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(57) ABSTRACT 

Disclosed are formulations for providing a therapeutic bio
active polypeptide to injured tissue. Formulations include 
mineral coated microparticles wherein a polynucleotide is 
adsorbed to the mineral layer. Other formulations include a 
carrier including mineral coated microparticles wherein 
mineral coated microparticles include a polynucleotide. Also 
disclosed are methods for sustained delivery of a bioactive 
polypeptide and methods for treating chronic wounds using 
a formulation for providing sustained delivery of the bioac
tive peptide. 
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FIG. lC 
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FIG. 3C 
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MINERAL COATED MICROPARTICLES FOR 
GENE DELIVERY IN CHRONIC WOUND 

THERAPY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to U.S. Provisional 
Application No. 62/528,575 filed Jul. 5, 2017, which is 
hereby incorporated by reference in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] This invention was made with govermnent support 
under 83573701 awarded by the Environmental Protection 
Agency and DGE1256259 awarded by the National Science 
Foundation. The govermnent has certain rights in the inven
tion. 

BACKGROUND 

[0003] The present disclosure is directed to mineral coated 
microparticles (MCMs) and methods of their use for non
viral gene delivery. Particularly, the MCMs provide for 
non-viral delivery of polynucleotides ( e.g., messenger RNA) 
encoding therapeutically relevant released bioactive poly
peptides (e.g., cytokines, growth factors). Moreover, the 
MCMs provide a multi-functional platform that allows for 
the delivery of polynucleotides, translation to the bioactive 
polypeptide of interest, and sequestration of the polypeptide 
for sustained activity/delivery. The MCMs can be used for 
treating chronic wounds. 
[0004] Gene delivery is a fundamental strategy to regulate 
gene expression across therapeutic and research applications 
in regenerative medicine. Classic non-viral gene delivery 
strategies utilize plasmid DNA (pDNA) to deliver the gene 
of interest. However, these methods are not ideal for in vivo 
application due to risks of insertional mutagenesis and low 
nuclear transfer efficiency of pDNA to non-mitotic popula
tions. 
[0005] Relative to pDNA strategies, non-viral delivery of 
messenger RNA (mRNA) is safe and achieves high trans
fection efficiency in non-mitotic cells. Unfortunately, this 
approach is often limited by short-lived time frames of 
desired gene upregulation----on the order of hours. 
[0006] Based on prior work using mineral-coat micropar
ticles (MCMs) for both non-viral transfection and sustained 
delivery of recombinant growth factors, it was hypothesized 
that MCMs could be leveraged to improve the biological 
response in mRNA delivery strategies by sequestering and 
stably releasing an overexpressed bioactive polypeptide 
(e.g., cytokine, growth factor), thereby extending its bio
logical effects. 
[0007] Based on the foregoing, MCMs have been 
designed for both efficient non-viral transfection and stable 
protein delivery to provide an improved non-viral delivery 
strategy of bioactive polypeptides such as basic fibroblast 
growth factor-encoding mRNA (bFGF-mRNA). These 
MCMs can be used to provide improved tissue repair in 
subjects, such as in subjects suffering from chronic wounds. 

BRIEF DESCRIPTION 

[0008] The present disclosure is generally directed to 
mineral coated microparticles (MCMs) including a mineral 
layer and a polynucleotide and uses thereof. In one embodi-
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ment, the polynucleotide is adsorbed to the mineral layer 
coating the MCMs. In one embodiment, the polynucleotide 
is condensed to form a polynucleotide complex, which is 
then adsorbed to the mineral layer. In one embodiment, the 
polynucleotide is incorporated within the mineral layer. In 
one embodiment, the polynucleotide is both adsorbed to the 
mineral layer and incorporated within the mineral layer. 
[0009] The MCMs can advantageously facilitate efficient 
non-viral gene delivery in vitro and in vivo while reducing 
the cytotoxicity associated with common transfection 
reagents. In addition, the mineral layer(s) of the MCMs 
serves to sequester and stably release overexpressed released 
bioactive polypeptide (e.g., cytokine, growth factor) after 
gene delivery and thereby extends the biological effects of 
the released cytokine or growth factor. 
[0010] Accordingly, in one aspect, the present disclosure 
is directed to a method of repairing injured tissue in a subject 
in need thereof, the method comprising: contacting a 
microparticle comprising a mineral layer with a polynucle
otide, wherein the polynucleotide is adsorbed to the mineral 
layer; and contacting the mineral layer with the injured 
tissue. 
[0011] In another aspect, the present disclosure is directed 
to a method for sustained delivery ofbioactive polypeptides, 
the method comprising: contacting a mineral coated 
microparticle comprising a mineral layer with a polynucle
otide adsorbed thereto with at least one cell, wherein, as the 
coating of the mineral coated microparticle degrades, the 
microparticle releases a bioactive polypeptide encoded by 
the polynucleotide to the cell; and sequestering the bioactive 
polypeptide by the mineral coated microparticle. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The patent or application file contains at least one 
drawing executed in color. Copies of this patent or patent 
application publication with color drawing(s) will be pro
vided by the Office upon request and payment of the 
necessary fee. 
[0013] FIG. lA is a general schematic of a mineral layer 
coating a surface such as a microparticle formed via biomi
metic nucleation and growth in modified simulated body 
fluid (mSBF) with the addition of sodium fluoride. 
[0014] FIG. lB is a scanning electron micrograph of 
mineral coated microparticles (MCMs) prepared using the 
methods described in Example 1. 
[0015] FIG. lC depicts a mineral layer with a needle-like 
morphology. Incubation ofhydroxyapatite powder in mSBF 
containing 4.2 mM sodium bicarbonate and 1 mM sodium 
fluoride results in a mineral coating with a needle-like 
morphology. Scale bar=500 nm. 
[0016] FIG. 2A is a schematic of a MCM-mediated 
nucleic acid delivery strategy. 
[0017] FIG. 2B depicts the Resazurin reduction assay 
(CellTiter-Blue) measuring metabolic activity oftransfected 
human dermal fibroblasts (hDF) as analyzed in Example 1. 
[0018] FIG. 2C depicts transfection efficiency of hDF 
using standard and MCM-mediated transfection of pEGFP 
with Lipofectamine2000. 
[0019] FIG. 3A is a schematic ofMCM incorporation into 
a cell aggregate during forced aggregation. 
[0020] FIG. 3B depicts that MCM-mediated delivery of 
pEGFP enabled efficient transfection of hMSC aggregates. 
[0021] FIG. 3C depicts quantification of MCM-mediated 
transfection efficiency in hMSC aggregates. 
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[0022] FIG. 3D depicts resulting bone morphogenic pro
tein-2 (BMP-2) production via MCM-mediated transfection 
of pBMP-2 in hMSC aggregates. "Free" and "Sequestered" 
represent BMP-2 separately quantified from the cell culture 
media and from dissolved mineral coatings, respectively. 
[0023] FIG. 4A are representative images of transfection 
efficiency from EGFP-pDNA and -mRNA delivery in mito
mycin C-treated hDF. 
[0024] FIG. 4B and FIG. 4C are comparisons oftransgene 
expression (FIG. 4B) from FLuc-pDNA and -mRNA, and 
duration (FIG. 4C) from FLuc-mRNA with and without 
MCMs (MCM+/-) in mitomycin C-treated hDF. 
[0025] FIG. 4D depicts bFGF-mediated proliferation in 
serum-starved hDF with nuclei in blue (DAPI) and S-phase+ 
cells in red (EdU+ ). 
[0026] FIG. 4E, FIG. 4F, and FIG. 4G depict total bFGF 
production (FIG. 4E) measured via enzyme-linked immu
nosorbent assay (ELISA) after bFGF-mRNA delivery with 
and without MCMs (MCM+/-), quantification of MCM 
influence on hDF proliferation (FIG. 4F) in response to 
bFGF-mRNA delivery 5 days after transfection, and quan
tification of free bFGF in the cell culture media and seques
tered bFGF in the mineral layers for the MCM-mRNA 
delivery strategy (FIG. 4G). 
[0027] FIG. SA depicts dermal wound healing in a diabetic 
murine model in response to bFGF-mRNA delivered with 
and without MCMs (MCM+/-) measured by wound diam
eter as a percentage of initial wound. 
[0028] FIG. 5B depicts in vivo imaging (IVIS) of lumi
nescence from delivery of wild type-(WT) and chemically 
modified-(CM) FLuc-mRNA with MCMs. 
[0029] FIG. SC depicts quantification and time course of 
luminescence flux measured via IVIS after WT- and CM
FLuc delivery with MCMs. 
[0030] FIG. 6A depicts a schematic for 1050 bp DNA 
template for model secreted protein. Template includes a T7 
promoter, the 5' untranslated region (UTR) from human 
(3-globin, Kozak sequence, a signal peptide sequence from 
mouse matrix-metalloprotease 9 for cell secretion, and the 
mCherry coding sequence. 
[0031] FIG. 6B depict merged phase and red fluorescence 
micrographs of MCMs cultured with hDF. (left) 12 hours 
post-transfection of the secreted mCherry-encoding mRNA 
with MCMs. Red fluorescence is observed in the cytoplasm 
and MCMs are not fluorescent at 12 hours. (right) 48 hrs 
post-transfection of the secreted mCherry-encoding mRNA 
with MCMs, cytoplasmic red fluorescence has subsided and 
MCMs are now fluorescent. 
[0032] FIG. 6C depicts a graph of sequestration of 
secreted CM-mCherry reduces fluorescence of cell culture 
media. Red fluorescence of cell culture media measured via 
multiplate reader ofhDFs transfected with secreted mCherry 
mRNA with and without MCMs. 
[0033] FIG. 6D depicts a schematic of "overexpress and 
sequester" mechanism. MCMs initially deliver mRNAcom
plexed with a transfection reagent such as a cationic lipid 
(lipoplex). After endocytosis, and cytoplasmic delivery, the 
the mRNA can proceed directly to translation. After trans
lation and processing, the MCMs used for initial delivery of 
the mRNA complexes bind and sequester the secreted pro
tein. The protein is released from the mineral coating over 
time back to the cell, prolonging the biological response 
through increased duration of cell-signaling activation. 
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[0034] FIG. 7 A depicts a schematic of animal treatments. 
db+/db+ mice with two dermal wounds received treatment in 
the left wound while the right wound served as a contral
ateral saline control to show extent of overexpressed protein 
localization. 
[0035] FIG. 7B depicts representative IVIS fluorescence 
image of CM-mCherry+MCM-treated dermal wound (left 
wound) and saline control (right wound) 48 hrs post-deliv
ery. 
[0036] FIG. 7C and FIG. 7D depict graphs illustrating 
radiant efficiency of a region of interest defined by each 
wound perimeter for red fluorescence over 5 days in animals 
transfected with MCMs (FIG. 7C) and without (FIG. 7D). 
N=3*p-value <0.05 by two-way ANOVA. 
[0037] FIG. SA depicts gross analysis of wounds and 
(right) representative histological images show improved 
wound closure and resolution for mbFGF treatment with 
MCMs relative to the no treatment control and other treat
ment groups. 
[0038] FIG. 8B and FIG. SC depict wound closure rates 
plotted as% wound perimeter reduction vs time of(FIG. 8B) 
low dose mbFGF with and without MCMs, as well as (FIG. 
SC) high dose mbFGF and recombinant bFGF all compared 
to a no treatment control. N=8-10*p-value <0.05 by two
way ANO VA with Dunnet' s post hoc analysis relative to the 
no treatment control. 
[0039] FIG. SD and FIG. SE depicts predicted time to 
complete wound closure based on exponential fit of perim
eter over time for (FIG. SD) low dose mbFGF with and 
without MCMs, and (FIG. SE) high dose mbFGF and 
recombinant bFGF all compared to a no treatment control. 
N=8-10, tp-value <0.05 one-way ANOVA with Dunnet's 
post hoc analysis relative to each plotted measurement of the 
no treatment control. 
[0040] FIG. SF and FIG. 8G depicts average wound his
tology score for each treatment group 19 days post treatment 
for (FIG. SF) low dose mbFGF with and without MCMs, and 
(FIG. 8G) high dose mbFGF and recombinant bFGF all 
compared to a no treatment control. *p-value <0.05, ***p
value <0.001 by one-way ANOVA with Dunnet's post hoc 
analysis relative to the no treatment control. 

DETAILED DESCRIPTION 

[0041] The present disclosure is directed to the use of 
mineral coated microparticles (MCMs) wherein a poly
nucleotide is adsorbed to the mineral layer coating the 
microparticle. In some embodiments, the polynucleotide is 
condensed to form a polynucleotide lipid, polymer or min
eral complex, which is then adsorbed to the mineral layer. 
Also disclosed are methods for sustained delivery of poly
nucleotides and their released bioactive polypeptides (e.g., 
cytokines, growth factors), and methods for treating chronic 
wounds and other injuries in need of tissue repair using 
MCMs for facilitating efficient non-viral gene delivery. As 
used herein, "polypeptides" refer to polypeptides and pep
tides. Additionally, the mineral layer serves to sequester and 
stably release the overexpressed released bioactive polypep
tides after gene delivery, thereby extending their biological 
effects. 

Methods of Tissue Repair 

[0042] In one aspect, the present disclosure is generally 
directed to a method ofrepairing injured tissues in a subject 



US 2020/0138976 Al 

in need thereof. The methods generally include contacting a 
microparticle having a mineral layer with a polynucleotide 
and contacting the mineral coated microparticle with the 
injured tissue. 
[0043] The microparticle may include any suitable mate
rial as the core substrate upon which the mineral layer is 
formed. Particularly suitable core materials on which the 
mineral layer is formed include polymers, ceramics, metals, 
glass and combinations thereof in the form of particles. 
Suitable particles can be, for example, agarose beads, latex 
beads, magnetic beads, polymer beads, ceramic beads, metal 
beads (including magnetic metal beads), glass beads and 
combinations thereof. The microparticle includes ceramics 
( e.g., hydroxyapatite, beta-tricalcium phosphate (beta-TCP, 
~-TCP), magnetite, neodymium), plastics (e.g., polystyrene, 
poly-caprolactone ), hydro gels ( e.g., polyethylene glycol; 
poly(lactic-co-glycolic acid), and the like, and combinations 
thereof. Particularly suitable core materials are those that 
dissolve in vivo such as, for example, beta-tricalcium phos
phate (beta-TCP, ~-TCP) and/or hydroxyapatite (HAP). 
[0044] The core substrates can initially be coated with a 
poly(a-hydroxy ester) film, for example. Particularly suit
able poly( a-hydroxy esters) may be, for example, poly(L
lactide ), poly(lactide-co-glycolide ), poly( E-caprolactone ), 
and combinations thereof. It should be understood that when 
making any combinations of the above films, the films are 
typically mixed in suitable organic solvents as known in the 
art. Further, differences in molecular weights, crystallization 
rates, glass transition temperatures, viscosities, and the like 
should be taken into consideration as well as understood in 
the art to prevent phase separation and lack of uniformity in 
the final substrates. Phase separation and lack of uniformity 
can further be avoided by altering the mixing ratio of the 
films used in the substrate. 
[0045] After preparing a poly(a-hydroxy ester) film on the 
substrate, the surface of the film coating is hydrolyzed under 
alkaline conditions to create a surface having COOH and 
OH groups. After surface hydrolyzing, the substrate is 
incubated in a simulated body fluid containing a suitable 
mineral-forming material to form a mineral layer. Suitable 
mineral-forming materials may be, for example, calcium, 
phosphate, carbonate, and combinations thereof. 
[0046] To prepare a mineral coated microparticle (MCM), 
a core material is incubated in a modified simulated body 
fluid. The modified simulated body fluid includes calcium 
and phosphate, which form the mineral layer on the surface 
of the core, which results in the MCM. Different mineral 
layer morphologies can be achieved by varying the amounts 
and ratios of calcium, phosphate, and carbonate. Different 
mineral layer morphologies include, for example, plate-like 
structures and spherulite-like structures. High carbonate 
concentration results in a mineral layer having a plate-like 
structure. Low carbonate concentration results in a mineral 
layer having a spherulite-like structure. The mineral layer 
morphology also affects adsorption of the polynucleotide. 
[0047] The simulated body fluid (SBF) for use in prepar
ing the mineral coated microparticles typically includes 
from about 5 mM to about 12.5 mM calcium ions, including 
from about 7 mM to about 10 mM calcium ions, and 
including about 8.75 mM calcium ions; from about 2 mM to 
about 12.5 mM phosphate ions, including from about 2.5 
mM to about 7 mM phosphate ions, and including from 
about 3.5 mM to about 5 mM phosphate ions; and from 
about 4 mM to about 100 mM carbonate ions. 
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[0048] In some embodiments, the SBF can further include 
about 145 mM sodium ions; from about 6 mM to about 9 
mM potassium ions; about 1.5 mM magnesium ions; from 
about 150 mM to about 175 mM chloride ions; about 4 mM 
HCO3 -; and about 0.5 mM so/- ions. 
[0049] The pH of the SBF can typically range from about 
4 to about 7.5, including from about 5.3 to about 6.8, 
including from about 5.7 to about 6.2, and including from 
about 5.8 to about 6.1. 
[0050] Suitable SBF can include, for example: about 145 
mM sodium ions; about 6 mM to about 9 mM potassium 
ions; about 5 mM to about 12.5 mM calcium ions; about 1.5 
mM magnesium ions; about 150 mM to about 175 mM 
chloride ions; about 4.2 mM HCO3 ; about 2 mM to about 5 
mM HPo/- ions; and about 0.5 mM so/- ions. The pH of 
the simulated body fluid may be from about 5.3 to about 7 .5, 
including from about 6 to about 6.8. 
[0051] In one embodiment, the SBF may include, for 
example: about 145 mM sodium ions; about 6 mM to about 
17 mM potassium ions; about 5 mM to about 12.5 mM 
calcium ions; about 1.5 mM magnesium ions; about 150 mM 
to about 175 mM chloride ions; about 4.2 mM to about 100 
mM HCO3 ; about 2 mM to about 12.5 mM phosphate ions; 
and about 0.5 mM so/- ions. The pH of the simulated body 
fluid may be from about 5.3 to about 7.5, including from 
about 5.3 to about 6.8. 
[0052] In another embodiment, the SBF includes: about 
145 mM sodium ions; about 6 mM to about 9 mM potassium 
ions; from about 5 mM to about 12.5 mM calcium ions; 
about 1.5 mM magnesium ions; about 60 mM to about 175 
mM chloride ions; about 4.2 mM to about 100 mM HCO3 ; 

about 2 mM to about 5 phosphate ions; about 0.5 mM 504 
2

-

ions; and a pH of from about 5.8 to about 6.8, including from 
about 6.2 to about 6.8. 
[0053] In yet another embodiment, the SBF includes: 
about 145 mM sodium ions; about 9 mM potassium ions; 
about 12.5 mM calcium ions; about 1.5 mM magnesium 
ions; about 172 mM chloride ions; about 4.2 mM HCO3 -; 

about 5 mM to about 12.5 mM phosphate ions; about 0.5 
mM so/- ions; from about 4 mM to about 100 mM co/-; 
and a pH of from about 5.3 to about 6.0. 
[0054] In some embodiments, the mineral layer will fur
ther include a dopant. Suitable dopants include halogen ions, 
for example, fluoride ions, chloride ions, bromide ions, and 
iodide ions. The dopant(s) can be added with the other 
components of the SBF prior to incubating the substrate in 
the SBF to form the mineral coating. 
[0055] In one embodiment, the halogen ions include fluo
ride ions. Suitable fluoride ions can be provided by fluoride 
ion-containing agents such as sodium fluoride. 
[0056] The fluoride ion-containing agent is generally 
included in the SBF to provide an amount of up to 100 mM 
fluoride ions, including from about 0.001 mM to about 100 
mM, including from about 0.01 mM to about 50 mM, 
including from about 0.1 mM to about 15 mM, and including 
about 1 mM fluoride ions. 

[0057] It has been found that the inclusion of one or more 
dopants in the SBF results in the formation of a halogen
doped mineral coating that significantly enhances the effi
ciency of biomolecule delivery to cells. 

[0058] Additional mineral layers are formed using SBF 
including one or more ions and concentrations of ions as 
shown in Table 1: 
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Mineral ion 

NaCl 
KC! 
MgC12 

MgSO4 

NaHCO3 

CaC12 

KH2P04 

NaF 

TABLE 1 

Other Dopants (Ag, Sr, etc.) 

Concentration (µM) 

141.0 
4.0 
1.0 
0.5 
4-100 

2.5-15 
1-5 

0.1-100 
varies 

[0059] In embodiments that include a mineral layer, the 
core substrate is incubated in a formulation of modified 
simulated body fluid. The layer of mineral forms on the core 
during the incubation period of minutes to days. After the 
initial layer of mineral is formed on the core, the mineral 
coated microparticle can be removed from the modified 
simulated body fluid and washed. To form a plurality of 
layers of mineral coating a mineral coated microparticle is 
incubated in a second, third, fourth, etc. modified simulated 
body fluid until the desired number of layers of mineral 
coating is achieved. During each incubation period a new 
layer of mineral coating forms on the previous layer. These 
steps are repeated until the desired number of layers of 
mineral coating is achieved. 

[0060] After completion of the mineral layer preparation, 
the mineral layers may be analyzed to determine the mor
phology and composition of the mineral layers. The com
position of the mineral layers may be analyzed by energy 
dispersive X-ray spectroscopy, Fourier transform infrared 
spectrometry, X-ray diffractometry, and combinations 
thereof. Suitable X-ray diffractometry peaks may be, for 
example, at 26° and 31 °, which correspond to the (0 0 2) 
plane, the (2 1 1) plane, the (1 1 2) plane, and the (2 0 2) 
plane for the hydroxyapatite mineral phase. Particularly 
suitable X-ray diffractometry peaks may be, for example, at 
26° and 31 °, which correspond to the (0 0 2) plane, the (1 
1 2) plane, and the (3 0 0) plane for carbonate-substituted 
hydroxyapatite. Other suitable X-ray diffractometry peaks 
may be, for example, at 16°, 24°, and 33°, which correspond 
to the octacalcium phosphate mineral phase. Suitable spectra 
obtained by Fourier transform infrared spectrometry analy
sis may be, for example, a peak at 450-600 cm-1, which 
corresponds to O-P-O bending, and a peak at 900-1200 
cm-1, which corresponds to asymmetric P-O stretch of the 
Po/- group ofhydroxyapatite. Particularly suitable spectra 
peaks obtained by Fourier transform infrared spectrometry 
analysis may be, for example, peaks at 876 cm-1, 1427 
cm-1, and 1483 cm-1, which correspond to the carbonate 
(Co/-) group. The peak for HPo/- may be influenced by 
adjusting the calcium and phosphate ion concentrations of 
the SBF used to prepare the mineral layer. For example, the 
HPo/- peak may be increased by increasing the calcium 
and phosphate concentrations of the SBF. Alternatively, the 
HPo/- peak may be decreased by decreasing the calcium 
and phosphate concentrations of the SBF. Another suitable 
peak obtained by Fourier transform infrared spectrometry 
analysis may be, for example, a peak obtained for the 
octacalcium phosphate mineral phase at 1075 cm- 1

, which 
may be influenced by adjusting the calcium and phosphate 
ion concentrations in the simulated body fluid used to 
prepare the mineral layer. For example, the 1075 cm- 1 peak 
may be made more distinct by increasing the calcium and 
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phosphate ion concentrations in the simulated body fluid 
used to prepare the mineral layer. Alternatively, the 1075 
cm- 1 peak may be made less distinct by decreasing the 
calcium and phosphate ion concentrations in the simulated 
body fluid used to prepare the mineral layer. 

[0061] Energy dispersive X-ray spectroscopy analysis 
may also be used to determine the calcium/phosphate ratio 
of the mineral layer. For example, the calcium/phosphate 
ratio may be increased by decreasing the calcium and 
phosphate ion concentrations in the SBF. Alternatively, the 
calcium/phosphate ratio may be decreased by increasing the 
calcium and phosphate ion concentrations in the SBF. 
Analysis of the mineral layers by energy dispersive X-ray 
spectroscopy allows for determining the level of carbonate 
(CO3 

2
-) substitution for Po/- and incorporation ofHPo/

into the mineral layers. Typically, the SBF includes calcium 
and phosphate ions in a ratio of from about 10: 1 to about 
0.2:1, including from about 2.5:1 to about 1:1. 

[0062] Further, the morphology of the mineral layers may 
be analyzed by scanning electron microscopy, for example 
Scanning electron microscopy may be used to visualize the 
morphology of the resulting mineral layers. The morphology 
of the resulting mineral layers may be, for example, a 
spherulitic microstructure, plate-like microstructure, and/or 
a net-like microstructure. Suitable average diameters of the 
spherulites of a spherulitic microstructure may be, for 
example, from about 2 µm to about 42 µm. Particularly 
suitable average diameters of the spherulites of a spherulitic 
microstructure may be, for example, from about 2 µm to 
about 4 µm. In another embodiment, particularly suitable 
average diameters of the spherulites of a spherulitic micro
structure may be, for example, from about 2.5 µm to about 
4.5 µm. In another embodiment, particularly suitable aver
age diameters of the spherulites of a spherulitic micro struc
ture may be, for example, from about 16 µm to about 42 µm. 

[0063] Suitable microparticle sizes can range from about 1 
µM to about 100 µMin diameter. Microparticle diameter can 
be measured by methods known to those skilled in the art 
such as, for example, measurements taken from microscopic 
images (including light and electron microscopic images), 
filtration through a size-selection substrate, and the like. 

[0064] Further, the nanostructure morphology of the min
eral layer(s) can be analyzed by scanning electron micros
copy, for example Scanning electron microscopy can be 
used to visualize the nanostructure morphology of the result
ing mineral layer(s). The morphology of the resulting min
eral layer(s) can be, for example, plate-like nanostructures. 
With a plate-like microstructure, the mineral layers include 
plates having an average diameter of from about 100 nm to 
about 1500 nm and an average pore size ranging from about 
200 nm to about 750 nm. In one particularly suitable 
embodiment, when used in a plate-like nanostructure, the 
mineral layers include calcium, phosphate, hydroxide and 
bicarbonate. 

[0065] In yet other embodiments, the mineral layers have 
a needle-like microstructure, including needles that fill out 
the coating and do not show observable/measurable pores. 
Suitably, the needles range from about 10 nm to about 750 
mm in length. An exemplary mineral layer having a needle
like microstructure is shown in FIG. lC. In one particularly 
suitable embodiment, when used in a needle-like nanostruc
ture, the mineral layers include calcium, phosphate, hydrox
ide, bicarbonate, and fluoride. 
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[0066] The method further includes contacting a poly
nucleotide with the mineral layer. Any polynucleotide as 
known in the art may be contacted with the mineral layer for 
use in the method of non-viral transfection. Suitable poly
nucleotides may be, for example, oligonucleotides, small 
interfering RNAs (siRNAs), messenger RNA (mRNA), 
short hairpin RNAs (shRNAs), and RNA aptamers. Particu
larly suitable ribonucleic acids include messenger RNAs 
(mRNA). Suitable RNAs also include RNAs with chemi
cally modified bases such as incorporation of 5-methylcy
tidine, pseudouridine (IP), 2-thiouridine, N1-methyl
pseudouridin, the combination of 5-methylcytidine and 
Nl-methyl-pseudouridine, the combination of 5-methylcy
tidine and pseudouridine (IP) containing mRNAs. 

[0067] In one embodiment, the polynucleotide is in the 
form of a polynucleotide complex. In particular, nucleic 
acids are mixed in solution with cationic lipids, polymers, or 
mineral ions to form polynucleotide liposomes, polysomes, 
or mineral complexes respectively. Example lipid reagents 
include Lipofectamine 2000, Lipofectamine 3000, ViaFect. 
Example cationic polymers include polyethylenimine (in its 
branched and unbranched forms). Example mineral ions 
include calcium and phosphate ions. Once formed, the 
polynucleotide complex is then adsorbed using the methods 
discussed herein. 

[0068] The polynucleotides may encode any protein of 
interest (also referred to herein as bioactive peptide). For 
example, the polynucleotides may encode bioactive poly
peptides including cytokines and growth factors. Particu
larly suitable bioactive polypeptides may be, for example, 
proteins involved in the growth and the repair of bone such 
as, for example, bone morphogenetic protein 1 (BMPl), 
bone morphogenetic protein 2 (BMP2), bone morphogenetic 
protein 3 (BMP3), bone morphogenetic protein 4 (BMP4), 
bone morphogenetic protein 5 (BMP5), bone morphogenetic 
protein 6 (BMP6), bone morphogenetic protein 7 (BMP7), 
bone morphogenetic protein Sa (BMP8a), epidermal growth 
factor (EGF), platelet-derived growth factor alpha polypep
tide (PDGFA), platelet-derived growth factor beta polypep
tide (PDGFB), platelet derived growth factor C (PDGFC), 
platelet derived growth factor D (PDGFD), platelet derived 
growth factor AB (PDGFAB), vascular endothelial growth 
factor A (VEGF-A), placenta growth factor (PIGF), vascular 
endothelial growth factor B (VEGF-B), vascular endothelial 
growth factor C (VEGF-C), vascular endothelial growth 
factor D (VEGF-D), transforming growth factor beta 1 
(TGF-~1), transforming growth factor beta 2 (TGF-~2), 
transforming growth factor beta 3 (TGF-~3), anti-mullerian 
hormone (AMH), artemin (ARTN), growth-differentiation 
factor-I (GDF!), growth-differentiation factor-2 (GDF2), 
growth-differentiation factor-3 (GDF3), growth-differentia
tion factor-3A (GDF3A), growth-differentiation factor-5 
(GDF5), growth-differentiation factor-6 (GDF6), growth
differentiation factor-7 (GDF7), growth-differentiation fac
tor-8 (GDFS), growth-differentiation factor-9 (GDF9), 
growth-differentiation factor-IO (GDF! 0), growth-differen
tiation factor-11 (GDFll), growth-differentiation factor-15 
(GDF15), neurotrophic factor (GDFN), inhibin alpha chain 
(INHA), inhibin beta A chain (INHBA), inhibin beta B chain 
(INHBB), inhibin beta C chain (INHBC), inhibin beta E 
(INHBE), left-right determination factor 1 (LEFTY!), left
right determination factor 2 (LEFTY2), myostatin (MSTN), 
NODAL, neurturin (NRTN), persephin (PSPN), fibroblast 
growth factor 1 (FGFl), fibroblast growth factor 2 (FGF2), 
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fibroblast growth factor 3 (FGF3), fibroblast growth factor 4 
(FGF4), CBFA1/RUNX2, OSTERIZ, SRY-box containing 
gene 9 (SOX9), Interleukin 1 Receptor Antagonist (ILlRA), 
Interleukin 10 (ILl0), Chondroitinase ABC and Neurotro
phin-3 (NT3), hepatocyte growth factor (HGF), granulocyte 
colony-stimulating factor (G-CSF), macrophage colony
stimulating factor (M-CSF), interleukin 6 (IL6), brain-de
rived neurotropic factor (BDNF), neurotrophin-4 (NT-4), 
nerve growth factor (NGF), insulin-like growth factor 1 
(IGF-1 ), insulin-like growth factor-2 (IGF-2), fibroblast 
growth factor 21 (FGF21), human growth hormone (HGH) 
and combinations thereof. 
[0069] Adsorption of the polynucleotide to the mineral 
coated microparticles can be tailored by changing the min
eral constituents (e.g., high carbonate and low carbonate 
microspheres), by changing the amount of mineral coated 
microparticles incubated with the polynucleotide, by chang
ing the concentration of polynucleotide in the incubation 
solution, and combinations thereof. 
[0070] The polynucleotide adsorbed to the mineral layer 
of the mineral coated microparticle is released as the mineral 
layer degrades. Mineral degradation can be controlled such 
that the mineral layer can degrade rapidly or slowly. Mineral 
layer dissolution rates can be controlled by altering the 
mineral layer composition. For example, mineral layers that 
possess higher carbonate substitution degrade more rapidly. 
Mineral layers that possess lower carbonate substitution 
degrade more slowly. Alterations in mineral layer compo
sition can be achieved by altering ion concentrations in the 
modified simulated body fluid during layer formation. Modi
fied simulated body fluid with higher concentrations of 
carbonate, 100 mM carbonate for example, results in layers 
which degrade more rapidly than layers formed in modified 
simulated body fluid with physiological carbonate concen
trations (4.2 mM carbonate). 
[0071] To incorporate the polynucleotide within the min
eral coated microparticle, polynucleotide is included in the 
simulated body fluid during the mineral coating process. To 
adsorb polynucleotide on different layers of the mineral 
coated microparticle, mineral coated microparticles are 
incubated in a solution containing the polynucleotide after 
the formation of each layer. Some layers may have no 
polynucleotide adsorbed onto the surface. To adsorb poly
nucleotide complexes on the surface mineral layer, poly
nucleotide complexes are first formed via incubation of the 
polynucleotide with the complexation reagent, and then 
incubated with the mineral coated microparticle. 
[0072] The method further includes contacting the mineral 
coating microparticle including the polynucleotide with an 
injured tissue. It has been advantageously found that the 
MCMs can efficiently and effectively deliver the polynucle
otides to the injured tissue, thereby encoding therapeutically 
relevant released bioactive polypeptides that promote regen
erative healing or remodeling of fibrous scar tissue. 
[0073] As used herein, the methods include contacting the 
MCMs with injured tissue in a subject in need thereof. As 
used herein, a subject "in need thereof' refers to an indi
vidual having a tissue injury, and in particular, having a 
chronic wound. As used herein, "chronic wound" refers to 
conditions such as spinal cord injuries from lacerations or 
contusions, diabetic ulcer, and the like, which have histori
cally been treated using recombinant proteins. As such, in 
some embodiments, the methods disclosed herein are 
directed to a subset of the general population such that, in 
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these embodiments, not all of the general population may 
benefit from the methods. Based on the foregoing, because 
some of the method embodiments of the present disclosure 
are directed to specific subsets or subclasses of identified 
individuals (that is, the subset or subclass of subjects "in 
need thereof' of assistance in addressing one or more 
specific conditions noted herein), not all subjects will fall 
within the subset or subclass of subjects as described herein. 
In particular, the subject in need thereof is a human. The 
subject in need thereof can also be, for example, a research 
animal such as, for example, a non-human primate, a mouse, 
a rat, a rabbit, a cow, a pig, and other types of research 
animals known to those skilled in the art. 
Methods of Sustaining Delivery of Bioactive Polypeptides 
with the MCMs 
[0074] In another aspect, it has further been found that the 
MCMs described herein can additionally serve to sequester 
and stably release overexpressed bioactive polypeptides 
(e.g., cytokines, growth factor) to a subject in need thereof, 
allowing for the sustained delivery of the bioactive poly
peptides. In general, the methods include contacting the 
mineral coated microparticle including the polynucleotide 
adsorbed thereto as described above with at least one cell 
( e.g., a cell at the site of the injured tissue). Over time, the 
microparticle mineral coating degrades, locally secreting a 
bioactive polypeptide encoded by the polynucleotide to 
cells. 
[0075] To contact the microparticle with the cell, any 
method known in the art can be used. For example, in one 
embodiment, the microparticles are directly injected into the 
injured site to contact the cell. In another embodiment, the 
microparticles can be included in a formulation and the 
formulation can be administered to the injured site to contact 
the cell. 
[0076] Formulations including the microparticles can then 
be prepared by adding a carrier to the mineral coated 
microparticles having the polynucleotide adsorbed to the 
mineral coating. Suitable carriers include water, saline, 
isotonic saline, phosphate buffered saline, Ringer's lactate, 
and the like. In one embodiment, the carrier is a pharma
ceutically acceptable carrier. As understood by those skilled 
in the art, pharmaceutically acceptable carriers, and, option
ally, other therapeutic and/or prophylactic ingredients must 
be "acceptable" in the sense of being compatible with the 
other ingredients of the formulation and not be harmful to 
the recipient thereof. Suitable pharmaceutically acceptable 
carrier solutions include water, saline, isotonic saline, phos
phate buffered saline, Ringer's lactate, and the like. The 
compositions of the present disclosure can be administered 
to animals, preferably to mammals, and in particular to 
humans as therapeutics per se, as mixtures with one another 
or in the form of pharmaceutical preparations, and which as 
active constituent contains an effective dose of the active 
agent, in addition to customary pharmaceutically innocuous 
excipients and additives. 
[0077] In one embodiment, a carrier including an active 
agent can be added to mineral coated microparticles having 
the active agent adsorbed to the mineral coating to prepare 
a formulation including bound active agent (active agent 
adsorbed to the mineral coated microparticle) and unbound 
active agent. In another embodiment, a carrier not including 
an active agent can be added to mineral coated micropar
ticles having the active agent adsorbed to the mineral to 
prepare a formulation including bound active agent. 
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[0078] In particularly suitable formulation embodiments, 
the formulations include both bound and unbound poly
nucleotide. Without being bound by theory, it is believed that 
injection of a formulation including mineral coated 
microparticles with bound polynucleotide and unbound 
polynucleotide allows unbound polynucleotide to provide an 
immediate effect whereas bound polynucleotide is seques
tered by its adsorption to the mineral coated microparticle 
and provides a sustained effect as the mineral coating 
degrades and releases the polynucleotide. 
[0079] As used herein, an effective amount, a therapeuti
cally effective amount, a prophylactically effective amount 
and a diagnostically effective amount is the amount of the 
unbound polynucleotide and the polynucleotide adsorbed to 
the mineral coated microparticle needed to encode bioactive 
polypeptide in an amount sufficient to elicit the desired 
biological response following administration. 
[0080] Formulations for parenteral administration ( e.g. by 
injection, for example bolus injection or continuous infu
sion) can be presented in unit dose form in ampoules, 
pre-filled syringes, small volume infusion or in multi-dose 
containers with and without an added preservative. The 
formulations can take such forms as suspensions, solutions, 
or emulsions in oily or aqueous vehicles, and may contain 
formulation agents such as suspending, stabilizing and/or 
dispersing agents. Alternatively, the mineral coated 
microparticles with polynucleotide may be in powder form, 
obtained for example, by lyophilization from solution, for 
constitution with a suitable vehicle, e.g. sterile, pyrogen-free 
water, before use. 
[0081] In one aspect, the present disclosure is directed to 
a mineral coated microparticle comprising at least one 
polynucleotide incorporated within a mineral layer and at 
least one polynucleotide adsorbed to the mineral layer. 
[0082] As disclosed herein, to incorporate the polynucle
otide within the mineral coated microparticle, polynucle
otide is included in the simulated body fluid during the 
mineral coating process. Particularly suitable polynucle
otides include those described herein. 
[0083] As described herein, the polynucleotide can be 
adsorbed to the mineral layer. The polynucleotide can also 
be incorporated within the mineral layer of the mineral 
coated microparticle, as described herein. The polynucle
otide can further be adsorbed to the mineral layer and 
incorporated within the mineral layer of the mineral coated 
microparticle, as described herein. Different polynucleotides 
can be adsorbed to or incorporated within the mineral layer. 
[0084] As noted above, upon contact between the 
microparticle and the cell, bioactive polypeptide encoded by 
the polynucleotide is released. The released bioactive poy
peptide can then further be sequestered by the mineral 
coated microparticle. More particularly, the mineral coatings 
are comprised of positive and negative charges as well as 
acidic and basic moieties. The mineral binds bioactive 
polypeptides via electrostatic interactions between the coat
ing and the polypeptide. The highly nanoporous nature of 
the coating creates a large surface area that affords a high 
peptide binding capacity. 
[0085] After binding of bioactive polypeptides, the min
eral coating releases the polypeptides over time. The method 
of release involves gradual surface-mediated degradation by 
leaching of calcium, phosphate, and bicarbonate from the 
mineral coating. Bicarbonate undergoes subsequent hydro
lysis, further promoting dissolution of the mineral coating 
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and release of bioactive peptide. Incorporation of greater 
bicarbonate increases the coating dissolution rate and bio
active polypeptide release. 
[0086] Sustained delivery of the bioactive polypeptides 
can be determined to obtain bioactive polypeptide release 
values that mimic established therapeutic levels of the 
bioactive polypeptides. The mass of mineral coated 
microparticles (with the polynucleotide adsorbed) required 
to produce a desired concentration of the encoded and 
released bioactive polypeptide over a period of time can be 
calculated beforehand. For example, a single bolus injection 
of the polynucleotide that provides the desired therapeutic 
effect can be delivered in a sustained manner over the 
desired period of time by obtaining the bioactive polypep
tide release values from the mineral coated microparticles. 
Then, the mass of mineral coated microparticles needed to 
deliver the polynucleotide for encoding sufficient bioactive 
polypeptide to provide the therapeutic effect of a desired 
period of time can be calculated. The localized and sustained 
delivery platform offers the benefit of continuous therapeutic 
levels of the bioactive polypeptide at the injury site without 
the requirement for multiple injections. 
[0087] Effective dosages are expected to vary substan
tially depending upon the polynucleotide(s) used and the 
specific disease, disorder, or condition treated. Because of 
the rapid and sustained delivery of the bioactive polypep
tides released and sequestered by the microparticles, suitable 
dosages of microparticles/formulations are expected to be 
less than effective dosages of bioactive polypeptides deliv
ered via bolus injections. As described herein, mineral 
coated microparticles can be prepared to deliver an effective 
amount of the bioactive polypeptide over the course of 
several days. Thus, administration of formulations provide a 
sustained release of the bioactive polypeptide during deg
radation of the mineral layer of the mineral coated micropar
ticle to maintain the effect over the course of hours to days 
as desired. 

[0088] Formulations of the present disclosure can be 
administered to subjects in need thereof. As used herein, "a 
subject" (also interchangeably referred to as "an individual" 
and "a patient") refers to animals including humans and 
non-human animals. Accordingly, the compositions/formu
lations, devices and methods disclosed herein can be used 
for human and veterinarian applications, particularly human 
and veterinarian medical applications. Suitable subjects 
include warm-blooded mammalian hosts, including humans, 
companion animals (e.g., dogs, cats), cows, horses, mice, 
rats, rabbits, primates, and pigs, preferably a human patient. 

EXAMPLES 

Example 1 

[0089] In this Example, polynucleotide adsorption to min
eral coated microparticles was analyzed. The mineral coated 
microparticles with polynucleotide adsorbed thereto were 
then analyzed for transfection efficiency. 

[0090] Mineral coated microparticles (MCM) were fabri
cated by incubating hydroxyapaptite microparticles in 
mSBF (2x calcium and phosphate concentration of human 
serum), refreshed daily, for 7 days, as described in Suarez
Gonzalez et al. (Acta Biomater. 8 (2012)). Carbonate con
centration in the mSBF were varied (4.2 mM or 100 mM) 
with 1 mM sodium fluoride to form MCMs with different 
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coating compositions. A schematic of this process is shown 
in FIG. lA. Further, the resulting MCMs are shown in FIG. 
18. 
[0091] Nucleic acids were condensed with Lipofectamine 
2000 for pDNA and Lipofectamine messenger max for 
mRNA to form a polynucleotide lipid complex and then the 
complex was adsorbed to the mineral layer of the MCMs. 
Particularly, MCMs were incubated in 30 µg/mL of complex 
in OPTI-MEM, ThermoFisher. 
[0092] Once adsorbed, these complex-laden MCMs were 
then used to deliver the nucleic acids through either direct 
addition to 2D cell monolayers, incorporation into the inte
rior of 3D cell aggregates, or via direct injection in vivo 
(schematic in FIG. 2A). For 2D cell culture, soluble poly
nucleotide complexes or complex-laden MCMs were 
directly added to the cell culture media. 
[0093] Transfection efficiency was measured via epifluo
rescence after delivery of a green fluorescent protein-encod
ing gene (EGFP). Transgene expression was measured via 
luminescence after delivery of a firefly luciferase-encoding 
gene (FLuc). The results are shown in FIGS. 2B & 2C. 

Example 2 

[0094] In this Example, the ability of the MCMs to seques
ter overexpressed bioactive polypeptide encoded by poly
nucleotide delivered by the MCMs was analyzed. 
[0095] As shown in FIG. 3A, MCMs were incubated and 
rotated at room temperature for 30 minutes with pBMP-2 or 
pEGFP complexed with Lipofectamine 2000 in OPTI
MEM, ThermoFisher. The complex-laded MCMs were 
mixed with singularized human mesenchymal stem cells 
(hMSCs) and then centrifuged in 400 µm (diagonal length) 
pyramidal agarose microwells to create hMSC aggregates 
containing pBMP-2 or pEGFP complex laden MCMs. As 
shown in FIG. 3B, green fluorescence of hMSC aggregates 
containing pEGFP complex-laden MCMs was measured via 
epifluorescence microscopy of intact aggregates. Transfec
tion efficiency of MCM-transfected hMSC aggregates was 
determined using flow cytometry. Transfection was carried 
out in aggregates with 0.05, 0.1, and 0.2 mg ofMCMs; 2, 4, 
and 8 µg of pEGFP; and 15000 cells per cell aggregate (FIG. 
3C) Similar transfections as in FIG. 3C were carried out 
using pBMP-2 complexes (FIG. 3D). Aggregates were 
trypsinized and spun down. The supernatant was collected to 
create "free" fraction, and the spun down fraction was 
treated with 100 mM EDTA to create a "sequestered" 
fraction. BMP-2 protein concentration of these two fractions 
was measured using sandwich ELISA. 

Example 3 

[0096] In this Example, the ability of the MCMs to seques
ter bFGF and increase bFGF-mRNA induced proliferation 
was analyzed. 
[0097] Human dermal fibroblasts (hDF) were treated with 
mitomycin-C (10 µg/mL) for three hours post transfection 
with pEGFP or mRNA-EGFP using Lipofectamine 2000 and 
Lipofectamine messenger max, respectively (FIG. 4A). 
Green fluorescence was monitored via epifluorescence 
microscopy. In FIG. 4B and FIG. 4C, hDFs were treated as 
in FIG. 4A and transfected with firefly luciferase (pFLuc) 
and mRNA-FLuc complexed with Lipofectamine messenger 
max (both in solution without MCMs and adsorbed on to the 
MCMs ). Luminescence was measured using the Luciferase 
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Assay System (Promega) at 6 and 24 hours (FIG. 4C). In 
FIG. 4E, FIG. 4F, and FIG. 4G, hDFs were serum-starved 
(DMEM+0.5% fetal bovine serum) for 24 hours prior to 
transfection of basic fibroblast growth factor (bFGF)-encod
ing mRNA (both in solution without MCMs and adsorbed on 
the MCMs). hDFs were assayed for proliferation using the 
Click-Edu kit (ThermoFisher) at 2 and 5 days and assessed 
for Edu incorporation using epifluorescence microscopy. In 
FIG. 4E, FIG. 4F, and FIG. 4G, bFGF production was 
measured via sandwich ELISA. "Free" bFGF refers to the 
bFGF in the culture media. "[S]equestered bFGF" refers to 
the bFGF released after washing of the culture well and 
chelation with EDTA. 

Example 4 

[0098] In this Example, the effects of MCMs and mRNA 
chemical modifications on in vivo gene delivery were deter
mined. 

[0099] db/db mutant C57BLKS mice (Jackson Labs) were 
used in a diabetic dermal wound healing assay. Two -1 cm 
dermal wounds were created via manual excision of the 
dermal tissue on the mouse back. Treatments (bFGF mRNA 
complexed with Lipofectamine messenger max in solution 
without MCMs or adsorbed onto MCMs) were applied 
topically within 1 hour of wound generation. The wounds 
were covered with Transpore (3M) tape to prevent infection 
and animal tampering with the wound. Wound diameter was 
measured on the indicated days post-surgery (FIG. SA). 
Percent wound closure was measured as percent diameter of 
original wound diameter. Wild type and mRNA containing 
the chemically modified ribonucleobases 5-methyl cytosine 
and psuedouridine (TriLink Bio) were complexed with 
Lipofectamine messenger max and then injected subcutane
ously into BALB/cJ mice (Jackon Labs). Luminescence was 
monitored and quantified after injection of 100 mg D-lu
ciferin/mg body weight. Results are shown in FIG. SA, FIG. 
5B, and FIG. SC. 

Example 5 

[0100] In this Example, a model secreted fluorescent pro
tein visualizes a "overexpressed and sequester" mechanism 
was utilized. 

[0101] AmRNA transcript encoding for a secreted variant 
of mCherry fluorescent protein was used to observe the 
sequestering effect of MCMs (FIG. 6A). Red fluorescence 
was observed to co-localize with MCMs 48 hours post
transfection (FIG. 6B) and reduce the increase in media 
fluorescence observed in transfection without MCMs (FIG. 
6C). This concept is schematically shown in FIG. 6D. 

Example 6 

[0102] In this Example, the effects of MCM-medicated 
mRNA delivery localized overexpressed protein to a dermal 
wound in vivo were determined. 

[0103] db+/db+ mutant mice received two dermal wounds 
and were transfected with secreted mCherry mRNA with or 
without MCMs and contralateral saline control. The wounds 
were monitored for red fluorescence over time via IVIS and 
quantified for comparison. Results are shown in FIG. 7A, 
FIG. 7B, FIG. 7C, and FIG. 7D. 
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Example 7 

[0104] In this Example, the effects of MCM-mediated 
mbFGF delivery on wound closure rate and final wound 
resolution were determined. 
[0105] db+/db+ mutant mice received two dermal wounds 
and the treatments described in FIG. SA. The wounds were 
allowed to heal for 19 days, with wound perimeters mea
sured at the timepoints listed in FIG. 8B. After 19 days, the 
animals were sacrificed and the tissue collected for histol
ogy. The excised wounds were sectioned transversely and 
stained with H&E. The stained tissues were scored by two 
people, blinded to the treatment groups, for the quality of 
wound resolution (FIG. SF and FIG. 8G). Results are shown 
in FIG. SA, FIG. 8B, FIG. SC, FIG. SD, FIG. SE, FIG. SF, 
and FIG. 8G. 
[0106] In view of the above, it will be seen that the several 
advantages of the disclosure are achieved and other advan
tageous results attained. As various changes could be made 
in the above methods without departing from the scope of 
the disclosure, it is intended that all matter contained in the 
above description and shown in the accompanying drawings 
shall be interpreted as illustrative and not in a limiting sense. 
[0107] When introducing elements of the present disclo
sure or the various versions, embodiment(s) or aspects 
thereof, the articles "a", "an", "the" and "said" are intended 
to mean that there are one or more of the elements. The 
terms "comprising", "including" and "having" are intended 
to be inclusive and mean that there may be additional 
elements other than the listed elements. 

1. A method ofrepairing injured tissue in a subject in need 
thereof, the method comprising: 

contacting a microparticle comprising a mineral layer 
with a polynucleotide, wherein the polynucleotide is 
adsorbed to the mineral layer; and 

contacting the microparticle with the injured tissue. 
2. The method of claim 1, wherein the injured tissue is a 

chronic wound. 
3. The method of claim 2, wherein the chronic wound is 

selected from the group consisting of a spinal cord injury 
and a diabetic ulcer. 

4. The method of claim 1, further comprising preparing 
the microparticle comprising the mineral layer, wherein the 
mineral layer has a nano structure morphology selected from 
the group consisting of plate-like nanostructures, needle-like 
nano structures, and combinations thereof. 

5. The method of claim 4, wherein the mineral layer has 
a plate-like nanostructure, the plate-like nanostructure com
prising plates having an average diameter of from about 100 
nm to about 1500 nm and an average pore size of from about 
200 nm to about 750 mm. 

6. The method of claim 4, wherein the mineral layer has 
a needle-like nanostructure, the needle-like nanostructure 
comprising needles having an average length of from about 
10 nm to about 750 nm. 

7. The method of claim 1, wherein the microparticle 
comprises a core selected from the group consisting of 
polymers, ceramics, metals, glass, and combinations thereof. 

8. The method of claim 7, wherein the core comprises one 
or more of beta-tricalcium phosphate (beta-TCP, ~-TCP) 
and hydroxyapatite (HAP). 

9. (canceled) 
10. The method of claim 1, wherein the polynucleotide is 

in the form of a polynucleotide complex selected from the 
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group consisting of a polynucleotide lipid liposome, poly
some, mineral complex, and combinations thereof. 

11. (canceled) 
12. The method of claim 1, wherein the polynucleotide is 

selected from the group consisting of oligonucleotides, 
small interfering RNAs (siRNAs), messenger RNA 
(mRNA), short hairpin RNAs (shRNAs), plasmid DNA 
(pDNA), DNA aptamers, and RNA aptamers. 

13. (canceled) 
1~. A method for sustained delivery of bioactive poly

peptides, the method comprising: 
contacting a mineral coated microparticle comprising a 

mineral layer with a polynucleotide adsorbed thereto 
with at least one cell, wherein, as the coating of the 
mineral coated microparticle degrades, the micropar
ticle releases a bioactive polypeptide encoded by the 
polynucleotide to the cell; and 

sequestering the bioactive polypeptide by the mineral 
coated microparticle. 

1~. Th_e method of claim 14, wherein the bioactive poly
peptide 1s selected from the group consisting of basic 
fibroblast growth factor (bFGF), bone morphogenetic pro
tein 1 (BMPl ), bone morphogenetic protein 2 (BMP2), bone 
morphogenetic protein 3 (BMP3), bone morphogenetic pro
tein 4 (BMP4), bone morphogenetic protein 5 (BMP5), bone 
morphogenetic protein 6 (BMP6), bone morphogenetic pro
tei~ 7 (BMP7), bone morphogenetic protein Sa (BMP8a), 
epidermal growth factor (EGF), platelet-derived growth 
factor alpha polypeptide (PDGFA), platelet-derived growth 
factor beta polypeptide (PDGFB), platelet derived growth 
factor C (PDGFC), platelet derived growth factor D 
(PDGFD), platelet derived growth factor AB (PDGFAB), 
vascular endothelial growth factor A (VEGF-A), placenta 
growth factor (PIGF), vascular endothelial growth factor B 
(VEGF-B), vascular endothelial growth factor C (VEGF-C), 
vascular endothelial growth factor D (VEGF-D), transform
ing growth factor beta 1 (TGF-~1), transforming growth 
factor beta 2 (TGF-~2), transforming growth factor beta 3 
(TGF-~3), anti-mullerian hormone (AMH), artemin 
(ARTN), growth-differentiation factor-I (GDF!), growth
differentiation factor-2 (GDF2), growth-differentiation fac
tor-3 (GDF3), growth-differentiation factor-3A (GDF3A), 
growth-differentiation factor-5 (GDF5), growth-differentia
tion factor-6 (GDF6), growth-differentiation factor-7 
(GDF7), growth-differentiation factor-8 (GDFS), growth
differentiation factor-9 (GDF9), growth-differentiation fac
tor-10 (GDFl0), growth-differentiation factor-11 (GDFll), 
growth-differentiation factor-15 (GDF15), neurotrophic fac
tor (GDFN), inhibin alpha chain (INHA), inhibin beta A 
chain (INHBA), inhibin beta B chain (INHBB), inhibin beta 
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C _cha!n (INHBC), inhibin beta E (INHBE), left-right deter
mmat10n factor 1 (LEFTY!), left-right determination factor 
2 (LEFTY2), myostatin (MSTN), NODAL, neurturin 
(NRTN), persephin (PSPN), fibroblast growth factor 1 
(FGFl ), fibroblast growth factor 2 (FGF2), fibroblast growth 
factor 3 (FGF3), fibroblast growth factor 4 (FGF4), CBFAl/ 
RUNX2, OSTERIZ, SRY-box containing gene 9 (SOX9) 
Interleukin 1 Receptor Antagonist (ILlRA), Interleukin 10 
(ILl0), Chondroitinase ABC and Neurotrophin-3 (NT3), 
hepatocyte growth factor (HGF), granulocyte colony-stimu
lating factor (G-CSF), macrophage colony-stimulating fac
tor (M-CSF), interleukin 6 (IL6), brain-derived neurotropic 
factor (BDNF), neurotrophin-4 (NT-4), nerve growth factor 
(NGF), insulin-like growth factor 1 (IGF-1), insulin-like 
growth factor-2 (IGF-2), fibroblast growth factor 21 
(FGF21 ), human growth hormone (HGH), and combinations 
thereof. 

16. (canceled) 
17. The method of claim 14, further comprising dissolv

ing the mineral layer to release the bioactive peptide. 
18. The method of claim 14, further comprising preparing 

the microparticle comprising the mineral layer, wherein the 
mineral layer has a nano structure morphology selected from 
the group consisting of plate-like nanostructures, needle-like 
nano structures, and combinations thereof. 

19. The method of claim 18, wherein the mineral layer has 
a plate-like nanostructure, the plate-like nanostructure com
prising plates having an average diameter of from about 100 
nm to about 1500 nm and an average pore size of from about 
200 nm to about 750 mm. 

20. The method of claim 18, wherein the mineral layer has 
a needle-like nanostructure, the needle-like nanostructure 
comprising needles having an average length of from about 
10 nm to about 750 nm. 

21. The method of claim 14, wherein the microparticle 
comprises a core selected from the group consisting of 
polymers, ceramics, metals, glass and combinations thereof. 

22. The method of claim 21, wherein the core comprises 
one or more of beta-tricalcium phosphate (beta-TCP, 
~-TCP) and hydroxyapatite (HAP). 

23. (canceled) 
24. The method of claim 14, wherein the polynucleotide 

is in the form of a polynucleotide complex. 
25. The method of claim 14, wherein the polynucleotide 

is selected from the group consisting of oligonucleotides, 
small interfering RNAs (siRNAs), messenger RNA 
(mRNA), short hairpin RNAs (shRNAs), plasmid DNA 
(pDNA), DNA aptamers, and RNA aptamers. 

26. (canceled) 

* * * * * 


