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Three-dimensional (3D) multicellular aggregates, in comparison to two-dimensional monolayer culture,
can provide tissue culture models that better recapitulate the abundant cell-cell and cell-matrix interac-
tions found in vivo. In addition, aggregates are potentially useful building blocks for tissue engineering.
However, control over the interior aggregate microenvironment is challenging due to inherent barriers
for diffusion of biological mediators (e.g. growth factors) throughout the multicellular aggregates.
Previous studies have shown that incorporation of biomaterials into multicellular aggregates can support
cell survival and control differentiation of stem cell aggregates by delivering morphogens from within the
3D construct. In this study, we developed a highly efficient microparticle-based gene delivery approach to
uniformly transfect human mesenchymal stromal cells (hMSC) within multicellular aggregates and cell
sheets. We hypothesized that release of plasmid DNA (pDNA) lipoplexes from mineral-coated micropar-
ticles (MCMs) within 3D hMSC constructs would improve transfection in comparison to standard free
pDNA lipoplex delivery in the media. Our approach increased transfection efficiency 5-fold over delivery
of free pDNA lipoplexes in the media and resulted in homogenous distribution of transfected cells
throughout the 3D constructs. Additionally, we found that MCMs improved hMSC transfection by specif-
ically increasing macropinocytosis-mediated uptake of pDNA. Finally, we showed up to a three-fold
increase of bone morphogenetic protein-2 (BMP-2) expression and enhanced calcium deposition within
3D hMSC constructs following MCM-mediated delivery of a BMP-2 encoding plasmid and culture in
osteogenic medium. The technology described here provides a valuable tool for achieving efficient and
homogenous transfection of 3D cell constructs and is therefore of particular value in tissue engineering
and regenerative medicine applications.
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understanding and near-term development of materials for non-viral gene delivery in broad tissue engi-
neering and biofabrication applications, and therefore be of interest to a diverse biomaterials audience.

� 2019 Published by Elsevier Ltd on behalf of Acta Materialia Inc.
1. Introduction

Cell therapies have the potential to provide new treatments for
a number of diseases and disorders by replacing damaged tissue
with regenerated healthy tissue [1,2]. Many cell-based therapies
use a scaffold to provide a structural template that supports tissue
regeneration [3–5]. However, it is often difficult to match scaffold
degradation rate with new tissue formation, and degradation
byproducts can cause inflammation, cytotoxicity, or an immune
response [6]. For example, degradation byproducts of poly(lactic-
co-glycolic acid) (PLGA) scaffolds can lower the local pH to 4.0
[7], potentially triggering inflammation and edema. As a result,
scaffold-based cell therapies can result in undesirable outcomes
such as insufficient cell infiltration, limited vascular invasion, and
impaired tissue remodeling. In contrast, scaffold-free tissue engi-
neering strategies, in which cell aggregates are assembled without
a scaffold material, can offer an attractive alternative approach for
tissue regeneration. The high cell density within scaffold-free con-
structs enables abundant cell-cell and cell-extracellular matrix
(ECM) interactions that may more closely mimic tissue morpho-
genesis. Indeed, previous studies have shown that culture of
human mesenchymal stromal cells (hMSCs) as multicellular aggre-
gates enhances in vitro differentiation, as shown by increased
chondrogenic marker expression during directed chondrogenesis
[8]. hMSC aggregates have also shown promise in tissue engineer-
ing, where they can be used as building blocks for de novo tissues
[9]. However, it is challenging to deliver large molecules (e.g.
growth factors) into these constructs due to an inherent transport
barrier created by high cellular density, cell-mediated deposition
of ECM, and cellular metabolic activity.

Previously, we and others have developed biomaterials-based
approaches to overcome the diffusion barrier in cell aggregates,
in which growth factor-laden microparticles were incorporated
into the interior of three-dimensional (3D) cell constructs [10,11]
and promoted more homogenous differentiation [11–13]. How-
ever, this strategy was restricted to delivery of extracellular cues
such as cytokines and growth factors, and could also suffer from
the limited biological activity of recombinantly produced proteins.
Alternatively, gene delivery to the interior of a cell aggregate could
allow for sustained, local and bioactive production of a protein, as
well as the ability to overexpress intracellular proteins such as
transcription factors [14–18]. Non-viral gene delivery approaches
have been specifically explored in cell-based therapies because of
their desirable safety profiles and ease of synthesis relative to viral
vectors [16,19]. Thus, non-viral gene delivery may represent an
ideal strategy to direct cell function or influence cell response
within cell aggregates [19,20]. However, non-viral gene delivery
approaches typically suffer from low transfection efficiency in pri-
mary human cells, such as hMSCs, particularly in a 3D culture con-
text. For example, while hMSC transfection with commercial
reagents in standard two-dimensional (2D) cell culture on tissue
culture polystyrene (TCPS) has resulted in greater than 25% trans-
fection efficiency [21–25], there no reports of achieving similar
transfection efficiencies in 3D using these commercial reagents.
This is potentially due to the fact that the vectors frequently used
for non-viral transfection (e.g. liposomes, polyplexes, nanoparti-
cles) are designed for 2D culture platforms that do not account
for 3D gene delivery barriers. As an example of this, 3D cell aggre-
gates and cell sheets introduce an inherent transport barrier that
must be overcome to deliver the relatively large non-viral vector
DNA complexes (�200–900 nm) to the interior [26,27]. Thus,
non-viral gene delivery to the interior of scaffold-free human cell
constructs is a significant challenge, and there remains a need for
efficient and homogenous 3D transfection techniques.

Here, we describe and characterize a biomaterial-based, non-
viral gene delivery approach that efficiently delivers genes
throughout multicellular hMSC aggregates and cell sheets. Based
on our previous reports [22,28–30], we hypothesized that incorpo-
ration of mineral-coated microparticles (MCM) loaded with plas-
mid DNA (pDNA) into cell aggregates or sheets would enable
efficient homogeneous 3D gene delivery and superior efficiency
than standard transfection via addition of free lipoplexes to the cell
construct culture medium. Our results demonstrate that MCMs
within 3D hMSC aggregates or sheets provided highly efficient
and homogenous transfection. Characterizing the approach, we
demonstrated that MCMs increased hMSC transfection efficiency
by increasing macropinocytosis and corresponding uptake of
pDNA. Optimization of this approach by varying the pDNA dosage
and the amount of MCMs used led to a hMSC transfection effi-
ciency up to 30%, which was 5-fold higher than our efficiency using
standard non-viral transfection protocols on 2D substrates, and
more than 20-fold higher than standard transfection protocols in
3D cell culture. Finally, to explore the utility of this approach for
tissue engineering applications, we used these MCMs to deliver a
plasmid encoding bone morphogenetic protein-2 (BMP-2) to
enhance osteogenic differentiation of 3D hMSC constructs. Taken
together, the biomaterial technology described here may have
unique utility in achieving highly efficient and uniform transfec-
tion of scaffold-free 3D cell constructs.

2. Materials and methods

2.1. MCMs preparation and characterization

Sintered hydroxyapatite microparticles (HA MPs, Plasma Biotal
LTD) with particle size between 3 and 5 mm were used as the start-
ing material for the MCMs and prepared as previously reported
[22,30–32]. Briefly, the HA MPs were incubated in modified simu-
lated body fluid (mSBF) at 37 �C for 7 days with daily mSBF replace-
ment. The mSBF was prepared by adding the following reagents
into deionized water in the order shown: 141 mM NaCl, 4.0 mM
KCl, 0.5 mM MgSO4, 1.0 mM MgCl2, 100 mM NaHCO3, 20.0 mM
HEPES, 5.0 mM CaCl2, and 2.0 mM KH2PO4. The mSBF pH was then
adjusted to 6.80. MCMs were harvested after seven days of incuba-
tion by rinsing with deionized water, filtering through a 40 mm
strainer, and drying via lyophilization. Visual inspection and verifi-
cation of mineral coating formation was done via a LEO 1530 scan-
ning electron microscope (Gemini) at 3kv. The collected MCMs
were sterilized by exposing under UV light for 20 min within a bio-
safety cabinet before incorporation into culture with hMSCs.

2.2. Plasmid DNA complex binding on MCMs

pMetLuc and pEGFP-N1 reporter vectors (Clontech) were ampli-
fied using competent TOF10F’ E. Coli (Life Technologies) and puri-
fied with a Giga plasmid purification kit (Qiagen) following the
manufacturer’s protocol. pDNA lipoplexes were formed by mixing
the pDNA with Lipofectamine 2000 (Lipo2000, Life Technologies)
at N/P ratio of 2.0 in Opti-MEM� reduced serum medium (Life
Technologies) according to the manufacturer’s protocol. 50, 100,
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or 200 mg of MCMs were added to 200 mL pDNA complex solution
with various amount of pDNA lipoplexes for 2 h to allow the pDNA
complexes to bind to the mineral surface. The pDNA complexes
bound to MCMs were then centrifuged at 1200 RPM for 2 min
and washed with 1.0 mL PBS once. The remaining pDNA complex
in the supernatant was measured using a PicoGreen assay (Life
Technologies) as previously described [22,32] and converted to
the pDNA binding efficiency on MCMs.

2.3. hMSC culture

hMSCs (Lonza) were expanded at low density on T175 tissue
culture polystyrene (TCPS) flasks to maintain their multipotency
and used for experiments by passage 6. hMSCs were grown in
growth medium comprising of a-Eagle Essential Media (a-MEM)
supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
100 U/mL penicillin/streptomycin at 37 �C and 5% CO2. Media
was exchanged every other day and hMSCs were passaged or har-
vested at 75% confluency.

2.4. hMSC aggregate formation and i) standard transfection with
pDNA or ii) pDNA + MCMs

To evaluate the transfection efficiency of the i) standard and ii)
pDNA + MCM approaches, 0.25 � 106 hMSCs were mixed with no
MCMs, or with MCMs without pDNA at different ratios (50, 100
and 200 mg MCMs/Agg) incorporated into the aggregates similarly
to previously described methods [33]. hMSCs were harvested by
trypsinization and resuspended in growth medium with the vary-
ing MCM suspensions at 1.25 � 106 cells/mL (pDNA + MCMs), or
with no MCMs (standard approach). 200 mL of these hMSC suspen-
sions per well were added into V-shaped polypropylene micro-
plates and centrifuged at 500g for 5 min. After 24 h of culture,
the different amounts of pDNA lipoplexes were added to hMSC
aggregates. For transfection of small aggregates during aggrega-
tion, we added 2 mg pEGFP lipoplexes to the 0.25 � 106 hMSC cell
suspension and centrifuged the mixture into Aggrewell 800 (Stem
Cell Technologies) microwell plates to yield aggregates with
6 � 103 rather than 250 � 103 cells per aggregate.

2.5. Incorporation of iii) pDNA/MCMs into hMSC aggregates

pDNA complexes bound to MCMs were resuspended in growth
medium at 10, 20, 40 mg/mL, respectively. hMSCs were trypsinized
and resuspended in the solutions above at a concentration of
1.25 � 106 cells/mL. pDNA/MCMs and hMSC were mixed at
1:1 vol ratio. The hMSC/MCMsuspensionswere then dispensed into
sterile 96-well V-shaped polypropylene microplates at 200 mL/well
after gentlymixing. The plateswere centrifuged at 500g for 5 min to
pellet the hMSC/MCMs to form the MCMs-incorporated hMSC
aggregates. hMSC aggregates were transfected for different time
periods and their transfection efficiency with different plasmids
were assessed by assays corresponding to each plasmid. pDNA/
MCM transfection of small aggregates was performed as described
in methods 2.4 using pDNA/MCMs in place of pDNA + MCMs.

2.6. Incorporation of pDNA lipoplex-loaded MCMs into hMSC sheets

hMSC suspensions (2 � 106 cells/mL) were uniformly mixed
with pDNA lipoplex-bound MCMs (1.5 mg/sheet) with or without
loaded pEGFP lipoplex or pBMP-2 lipoplex. For pEGFP lipoplexes,
the pEGFP concentrations were set at 0, 1, 5, or 10 lg/sheet. For
pBMP-2, the pBMP-2 concentrations were set at 0, 5, or 10 lg/
sheet. The mixture was then seeded onto the membrane of
polycarbonate Transwell inserts (3 lm pore size, 12 mm diameter,
Corning) and allowed to self-assemble as previously described
[13]. hMSC sheets were transfected for different time periods and
their transfection efficiency with different plasmids were assessed
by assays corresponding to each plasmid.

2.7. Luminescence assay

Luciferase activity was measured using a Cell-Glow luciferase
kit (Clontech). Briefly, 5 mL of luciferase substrate was added into
50 mL hMSC aggregates culture medium in a 96-well plate and
incubated at room temperature for 5 min while protected from
light. The luminescence was measured by a microplate reader (Flu-
oroskan Ascent FL). Cell metabolic activity in each aggregate after
transfection was evaluated by the Cell Titer-Blue assay kit (Pro-
mega) according to the manufacturer’s protocol and measured
for fluorescence on a plate reader (Fluoroskan Ascent FL).

2.8. GFP expression analysis

For hMSC aggregates transfected with EGFP plasmid, aggregates
were collected from the microplate after 48 hr of culture and fixed
in 10% neutral buffered formalin for 30 min. The samples were
then embedded in OCT embedding medium and cut into 5 mm-
thick sections (Cryo Stat). The sections were mounted on to histol-
ogy slides and DAPI counter staining was performed in certain
experimental groups. Expression of EGFP in hMSC aggregates was
determined using a Nikon Eclipse Ti inverted microscope equipped
with a 10� PhL objective (Nikon), FITC fluorescence filter cube
(Nikon), CoolSNAP HQ2 camera (Photometrics), and Elements anal-
ysis software (Nikon). For visualizing the MCMs embedded inside
the hMSC aggregates, phase contrast images were captured with
a 10� PhL objective.

2.9. Flow cytometry

For EGFP transfection efficiency determination, hMSCs were dis-
sociated from the aggregates or cell sheets by incubating with PBS
containing 0.25% Trypsin with 50 mM EDTA and while rotating for
15 min at room temperature. The dissociationmixture was then fil-
tered through a 40 mm cell strainer to make the single cell suspen-
sion. Flow cytometry was performed with a FACSCalibur (BD) or
Attune NxT (Thermo Fisher Scientific), with a minimum of 10,000
events per sample within the FSC/SSC gate for live cell populations.
Untransfected hMSCs grown on TCPS were used as a negative con-
trol, and transfected hMSCs with pEGFP/Lipo2000 complex on TCPS
were used as a positive control. Data analysis were performed via
FlowJo software (Tree Star). For plasmid uptake efficiency, pEGFP
was labeled with CX-Rhodamine Label IT nucleic acid labeling kit
(Mirus). hMSC aggregates were transfected with rhodamine-
labeled pEGFP for 4 hr following the procedures described in Sec-
tions 2.4–2.5. The aggregates were dissociated using the aforemen-
tioned method, washed with 1% FBS in PBS, and analyzed for red
fluorescence using the FACSCalibur (BD).

2.10. BMP-2 ELISA

hMSC aggregates were transfected with a plasmid encoding
BMP-2 (pcDNA3.1/His/hBMP-2) similarly to the procedure
described above for EGFP. After 72 h of transfection, the cell culture
medium in each well was collected. The hMSC aggregates were
then dissociated with 100 mM EDTA/PBS (pH = 7.4) for 15 min
with pipetting up and down every 5 min to ensure complete disso-
lution of the MCMs. The dissociated aggregates were centrifuged at
500g for 5 min and the supernatant was collected to measure the
BMP-2 bound on the MCMs. The BMP-2 concentrations of the cul-
ture media and MCM fractions were determined via a Quantikine
ELISA Kit (R&D Systems) following the manufacturer’s instructions.
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2.11. Endocytosis inhibition and analysis

hMSCs were cultured on TCPS in growth medium as described
above. Cells were harvested by trypsinization and plated at 2000
cells per well in 96-well TCPS flat bottom plates. 36 h after seed-
ing, cells were treated with 0–12.8 mg MCMs per well and
100 mg/mL 10 kDA molecular weight Alex Fluor 594-conjudated
dextran (Thermo Fisher Scientific) for 6 h. Cells were then fixed
in 10% neutral buffered formalin, washed 3X with PBS, and treated
with 0.1 N HCl for 15 min to remove MCMs. Cells were then ana-
lyzed for Alexa Fluor594 + endosome area using a Nikon Eclipse Ti
inverted microscope equipped with a 10X PhL objective (Nikon),
TxRed fluorescence filter cube (Nikon), CoolSNAP HQ2 camera
(Photometrics), and Elements analysis software (Nikon). Alterna-
tively, cells were transfected with pEGFP or pEGFP/MCMs as
described above and analyzed for expression of EGFP using a
Nikon Eclipse Ti inverted microscope equipped with a 10� PhL
objective (Nikon), FITC fluorescence filter cube (Nikon), CoolSNAP
HQ2 camera (Photometrics), and Elements analysis software
(Nikon). For endocytosis inhibition, cells were treated with
0.4 mM amiloride (Tocris Bioscience), 0.1 mM chlorpromazine
(Alfa Aesar), or 5 mM methyl-b-cyclodextrin (Sigma Aldrich) in
growth medium reduced to 0.5% serum for 1 hr prior to addition
of MCMs and Alexa Fluor 594 dextran or transfection.

2.12. hMSC aggregate and sheet culture in osteogenic medium

hMSC aggregates and sheets were transfected with a plasmid
encoding for BMP-2 (pcDNA3.1/His/hBMP-2) as described above.
After 72 h of transfection, the cell culture medium was removed
from each well and replaced with osteogenic medium consisting
of growth medium supplemented with 0.1 mM dexamethasone,
50 mg/mL ascorbic acid and 10 mM b-glycerophosphate for
5 weeks, with medium changes performed every 3 days.

2.13. Histological analysis

Cultured aggregates were fixed in 4% neutral buffered formalin
for 30 min and embedded in OCT media and kept frozen. The fro-
zen embedded samples were sectioned into 5 mm and subjected
to H&E staining and Alizarin red staining. Stained sections were
imaged using a camera assisted microscope (Nikon Eclipse micro-
scope, model E6000 with an Olympus camera, model DP79). Osteo-
calcin (OCN) was stained as a bone marker. Briefly, sections were
blocked with 5% BSA in PBS. After blocking, primary antibody
anti-OCN (Abcam, Ab52128) was applied to the sections. After
washing with PBS, the staining signals were visualized with Don-
key anti-Rabbit IgG H&L (DyLight� 488) (Abcam, Ab96891) and
imaged using a Nikon Eclipse Ti inverted microscope equipped
with a Nikon DS-Fi1 camera (Nikon).

2.14. Statistical analysis

Quantitative data are expressed as mean ± standard deviation.
Statistical analysis was performed for all quantitative data using
GraphPad Prism, with the statistical test used and significance
reported in each figure.
3. Results

3.1. MCMs adsorb pDNA lipoplexes out of solution for incorporation
into 3D constructs

Mineral coated microparticles (MCMs) adsorbed pDNA com-
plexed with Lipofectamine 2000 (Lipo2000) out of solution
(Fig. 1A). The MCMs used here contained a layer of nanostructured
mineral coating on the microparticle surface (Fig. 1B, C), generated
by incubating 3–5 mm diameter hydroxyapatite microparticles in
modified simulated body fluid (mSBF). This coating featured
plate-like features, 200–400 nm in size (Fig. 1C). The resulting
MCMs were capable of binding up to 2.38 mg of Metridia
luciferase-encoding plasmid (pLuc) lipoplexes (Fig. 1D), and the
pLuc amount per aggregate could be varied between 0.19 and
2.38 mg pLuc by adjusting the initial amount of pLuc and MCMs
in the binding solution. (Fig. 1D)

3.2. MCM-mediated pDNA delivery improves transfection of hMSC
aggregates

We compared three gene delivery approaches within hMSC
aggregates: i) standard approach (pDNA): a standard transfection
approach delivering free pDNA lipoplexes suspended in solution
into the cell culture medium, ii) pDNA + MCMs: pDNA-free MCMs
incorporated into aggregates, followed by a standard transfection
approach delivering free pDNA lipoplexes suspended into the cell
culture medium, iii) pDNA/MCMs: transfection via incorporation
of pDNA-laden MCMs into aggregates as described in Fig. 1A
(Fig. 2A). Aggregates contained 0.25 � 106 cells/aggregate, as this
number of cells has been previously used in hMSC tissue engineer-
ing applications [11] and reliably produced aggregates of sufficient
size such that the majority of cells were located in the aggregate
interior. pLuc delivery via pDNA/MCMs (pLuc/MCMs) resulted in
the greatest transgene expression among the approaches explored.
Compared with the standard lipoplex delivery approach (pLuc),
pLuc/MCM delivery increased transgene expression by up to 8-
fold (Fig. 2B). Incorporation of pDNA-free MCMs followed by trans-
fection of free lipoplexes (pLuc + MCMs) also increased transfec-
tion when compared with the standard approach, but not to the
extent of the pLuc/MCM delivery within the aggregates. pLuc/
MCM delivery also resulted in sustained gene expression for a
longer timeframe (Fig. 2C). Specifically, luciferase activity in the
pLuc and pLuc + MCMs groups plateaued 3 days post-
transfection, while luciferase activity continued to increase in the
pLuc/MCMs condition up to day 7 (Fig. 2C). Delivery of 8 mg/Agg
pLuc/MCMs resulted the highest level of transgene expression,
but also resulted in a >80% reduction in aggregate viability relative
to the no transfection control. In contrast, the 4 mg/Agg pLuc/MCMs
condition resulted in 77% of the transgene expression level of the
8 mg/Agg but maintained up to 90% viability relative to the no
transfection control (Fig. 2D).

3.3. MCMs improve spatial homogeneity of transfection of hMSC
aggregates

To evaluate the spatial distribution and homogeneity of trans-
fected hMSCs within the aggregates, we delivered an EGFP-
encoding plasmid (pEGFP) using the three approaches described
previously. For both standard pDNA and pDNA + MCMs
approaches, there were few EGFP-positive cells and, when present,
they were located only at the aggregate periphery (Fig. 3A, B). In
contrast, local delivery of pEGFP using MCMs from within aggre-
gates (pDNA/MCMs) increased the number of EGFP-positive cells
overall, and specifically increased the number of EGFP-positive
cells in the aggregate interior (Fig. 3C). Delivering increasing
amounts of pEGFP via the pDNA/MCM approach resulted in a
dose-dependent increase in EGFP-positive cells in the aggregate
interior (Fig. 3D). Specifically, the EGFP-positive cells within the
aggregate interior increased as we increased the pDNA dose from
1 to 4 mg/Agg. At 8.0 mg/Agg, we observed a decrease in interior
EGFP-positive cells (Fig. 3D), which also coincided with the higher
cytotoxicity in the aggregates previously observed for this condi-



Fig. 1. Incorporation of pDNA-laden MCMs into hMSC aggregates: (A) Schematic of the microparticle-based gene delivery approach: pDNA was condensed using
Lipofectamine2000 and the resulting complex was adsorbed to the MCM surface. The pDNA-laden MCMs were mixed with hMSCs and centrifuged to transfect the aggregates.
(B) Scanning electron micrograph (SEM) of MCMs at low magnification showing MCMs of 5–8 mm in diameter. (C) High magnification SEM micrograph of MCMs showing
plate-like features around 200–400 nm in size. (D) MCM binding capacity of luciferase-encoding plasmid DNA lipoplexes.
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tion (Fig. 2D). Additionally, neither a reduction in aggregate size or
transfection during aggregation with free pEGFP lipoplexes mixed
with the cell suspension prior to centrifugation overcame this dif-
fusion barrier to produce efficient and homogenous 3D transfec-
tion (Fig. S1). Interestingly, most EGFP-positive cells in pEGFP/
MCM aggregates were in close proximity to MCMs (Fig. S2 and
S3), indicating a local plasmid release fromMCMs, similar to previ-
ously reported findings with these materials [22,32], was likely
responsible for cell transfection within the aggregate.

Increases in the amount of plasmid delivered per aggregate also
increased the percentage of EGFP-positive cells in conditions that
included 50 and 100 mg MCMs per aggregate (Fig. 3E). Specifically,
the transfection efficiency via the pDNA/MCM approach with 50 mg
MCM per aggregate increased from 6.5% to 14.9% as the pEGFP dose
increased from 2 to 8 mg/Agg (Figs. 3E, S4A). In comparison, the
standard pEGFP delivery approach resulted in <1% EGFP-positive
cells (Fig. S4B). After optimization of the pEGFP and MCM doses
(200 mg MCM, 8 mg pEGFP per aggregate), we achieved a 17.3%
transfection efficiency in hMSC aggregates, which was over 3-
fold higher than the 5.4% transfection efficiency achieved using
Lipo2000 in 2D hMSC culture (Fig. 3E). In addition to the positive
correlation between pEGFP dose and transfection efficiency, higher
masses of MCMs also increased transfection efficiencies when
delivering either 2 or 4 mg pEGFP/Agg (Fig. 3E), suggesting that
the mineral coating itself may serve as a co-factor that facilitates
transfection.

To specifically explore why the pDNA/MCM method increased
transfection efficiency in hMSC aggregates, we used rhodamine-
labeled pEGFP to measure differences in cellular pEGFP uptake
between the different transfection approaches. hMSCs in aggre-
gates loaded with MCMs carrying increasing amounts of labeled
plasmid increased their red fluorescence intensity 2 h post-
transfection (Fig. 3F). Specifically, delivery of 2, 4, 8 mg pEGFP/
Agg resulted in 9.0%, 19.1%, and 41.6% of hMSC plasmid uptake
(50 mg MCM/Agg). In comparison, hMSCs cultured in 2D resulted
in 2.2% hMSC plasmid uptake. Using our previously described con-
ditions for optimized transfection efficiency (200 mg MCM, 8 mg
pEGFP per aggregate), we achieved 54.2% plasmid uptake. Also,
increasing the MCM amount per hMSC aggregate, while keeping
the plasmid amount fixed, increased the labeled pEGFP uptake
(Fig. 3F). Interestingly, pDNA + MCMs increased plasmid uptake
from 2.4% to 4.2%, further supporting the hypothesis that MCMs
alone may serve as a co-factor that encourages plasmid uptake
and subsequent transfection.

Lastly, we assessed the production of a secreted growth factor
from hMSC aggregates transfected with a BMP-2 encoding plasmid
(pBMP-2) using our MCM method. The total production of BMP-2
during the first 72 hr post-transfection with pDNA/MCMs was 3-



Fig. 2. Comparing transgene expression after plasmid DNA delivery into hMSC aggregates using different strategies: A) Schematic of three pDNA delivery strategies: i)
Standard: free pDNA lipoplexes added into the aggregate culture medium, ii) pDNA-free MCMs incorporated into hMSC aggregates, and then pDNA lipoplexes added into the
aggregate culture medium, iii) pDNA lipoplexes adsorbed to the surface of MCMs, and then incorporated into hMSC aggregates. B) Luciferase activity of hMSC aggregate
culture medium, 2 days after transfection using three different approaches. ‘‘*, ***, ****” represents p-value < 0.05, 0.001, and 0.0001 respectively for 2-way anova with Tukey
post-hoc test. C) Luciferase activity of hMSC aggregate culture medium over time for 7 days after transfection using three different approaches. ‘‘****” represents p-
value < 0.0001 for 2-way anova with Tukey post-hoc test. D) hMSC aggregates viability (cell-titer blue) after 2 days of transfection with the different approaches. ‘‘****”
represents p-value < 0.0001 for 2-way anova with Tukey post-hoc test. ‘‘a” represents p-value < 0.05 for 2-way anova with Dunnet post-hoc test to hMSC only control. ‘‘ns”
represents no significant difference. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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fold higher than standard transfection of hMSC grown in 2D on
TCPS (Fig. 3G). The pDNA + MCM condition also increased BMP-2
production relative to standard transfection, again illustrating the
role of MCMs alone in improving transfection (Fig. 3G). Interest-
ingly, up to 86% (50 mg MCM per aggregate) of the secreted BMP-
2 protein was sequestered within the MCMs (Fig. 3G).
3.4. MCMs improve hMSC transfection through induction of
macropinocytosis

Non-viral transfection with pDNA is known to occur through
various endocytosis pathways [34]. We cultured hMSCs in 2D with
MCMs and Alexa Fluor-564 labeled 10 kDa molecular weight dex-
tran to assess the effect of MCMs on endocytosis (Fig. 4A–E). MCMs
increased the number of endosomes produced by hMSCs (Fig. 4A,
B). Specifically, there was a dose dependent increase in the mean
area of Alexa564-positive endosomes in hMSC culture with
increases in MCM concentration (Fig. 4B). The highest concentra-
tion of MCMs resulted in a 330% increase in Alexa564-positive
endosome area relative to hMSCs without MCMs (Fig. 4B). In addi-
tion, the mean fluorescence intensity of Alexa564-positive endo-
somes increased in a dose-dependent manner (Fig. S5), indicating
that MCMs increase both the number of endosomes and the
amount of material taken up into the endosome.

To assess which endosomal pathway MCMs influence in hMSCs,
we used small molecule inhibitors known to inhibit clathrin-
dependent endocytosis (chlorpromazine), caveolae-mediated
endocytosis (methyl-b-cyclodextrin), and macropinocytosis
(amiloride) (Fig. 4C). In growth medium without MCMs, amiloride
and methyl-b-cyclodextrin significantly reduced the number of
Alexa564-positive endosomes (Fig. 4D), indicating that hMSCs
use both macropinocytosis and caveolae-mediated endocytosis
pathways under normal culture conditions. In the presence of
MCMs, amiloride and methyl-b-cyclodextrin had no effect on
endosome production (Fig. S6A), suggesting that MCMs upregulate
both macropinocytosis and caveolae-mediated endocytosis. In
comparing the effects of endocytosis inhibition during transfec-
tion, we observed that MCMs mitigated losses in transfection effi-
ciency in hMSCs treated with either chlorpromazine or amiloride,
but not methyl-b-cyclodextrin (Fig. S6B).
3.5. MCM-mediated delivery of BMP-2 plasmid enhances calcium
deposition during osteogenic differentiation of 3D hMSC cultures

We next used the optimized pDNA/MCM method (200 mg MCM
and 8 mg pBMP-2 per 250 k cells) to deliver pBMP-2 during osteo-
genic differentiation of hMSC aggregates as well as larger cell
sheets, in which we achieved up to 30% transfection efficiency
(Fig. 5A, B). Cell aggregates (Fig. S7) in the pBMP-2-groups showed
increased andmore uniform ossification relative to the no transfec-
tion control after 5 weeks of culture, and increased calcium pro-
duction in pBMP-2 transfected cell sheets (Fig. 5C). Cell
aggregates showed abundant ECM deposition in all groups exam-
ined during the 5 weeks culture (Fig. S7), and Alizarin Red S stain-
ing showed increased mineralized tissue formed in aggregates
transfected with 2 and 4 mg/Agg of pBMP-2/MCMs relative to no
transfection (Fig. S7). In addition, increased osteocalcin (OCN)
staining correlated with increased pBMP-2 delivered for 2 and
4 mg of total pDNA dosage. While aggregates transfected with
8 mg/Agg of pBMP-2 showed higher OCN staining, this was without
a corresponding increase in Alizarin Red S staining (Fig. S7). For the
larger cell sheets, pBMP-2/MCMs increased calcium production by
152% and 214% for the 5 and 10 mg pBMP-2 conditions, respec-
tively, after 5 weeks in osteogenic medium when compared to



Fig. 3. MCM-mediated delivery increases transfection efficiency and homogeneity of hMSC aggregates. hMSC aggregates (0.25 � 106 cell/Agg), transfected with (A) standard
approach, (B) 100 mg pDNA-free MCMs and free pDNA lipoplexes suspended in the medium, and (C) the pDNA/MCM method, examined for distribution of EGFP-positive cells
within epifluorescence micrographs of cryosectioned aggregates. (D) Examination of EGFP-positive cell distribution in hMSC aggregates after transfected with increasing
amounts of pEGFP with 100 mg MCMs for each aggregate using the pDNA/MCM method. (E) Quantification of cellular uptake using flow cytometry and rhodamine-labeled
pEGFP. Plasmid uptake increased in response to both the amount of plasmid and MCM delivered. ‘‘*, **, ***” represents p-value < 0.05, 0.01, and 0.001 respectively for 2-way
anova with Tukey post-hoc test. ‘‘ns” represents no significant difference. (F) Optimization of pDNA/MCM method by varying pEGFP and MCMs amounts. hMSC transfection
efficiencies increased with higher amounts of plasmid delivered for the 50 and 100 mg MCMs/Agg. All pDNA/MCM aggregate transfection efficiencies were higher than
standard transfection in 2D except 2 mg pEGFP/50 mg MCM. ‘‘****” represents p-value < 0.0001 for 2-way anova with Tukey post-hoc test. (G) BMP-2 expression from hMSC
aggregates transfected with pBMP-2/MCMs, measured via ELISA. ‘‘**” represents p-value < 0.01 for 2-way anova with Tukey post-hoc test. ‘‘ns” represents no significant
difference.
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the no transfection/no MCM control (Fig. 5C). Interestingly, MCMs
alone also increased calcium production by the cell sheets relative
to the MCM-free control after 5 weeks in osteogenic medium
(Fig. 5C).
4. Discussion

Scaffold-free cell constructs (e.g. cell aggregates and cell sheets)
are an attractive strategy for tissue engineering due to their abun-
dant cell-cell interactions, which mimic aspects of tissue develop-
ment and regeneration. Within these constructs, 3D delivery of
proteins is critical to direct cell differentiation and tissue morpho-
genesis. However, high cellular density and ECM production in 3D
cell constructs creates an inherent diffusion limitation that limits
protein delivery [35,36]. Previously, we have used biomaterials to
successfully deliver growth factors within hMSC aggregates, but
limitations inherent to recombinant proteins motivated us to
explore a strategy to instead deliver genes within 3D constructs.

In conventional non-viral gene delivery approaches, pDNA com-
plexes are directly taken up across the cell membrane. In transfec-
tion of 3D tissues, these complexes, which have diameters of 200–
900 nm, must pass through multiple cell layers to reach the aggre-
gate interior where the majority of cells reside [27,37]. This creates
a significant challenge for efficient transfection of cell aggregates.
Indeed, in our current study, transfection of 3D cell aggregates
using standard pDNA delivery resulted in only a few successfully
transfected cells, which only appeared at the periphery of the
aggregates (Figs. 2 and 3A). Additionally, we observed that neither
reducing the aggregate size or attempting to transfect the cells
with free pDNA lipoplexes during aggregation was an effective
strategy to transfect 3D constructs (Fig. S1). In contrast, aggregates
transfected with pDNA-laden MCMs showed up to an 8-fold
increase in transgene expression (Fig. 2B), with homogenous trans-
fection throughout the aggregate interior (Fig. 3C). Thus, pDNA
complex delivery within the aggregate eliminated the need for
pDNA complexes to be transported to the interior cells through dif-
fusion (Figs. S2 and S3), which led to substantially improved 3D
transfection.

After optimizing the pDNA/MCM approach to maximize trans-
fection efficiency (Fig. 3E), we explored how MCMs promoted



Fig. 4. MCMs increase endocytosis in hMSCs and improve non-viral transfection through induction of macropinocytosis. (A) Representative epifluorescence micrographs of
hMSCs cultured in 2D with MCMs and Alexa Fluor 564-labeled 10 k MW dextran. scale bar = 250 mm (B) Quantification of increase in endocytosis in response to increasing
MCM concentration. Endocytosis was measured as total red fluorescence area. ‘‘**” represents p-value < 0.01 1-way anova with linear trend post-hoc test for dose-dependent
response. (C) Table of small molecule inhibitors and specific endocytosis pathway inhibited. (D) Quantification of endocytosis in the presence of small molecule inhibitors
without MCMs. Endocytosis measured as mean red fluorescence intensity. ‘‘*” represents p-value < 0.05 1-way anova with Dunnet post-hoc test compared to no treatment (E)
Quantification of endocytosis in the presence of small molecule inhibitors with and without MCMs. Endocytosis measured as mean red fluorescence intensity. ‘‘**, ****”
represents p-value < 0.01, 0.001 t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. MCMs improve transfection and calcium production during osteogenic differentiation of 10 mm hMSC sheets. (A) Epifluorescence micrographs of 10 mm hMSC sheets
(2�106 cells per sheet) transfected and formed in 12-well transwells. Scale bar = 2.5 mm (B) Quantification of pEGFP hMSC sheet transfection via flow cytometry using the
optimized pDNA/MCM condition. ‘‘****” represents p-value < 0.0001 1-way anova with linear trend post-hoc test for dose-dependent response. (C) hMSC sheet calcium
production, measured by Arsenazo III colorimetric detection after EDTA chelation of cell sheets transfected and cultured in osteogenic medium for 5 weeks. ‘‘*, ****”
represents p-value < 0.05, and 0.0001 respectively for 2-way anova with Tukey post-hoc test.
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increased transfection in these hMSC constructs. First, MCMs
served as gene carrier by binding pDNA complexes to the
nanometer-scale mineral coating (Fig. 1), and then releasing pDNA
via dissolution of the mineral coating. We have described this gen-
eral mechanism of binding and release of pDNA-lipoplexes with
calcium dissolution previously [22,32], and observed that pDNA
release and resulting transfection was a function of calcium con-
tent of the mineral coating and culture medium, pH, and amount
of pDNA originally bound. With respect to pBMP-2 specifically,
we have previously shown that this coating applied to PLGA scaf-
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folds bound pBMP-2 lipoplexes with greater than 80% percent
binding efficiency and was capable of releasing lipoplexes to trans-
fect hMSCs seeded in the coated construct [30]. Although we have
previously observed and characterized sustained release kinetics of
pDNA from these coatings over a three-week time period [32], we
have not observed sustained transfection. Importantly, our previ-
ous observations and findings suggest that only the initially
released lipoplexes are capable of transfecting cells, and therefore
the plasmid uptake results described here should not be extrapo-
lated or imply that transfection within the aggregates continues
to occur beyond the two-hour time period we examined. Releasing
pDNA from within cell aggregates increased cellular pDNA lipoplex
uptake by 25-fold when compared to the standard pDNA delivery
approach (Fig. 3F). We also observed that increasing the amounts
of MCMs, either with or without bound pDNA, improved transfec-
tion efficiencies (Figs. 2B, 3E–G). This observation indicated that
MCMs alone influence transfection, which is consistent with our
previous study showing that calcium ions released from mineral
coatings can serve as a co-factor for transfection of cells in 2D cell
culture [22]. Here, the dissolution of the mineral coating likely led
to simultaneously high local concentrations of both pDNA com-
plexes and MCMs in 3D, further potentiating transfection within
the cell constructs (Figs. S2 and S3).

Cellular uptake of pDNA lipoplexes is the first step in non-viral
transfection and is known to occur through different endocytosis
pathways in different cell types [34]. We transfected hMSCs while
inhibiting specific pathways of endocytosis using small molecules
to determine how MCMs mechanistically improve transfection of
hMSCs. We established that hMSCs utilize both macropinocytosis
and caveolae-mediated endocytosis to sample their soluble
microenvironment under normal culture conditions, and that
MCMs both increased the number of endosomes produced by these
pathways (Fig. 4A–D) under normal conditions and in the presence
of their respective inhibitors (Fig. 4E). In comparing the transfec-
tion efficiency with and without MCMs in the presence of inhibi-
tors, we found that MCMs significantly mitigated losses in
transfection efficiencies for chlorpromazine- and amiloride-
treated hMSCs, but not for methyl-b-cyclodextrin-treated hMSCs
(Fig. S6B). Taken together, the increase in endocytosis in
amiloride- and methyl-b-cyclodextrin-treated hMSCs cultured
MCMs (Fig. 4E) and mitigation of transfection losses in
amiloride-treated cells (Fig. S6B) indicates that MCMs specifically
upregulate macropinocytosis in order to improve hMSC transfec-
tion. This finding adds further mechanistic insight into our previ-
ous studies exploring mineral-based materials for gene delivery
[22,28,29] by identifying endocytosis pathways which can be tar-
geted by this material to improve non-viral gene delivery, and con-
tributes to a growing body of literature describing how material
surface properties such as charge [38] and nanotopography [39]
can influence how hMSCs sample their microenvironment.

BMP-2 is a potent osteogenic factor known to enhance hMSC
differentiation toward an osteogenic fate [40]. Indeed, previous
studies have reported that delivery of BMP-2 plasmid can help pro-
mote osteogenic differentiation of hMSCs and increase develop-
ment of bone-like tissue [41–43]. Here, we delivered a BMP-2
encoding plasmid to explore the functional utility of MCM-based
gene delivery to 3D scaffold-free cell constructs. We hypothesized
that the improved 3D transfection observed in the pDNA/MCM
method would result in increased secretion of BMP-2 from within
hMSC constructs, which would in turn enhance osteogenic differ-
entiation of hMSC aggregates and cell sheets. pBMP-2 delivery
allowed for robust and homogeneous calcium deposition within
large hMSC constructs, including 10 mm-diameter cell sheets, indi-
cating enhanced 3D osteogenic differentiation (Fig. 5C, D). Interest-
ingly, the majority of the BMP-2 produced in the 3D hMSC
constructs after transfection was sequestered within the mineral
coating (Fig. 3B). In considering previous demonstrations that min-
eral coatings can be used for controlled release of recombinant
BMP-2 [3,31], it is possible that sequestering of overexpressed
BMP-2 here turned the MCMs into in situ depots, providing sus-
tained release of BMP-2 from within the aggregates, further poten-
tiating osteogenic differentiation (Figs. 5C, D and S7). This
sequestering mechanism and the full potential of this approach
in bone tissue engineering warrant additional inquiry in future
studies.

It is also noteworthy that MCMs alone improved calcium pro-
duction in cell sheets, suggesting that this microparticle based
non-viral gene delivery strategy might have unique potential for
enhancing cell differentiation in bone engineering applications.
Future studies could use this approach to deliver other therapeutic
genes – such as other growth factors or transcription factors – into
3D constructs to engineer scaffold-free tissues for a range of clini-
cal needs. For example, vascular endothelial growth factor (VEGF)
is a potent angiogenesis promoter [44,45], and delivery of a
VEGF-encoding plasmid could be used to promote angiogenesis
in engineered 3D tissues. The generic binding mechanism of pDNA
lipoplexes to the mineral coating [46] makes it rather simple to
modify our approach to overexpress any protein of interest. It is
also possible to deliver multiple genes together to achieve syner-
gistic effects from more than one factor. As a result, this
microparticle-based non-viral gene delivery strategy may have
broad applicability in tissue engineering and biofabrication using
3D cell constructs.
5. Conclusions

In the current study, we describe and characterize a micropar-
ticle based non-viral gene delivery approach to efficiently and
homogenously transfect 3D hMSC constructs. We found that the
transport barrier inherent to 3D constructs rendered non-viral
based cell transfection of hMSC aggregates virtually unachievable,
and that we could circumvent this obstacle by incorporating
pDNA-laden MCMs into the aggregate interior. Compared with
the standard gene delivery approach, release of pDNA from inside
of the aggregates increased transfection efficiency and uniformity
of transfected cell distribution. Examining which endocytosis path-
ways interact with MCMs suggested that the observed improve-
ment in transfection was due to increases in macropinocytosis
triggered by the presence of the MCMs. As a demonstration of
the utility of this approach, MCM-delivery of a BMP-2 plasmid
led to production of bioactive BMP-2, which then promoted
increased uniform calcium deposition in 3D hMSC constructs cul-
tured in osteogenic medium. Taken together, this material repre-
sents a versatile tool that offers better control over 3D
differentiation of human cells, and more broadly allows for presen-
tation of biological cues fromwithin any 3D constructs that are rel-
evant for tissue engineering, but present significant diffusion
barriers that otherwise can be difficult to overcome.
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