at�140 �C. Upon
thawing and replating, the particle modified MSCs differentiated
into osteogenic cells via intracellular release of DEX, as indicated by
positive alkaline phosphatase staining (Fig. S5C) and induced oste-
ogenic differentiation of distant unmodified MSCs, comparable to
non-cryopreserved DEX-PLGA modified cells (Fig. S5). Thus particle
engineered MSCs can be cryopreserved without loss of activity.

3.4. Potential for a platform technology

While small molecules such as DEX and rhodamine can freely
cross themembraneof cells suchasMSCs, it iswell known thatmany
exogenously supplied molecules (i.e. added to the culture media)
have limited ability to traverse membranes unless the membranes
are permeabilized [25]. However, we do not anticipate this to be
a significant bottleneck to expanding our results to other agents
including small molecules, peptides, and proteins given that many
cell types including MSCs possess relevant machinery to facilitate
transport of agents from the intracellular to the extracellular envi-
ronment. For example, MSCs and their subpopulations have been
shown to express the plasma membrane protein, P-glycoprotein
programming of cell fate through engineered intracrine-, paracrine-,
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Fig. 6. Endocrine-like activity of modified MSCs. (A) Schematic illustration of programming cell fate of distant cells (without particles in well ‘ii’) by transferring conditioned media
fromwell ‘i’, containing DEX-PLGA modified MSCs, differentiated MSCs, or DEX-PLGA modified fibroblasts to well ‘ii’. (B) Osteogenic differentiation of DEX-PLGA modified MSCs and
distant cells quantified through ALP staining. (C) Osteogenic differentiation of MSCs treated with conditioned media from differentiated MSCs without DEX-PLGA particles.
(D) Osteogenic differentiation of MSCs treated with conditioned media from DEX-PLGA modified fibroblasts. (E) Schematic illustration of DEX-PLGA modified MSCs controlling the
fate of MSCs (without particles) separated by a transwell membrane 2 mm above the surface. (F) Osteogenic differentiation of unmodified MSCs atop transwell membrane
quantified through ALP staining. D ¼ Dexamethasone, A ¼ Ascorbic Acid, G ¼ b-Glycerolphosphate, CCM ¼ MSC expansion media.
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otherwise known as permeability glycoprotein [36e38], an ATP-
dependent efflux pump responsible for multidrug resistance in
tumor cells that is also expressed in hematopoietic stem cells and
their progeny [26]. Interestingly, P-glycoprotein has the ability to
transport multiple types of agents across the cell membrane
including steroids, lipids, peptides, and drugs. P-glycoprotein can
also be modulated to alter drug efflux [39]. In addition to P-glyco-
protein mediated transport of soluble agents, cellecell communi-
cation via soluble cuesmay occur through gap junctions that permit
the movement of small molecules and proteins between cells that
are in direct cell contact. This pathway has been exploited for double
stranded shRNAs/siRNA delivery [27,40]. MSCs have been shown to
express gap junctions and it has been suggested that this could be
used as a means to mediate responses of cells that are in direct cell
contact with MSCs [41,42]. Furthermore, MSCs have been shown to
use nanometer scale vesicles called exosomes [43,44] for transport
Please cite this article in press as: Sarkar D, et al., Cellular and extracellular
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of multiple intracellular agents to the extracellular environment, as
has been shown for other cell types [45,46]. Thus, the collective
activity of these mechanisms theoretically permits the delivery and
extracellular transport of a large repertoire of therapeutic agents via
internalized biodegradable particles. For example, agents could be
used to impact cell survival, proliferation, differentiation, extracel-
lular matrix production, cell death, or secretion of therapeutic
peptides and proteins.We envision this intracellular drug depotwill
be useful for developing cell-based therapies for tissue regeneration,
drug delivery and cancer therapeutics and potentially in combina-
tion with cell-based targeting strategies [18,47e49].

4. Conclusion

Herein we have developed a strategy to engineer cells with an
intracellular depot to impart intracellular and extracellular control
programming of cell fate through engineered intracrine-, paracrine-,
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of cell fate. In our proof of concept studies we have shown that
primary human mesenchymal stem cells (MSCs) can efficiently
internalize 1e2 micron sized biodegradable particles containing
differentiation factors. The particles remain localized within the
cell for at least 7 days while releasing biologically active agents such
as dexamethasone. The release kinetics to the extracellular envi-
ronment can easily be controlled by tuning the number of inter-
nalized particles. Remarkably, differentiation factors released
from the particles were shown to promote the differentiation of
particle-carrying cells (intracrine-like signaling), neighboring cells
(paracrine-like signaling), and the differentiation of distant cells
(endocrine-like signaling). In addition to use as an in vitro tool to
create cell niches in culture where temporal and spatial control
of cellular cues is critical, intracellular depots may permit exqui-
site control over transplanted cells and their microenvironment
through impacting cellular phenotype and function. Importantly,
this platform does not depend on genetic manipulation or a cell
carrier, making it amenable to use in a diverse array of in vitro and
in vivo applications.
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Appendix

Figures with essential color discrimination. Certain figures in
this article, particularly Figs. 1, 2, 4e6 are difficult to interpret in
black and white. The full color images can be found in the online
version, at doi:10.1016/j.biomaterials.2010.12.036.
Appendix. Supplementary data

Supplementary data related to this article can be found online at
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