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Lyophilized keratinocyte-targeted nanocarriers (TLNk) loaded
with locked nucleic acid (LNA) modified anti-miR were devel-
oped for topical application to full thickness burn injury. TLNk

were designed to selectively deliver LNA-anti-miR-107 to kera-
tinocytes using the peptide sequence ASKAIQVFLLAG. TLNk

employed DOTAP/DODAP combination pH-responsive lipid
components to improve endosomal escape. To minimize inter-
ference of clearance by non-targeted cells, especially immune
cells in the acute wound microenvironment, surface charge
was neutralized. Lyophilization was performed to extend the
shelf life of the lipid nanoparticles (LNPs). Encapsulation effi-
ciency of anti-miR in lyophilized TLNk was estimated to be
96.54%. Cargo stability of lyophilized TLNk was tested. After
9 days of loading with anti-miR-210, TLNk was effective in
lowering abundance of the hypoxamiR miR-210 in keratino-
cytes challenged with hypoxia. Keratinocyte uptake of DiD-
labeled TLNk was selective and exceeded 90% within 4 hr.
Topical application of hydrogel-dispersed lyophilized TLNk

encapsulating LNA anti-miR-107 twice a week significantly
accelerated wound closure and restoration of skin barrier
function. TLNk/anti-miR-107 application depleted miR-107 and
upregulated dicer expression, which accelerated differentiation
of keratinocytes. Expression of junctional proteins such as
claudin-1, loricrin, filaggrin, ZO-1, and ZO-2 were significantly
upregulated following TLNk/anti-miR-107 treatment. These LNPs
are promising as topical therapeutic agents in the management
of burn injury.
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INTRODUCTION
Lipid nanoparticles (LNPs) are promising as carriers of nucleic acid
therapeutics. They have been used in cancer treatment for delivering
targeted agents,1 antisense oligonucleotides,2,3 small interfering RNA
(siRNA),4–7 mRNA,8 and DNA inhibitors.9 Particle size and surface
modifications are important parameters for LNPs.10,11 Cell targeting
can be achieved by conjugating antibodies to the LNP surface.11

Although such approach is effective in vitro, in vivo applications
are fraught with the risk of immunogenicity following repeated injec-
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tions.12 Furthermore, barriers such as high cost, regulatory hurdles,
and limited shelf life complicate the translational path.11 Nonetheless,
both therapeutic as well as diagnostic nanoparticles are currently
undergoing clinical testing.13

Skin is a promising route for drug delivery offering the option to
evade the first-pass effect of the liver that can prematurely metabolize
drugs.14 Small LNPs (<10 nm)may directly penetrate the stratum cor-
neum of viable human skin.15 Meanwhile, larger LNPs (10–200 nm)
access the skin via hair follicle openings, especially after massage.15

These larger particles traverse the epidermis through shunt pathways
generated by sweat glands and hair shafts. Such a first-generation de-
livery system is effective in delivering lipophilic small molecules.14

The low density of hair follicles (32 follicles/cm2) relative to the whole
skin surface represents a limitation of the delivery system.16 Current
delivery systems rely on chemical enhancers, non-cavitational ultra-
sound and iontophoresis, as well as additional measures such as mi-
croneedles or thermal abrasion to penetrate the stratum corneum.14

Targeted delivery of therapeutic cargo across intact stratum corneum
remains a challenge.

In wounds, although skin barrier function is breached, abundance of
inflammatory cells at the site of injury poses a different set of chal-
lenges. Phagocytic clearance of nanoparticles poses an issue for deliv-
ery.17–19 In this work, we sought to develop a novel delivery platform
based on lyophilized keratinocyte targeting LNPs (TLNk) to facilitate
keratinocyte-specific delivery of oligonucleotides such as locked nu-
cleic acid (LNA)-modified anti-microRNAs (miRNAs). Hydrogel-as-
sisted delivery of lyophilized TLNk was shown to be robust, offering
translational advantages and a longer shelf life in wound care.
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Figure 1. Characterization of the Keratinocytes

Targeting Lyophilized Lipid Nanoparticles

(A) Schematic representation of keratinocytes targeting

lipid nanoparticles (TLNk). (B) Change of TLNk size

due to aqueous storage condition under 4�C over a

period of 7 days. (C) Representative photograph of the

lyophilized keratinocytes targeting lipid nanoparticles.

(D) Representative nanoparticle tracking analysis

(NanoSight) showing particle size and concentration

of freshly prepared TLNk and reconstituted lyophilized

TLNk after 9 days of storage under 4�C (n = 4). (E) The

zeta potential of the TLNk at different pH. (F) miR-210

expression in HaCaT cells exposed to normoxia and

hypoxia 24 hr after delivery of TLNk/anti-miR-210. Data ex-

pressed as mean ± SD (n = 4). xp < 0.05, *p < 0.001

compared to hypoxia, ANOVA.
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RESULTS
Preparation and Characterization of Lyophilized TLNk

TLNk was prepared using a keratinocyte-targeting peptide sequence
ASKAIQVFLLAG (A5G33).20 The peptide was conjugated to 2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)-2000] (DSPE-PEG2000-Amine) and incorporated onto the
surface of LNPs (Figure 1A). Colloidal stability of the LNPs was stud-
ied under storage condition. Over a period of 6 days, the particle size
doubled from 88 nm to >200 nm (Figure 1B). To address such limi-
tation, TLNk was lyophilized with addition of a lyoprotectant as
described in the Materials and Methods (Figure 1C). The lyophilized
keratinocyte-targeted LNPs when stored at 4�C retained their size
when reconstituted after 9 days (Figure 1D). Zeta potential of these
reconstituted TLNk ranged from +10 mV to�10 mV in the pH range
of 6–8 (Figure 1E). Encapsulation of anti-miRNA in lyophilized TLNk

after 9 days at 4�C was found to be 96.54%. In order to assess cargo
stability of lyophilized TLNk, in vitro transfection was performed
with TLNk loaded with anti-miR-210. Anti-miR-210 was chosen as
test cargo based on our previous publications demonstrating that in
ischemic wounds, elevated miR-210 compromises wound heal-
ing.21,22 Human immortalized keratinocytes cells, when subjected to
Molecula
hypoxia, showed elevated miR-210 expression.
TLNk loaded with anti-miR-210, stored at 4�C
for 9 days, significantly inhibited miR-210
response in cells exposed to hypoxia. Storage
of LNPs at 4�C yielded the best result, compared
to storage at room temperature or at �20�C
(Figure 1F).

In Vitro Targeting Efficiency of TLNk

To test specificity of targeted cell delivery of
TLNk, in vitro experiments were carried out
using different cell lines, including keratino-
cytes (HaCaT cells), endothelial cells (HMEC),
fibroblasts (BJ), and differentiated mono-
cytes (THP-1). 1,1-Dioctadecyl-3,3,3,3-tetra-
methylindodicarbocyanine (DiD), a lipophilic
fluorescent dye, was incorporated into the LNPs as described in the
Materials and Methods.23 Cells were exposed to DiD-labeled TLNk

for 4 hr followed by imaging and flow cytometric analyses. The uptake
of DiD-labeled TLNk was significantly higher in keratinocytes
compared to that of non-targeted LNPs (nTLNkwithout the targeting
peptide) that served as control (Figure 2A). Flow cytometric data
showed more than 90% keratinocyte uptake of the DiD-labeled
TLNk, unlike that in endothelial cells (HMEC) or in fibroblasts (BJ)
(Figure 2B). Differentiated monocytes (THP-1) appeared promiscu-
ous, demonstrating 14% uptake of even nTLNk. Nonetheless, delivery
of TLNk to keratinocytes was over 4-fold higher compared to uptake
by monocytic cells.

In Vivo Targeting Efficiency of TLNk

To evaluate targeting efficiency of TLNk in vivo, full thickness burn
wound was developed on the dorsal skin of mice. Full thickness
burn wound was confirmed by H&E staining (Figure S1A). Lyophi-
lized DiD-labeled TLNk was applied with hydrogel on the burn
wound (Figure 3A). Lyophilized TLNk was readily dispersed in
hydrogel within 30 s. The burn wound tissue was harvested after
24 hr of injury. To assess anti-miR delivery efficiency of TLNk in vivo,
r Therapy Vol. 26 No 9 September 2018 2179

http://www.moleculartherapy.org


Figure 2. In Vitro Targeting Efficiency of TLNk

(A) Overlay of phase contrast and fluorescence micro-

scopic images showing uptake of DiD-labeled (red) TLNk

in keratinocytes (HaCaT cells), endothelial cells (HMEC),

fibroblasts (BJ), and differentiated monocytes (THP-1)

over a period of 4 hr. DiD-labeled (red) nTLNk served as

control. Scale bars, 50 mm. (B) Flow cytometric analysis

showing uptake of DiD-labeled (red) TLNk in keratinocytes

(HaCaT cells), endothelial cells (HMEC), fibroblasts (BJ),

and differentiated monocytes (THP-1) over a period of

4 hr. The percentage of cells showing red fluorescence

of DiD were plotted graphically. Data expressed as

mean ± SD (n = 4). xp < 0.05, *p < 0.001 compared to

nTLNk, ANOVA.
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targeted as well as nTLNk-containing anti-miR-107 was applied topi-
cally on murine skin and burn wound-edge tissue. Tissues were
collected after 24 hr of treatment and subjected to laser capture
microdissection. qRT-PCR demonstrated significant downregulation
of miR-107 in the epidermis in the TLNk-treated group while the
dermis remained unaffected (Figure 3B). Lyophilized TLNk thus
effectively sequestered keratinocyte miR-107 in vivo.

Confocal microscopic images of the normal skin demonstrated that
TLNk was successful in penetrating the wound-edge stratum cor-
neum and co-localized in basal keratinocytes (Figure 3C). Non-tar-
geted LNk primarily localized in the stratum corneum (Figure 3C).
Single plane confocal co-localization analysis of wound-edge sections
2180 Molecular Therapy Vol. 26 No 9 September 2018
harvested at day 1, day 3, and day 7 was
performed. Our data showed that repeated
application of TLNk every third day resulted in
cumulative DiD fluorescence in the epidermis,
unlike nTLNk (Figure 3D). At day 7, the
TLNk were found to be more evenly distributed
throughout the epidermis.

Functional Wound Closure

miRNA-107 inhibits cell proliferation and
migration.24–27 Delivery of anti-miR-107 using
a commercially available transfection reagent
(Dharmafect1) accelerates keratinocyte prolif-
eration and migration (Figures S2A and S2B).
However, when anti-miR-107was delivered using
TLNk/anti-miR-107, amarginal change in cell migra-
tion was observed, although cell proliferation was
increased (Figures S3A and S3B). miRNA-107
also targets the dicer, a key contributor to miR
biogenesis.28,29 Dicer is an RNAase-III enzyme
that plays a critical role in re-establishing the bar-
rier function of the skin.30 Delivery of miR-107
silenced dicer expression. Consistently, inhibition
of miR-107 upregulated dicer expression in kera-
tinocytes (Figures S2C and S2E). The RNAase-III
enzyme dicer is responsible for the biogenesis
of key miRs, including miR-20a, miR-93, and miR-106b (Figure S3C).
These miRs play pivotal roles in establishing the barrier function
of the repairing skin by inhibiting the expression of p21waf1/Cip1 30.
TLNk/anti-miR-107 significantly increased dicer expression (Figure S3D)
and downregulated p21Waf1/Cip1 expression (Figure S3E) compared
to lyophilized targeted scramble (TLNk/scramble) or lyophilized
nTLNk/anti-miR-107.

Application of lyophilized TLNk/anti-miR-107 on the burn wound every
third day accelerated wound closure (Figures 4A and 4B). Transepi-
dermal water loss (TEWL) measures skin barrier function.30,31

TLNk/anti-miR-107 accelerated re-establishment of successful skin bar-
rier function following burn injury (Figure 4C).



Figure 3. In Vivo Targeting Efficiency of TLNk

(A) Digital photomicrographs showing (I) application of

lyophilized TLNk powder on the dorsal skin of mice post-

burn; (II) application of 3M hydrogel to cover and recon-

stitute the dry powder; (III) application of 3M Tegaderm to

cover and strap the dressing from falling off. (B) miR-107

expression from laser microdissected epidermis of murine

skin and wound-edge tissue 24 hr after application of

lyophilized TLNk containing anti-miR-107. Data ex-

pressed as mean ± SEM (n = 3), xp < 0.05, yp < 0.01,

ANOVA compared to nTLNk/anti-miR-107. (C) Confocal

microscopic images showing localization of the DiD-

labeled nanoparticles (red) in the epidermis 24 hr after

application of nTLNk/anti-miR-107 and TLNk/anti-miR-107. The

sections were counterstained with K14 (green) and DAPI

(blue). (D) Confocal microscopic images showing

colocalization (white dots) of the DiD-labeled nano-

particles (red) in the burn wound-edge epidermis stained

with K14 (green) at days 1, 3, and 7. The sections were

counterstained with DAPI (blue). nTLNk/anti-miR-107

and TLNk/anti-miR-107 were applied as mentioned in the

Materials and Methods. Scale bars, 50 mm.
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Epidermal Junctional Proteins

Junctional proteins help establish the barrier function of the repaired
skin. Topical application of lyophilized TLNk/anti-miR-107 significantly
upregulated the expression of claudin-1, loricrin, filaggrin, ZO-1, and
ZO-2 (Figure 5) compared to lyophilized TLNk/scramble or lyophilized
nTLNk/anti-miR-107.

DISCUSSION
Lipid nanomaterials with specific biological functions are of therapeu-
tic value. In this work, we report a novel LNP formulation of anti-miR
that when applied to the skin topically may penetrate the stratum cor-
neum to specifically target keratinocytes for cargo delivery. The LNPs
can be lyophilized to extend the shelf life. This work constitutes the
Molecula
first report on cell-targeting LNPs in a non-
cancer health care application.32 According to a
recent report from The Center for Drug Evalua-
tion and Research (CDER) within the US Food
and Drug Administration (FDA), 234 investiga-
tional new drug (IND) applications contain-
ing nanomaterials have been submitted, and
34 new drug applications (NDAs) have been
approved by the office.33 Liposomes account for
61% of nanomaterials targeting cancer thera-
peutics having a size less than 300 nm.33 The
following targeted nanoparticles are in clinical
trial: MCC-465, MBP-426, SGT-53, SGT-94,
BIND-014, MM-302, TargomiRs, CALAA-01,
Cornell Dot, and ND-L02 s0201.34,35 Nanopar-
ticles are frequently targeted to cancer cells either
through the transferrin receptor or folate
receptor.36–38 In addition, carbohydrates such
as lacto bionic acid have been used to target he-
patic tumor cells by binding to their asialoglycoprotein receptors.39

Polysaccharides, such as hyaluronic acid or chitosan, have shown
promising results in targeting tumor extracellular environment.40

However, the cellular uptake anddelivery efficiency are difficult to pre-
dict as they depend on the payload-related variables.40 Mannose and
galactose derivatives are often used for targetingmacrophages through
the C-type lectin receptors, which are expressed by all the cells of
myeloid origin.41,42 The targeting ability of functionalized nanopar-
ticles may be lost in a biological environment.43 Even when it does
work, efficiency of targeting is highly limited and was estimated to
be 30%.44 Some carbohydrate nanocarriers (mono/oligosaccharides
and/or polysaccharides) used in biomedical application are reported
to reduce unspecific protein adsorption and increases the circulation
r Therapy Vol. 26 No 9 September 2018 2181
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Figure 4. TLNk/anti-miR-107 Accelerates Wound Closure and Facilitates in Re-establishing Skin Barrier Function

(A) Digital photographs of the full thickness burn wound at day 0, 6, 12, 18, and 24 days after topical application of TLNk/scramble, nTLNk/anti-miR-107, and TLNk/anti-miR-107. The

white dashed lines indicate thewoundarea. Scale bars, 1 cm. (B)Woundclosure after topical application of TLNk/scramble, nTLNk/anti-miR-107, andTLNk/anti-miR-107wasquantified

by digital planimetry. Data expressed as mean ± SEM (n = 4), xp < 0.05, yp < 0.01 compared to day 0 (d0), ANOVA. (C) Transepidermal water loss at day 0 and at day 24 after

delivery of TLNk/scramble, nTLNk/anti-miR-107, and TLNk/anti-miR-107 was plotted graphically. Data expressed as mean ± SEM (n = 4), xp < 0.05 compared to d0, ANOVA.
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time in the blood.45 The field of targeted nanoparticle therapy is emer-
gent and at present applications are highly limited. This work under-
scores the potential of targeted nanoparticles in wound and skin care
and offers a new targeting platform.

For topically applied nanoparticles, non-specific uptake was signifi-
cantly reduced and is mostly limited to follicular (passive) penetra-
tion.46 Active penetration of nanoparticles with size >45 nm is an
open and controversial topic of discussion. Although the literature re-
ports variable results on porcine andmurine skin showing penetration,
there are only two publications that report passive permeation of such
particles beyond the stratumcorneum.46–48Toll et al.48 reports penetra-
tion of stratum corneum via hair follicle conduits. However, Kohli and
Alpar47 attributes penetrationof stratumcorneumto the strong anionic
properties of nanoparticles. If the intent is to target specific cells, high-
surface charge of nanoparticles is a confounding factor, as it would be
promiscuous and be readily taken up by most cells in proximity.
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This work reports a simple and scale-up friendly targeted nanoparticle
platform for skin andwoundcare applications. The designofTLNk em-
ployed 1,2-dioleoyl-3-trimethylammonium-propane/1,2-dioleoyl-3-
dimethylammonium-propane (DOTAP/DODAP) combination pH-
responsive lipid components to improve endosomal escape. Compared
to our previously published nanoparticle formulation,21 we replaced
gramicidin with keratinocyte-targeting ligand to promote cell-specific
targeting. To minimize interference of clearance by immune cells,
surface charge of anti-miR loaded TLNk was designed to be close to
neutral. Additional pH versus zeta-potential analyses were conducted
to assess the pH dependence of surface charge. TLNk possess
near-zero surface charges that quickly react to pH drop by boosting
surface charges to +15 mV for efficient endosomal release. This
design does compromise transfection efficiency but maximizes
targeting efficiency, which is desirable in a wound microenvironment
complicated by inflammation. By virtue of its design properties,
at pH 7 TLNk is near zero in charge. This poses stability



Figure 5. TLNk/anti-miR-210 Upregulates Epidermal Junctional Proteins

TLNk/anti-miR-107 increased the expression of claudin-1 (red), loricrin (green), filaggrin (red), ZO-1 (green), and ZO-2 (red) in murine skin at day 24. Sections were counterstained

with DAPI (blue). Dermal-epidermal junction is indicated by dashed white line. Scale bars, 50 mm. Abundance of junctional proteins were quantified and expressed graphically

as mean ± SEM (n = 4). xp < 0.05, yp < 0.01, ANOVA.
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Molecular Therapy
problems due to aggregation, deposition, and sedimentation of the par-
ticles.49 Lyophilization of TLNk not only addresses this limitation but
also extends storage life.

Targeted nanoparticles must achieve high uptake efficiency in the
desired cell type. The efficiency of uptake is markedly limited in the
presence of serum, which may mask targeting ligands by the protein
corona.43,44,50 In the presence of 10% serum, TLNk achieved 90%
uptake by keratinocytes within the first 4 hr, demonstrating targeting
specificity and efficiency. Rapid uptake by intended cells would mini-
mize clearance by immune cells of the wound microenvironment. In
its final form, the lyophilized powder and hydrogel may be stored
long-term. A clear translational advantage of TLNk is that all material
used for its formulation has prior history of FDA approval for human
use. Translational development of TLNk for human testing is thus
warranted.

MATERIALS AND METHODS
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), DOTAP,
DODAP, and DSPE-PEG2000-Amine were obtained from Avanti
Polar Lipids (Alabaster, AL, USA). D-a-Tocopherol polyethylene
glycol 1000 succinate (TPGS) and trimethylamine (TEA) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). PEGylated
bis(sulfosuccinimidyl)suberate (BS(PEG)5) and Vybrant DiD
Cell-Labeling Solution were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). A5G33 peptide (sequence,
ASKAIQVFLLAG) was custom synthesized by Genscript (Town-
ship, NJ, USA). 3M Tegaderm hydrogel was obtained from 3M
(St. Paul, MN, USA). Anti-miR-107 and anti-miR-210 with LNA
modification as well as negative control A-LNA were synthesized
by Exiqon (Woburn, MA, USA).

Lipid-Peptide Conjugation

Lipid peptide conjugation was done by dissolving 4 mg of DSPE-
PEG2000-Amine in 500 mL of DMSO and combined with 5.7 mL of
250 mM homobifunctional crosslinker (BS(PEG)5) with addition of
4 mL of TEA. The reaction proceeded in an oxygen-free environment
(nitrogen purge) at room temperature for overnight. Next, 0.5 mg
of A5G33 peptide was added into the solution and incubated for
2 hr at room temperature. The molar ratio between DSPE-PEG2000,
BS(PEG)5, and A5G33 peptide was controlled at 1:1.2:1.4. Thin-layer
chromatography was used to evaluate the efficiency of conjugation
reaction.

Preparation of TLNk

TLNk were prepared by an ethanol serial dilution method, as
described previously.51,52 First, lipid components (DOTAP/
DODAP/DSPE-PEG2000-A5G33/DOPC/TPGS, 30/24/3/41/2 mol/mol)
were dissolved in ethanol. If lipophilic fluorescence dye DiD were
chosen to label the LNPs, 0.2% mol/mol amount of dye was
added into the above formulation recipe. LNA-based anti-miR
was dissolved in equal volume of citric acid buffer (5 mM, pH
4.5) as prepared lipid ethanol solution. The lipid solution
was rapidly injected into LNA citric acid buffer at 1:10 anti-miR-
2184 Molecular Therapy Vol. 26 No 9 September 2018
107:total lipids weight ratio. This mixture was further diluted
by equivalent volumes (1:1) of HEPES buffer (25 mM, 135 mM
NaCl, pH 7.4) twice. Non-targeting LNPs were formulated
similarly by substituting DSPE-PEG2000-A5G33 with DSPE-
PEG2000-Amine and used as controls. The final product was stored
at 4�C.

Lyophilization of TLNk

A primary-secondary drying program was employed.53 1 mL of LNP
samples were transferred into 5 mL lyophilization vials (Wheaton,
Millville, USA) and diluted with equal volume of 20% sucrose solu-
tions. Slow-freezing processes were chosen: sample vials were
partially capped and cooled in a sequence of 2 hr each at 4�C,
�20�C, and �80�C. Frozen samples were primary dried at �30�C
and 0.12 mbar for 24 hr followed with 25�C and 0.08 mbar secondary
drying for an additional 6 hr in a shelf dryer from Labconco (Kansas
City, MO, USA). Lyophilized sample stoppers were seated in vacuum
and stored at 4�C.

Measurement of TLNk Size and Zeta Potential

For mean particle diameter and surface charge measurement, ali-
quotes of TLNk were diluted in PBS (20 mM, pH 7.4). The particle
size was determined by dynamic light scattering method using a
Zetasizer Nano ZS90 (Malvern, Worcestershire, UK). TLNk were
dispersed in double-distilled water and tested in volume-weighted
size distribution mode. TLN morphology and size distribution were
further analyzed by NanoSight NS300 (Malvern, Worcestershire,
UK). Aliquots of TLNk containing anti-miR-107 were diluted
in PBS with a series of pHs (50 mM, from 2 to 11) to determine
the pH dependency of surface charge. Zeta potential measurement
was carried out on a Zetasizer Nano ZS90 (Malvern, Worcestershire,
UK).

Encapsulation Efficiency of TLNk

For encapsulation efficiency and stability, TLNk/anti-miR-107 were first
diluted into 1 mL solution by 20 mM HEPES buffer and injected into
Slide-A-Lyzer Dialysis Cassette (Thermo Scientific, Waltham, MA,
USA). A 1 L beaker was filled with 20 mM HEPES buffer. Dialysis
cassette was then dropped into the beaker and incubated at room
temperature for 4 hr. Encapsulation efficiency was then performed
by Quant-iT RiboGreen RNA Kit (Invitrogen, Grand Island, NY,
USA). TLNk/anti-miR-107 was lysed with Triton X-100 and the
fluorescence intensity (FI) was determined using Multi-Mode
Microplate Readers (Biotek, Winooski, VT, USA) at 480 nm lex
and 520 nm lem. Loading efficiency was calculated with the following
formula:

Encapsulation Efficiency =�
1� Fluorescence without Triton X � 100

Fluorescence with Triton X � 100

�
� 100%:

Formulation and lyophilized cake stability was evaluated at �20�C,
4�C, and 25�C over a period of 9 days. The particle size was measured
by Zetasizer Nano ZS90.
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Cells and Cell Culture

Immortalized human keratinocytes (HaCaT) were grown in
Dulbecco’s low-glucose modified Eagle’s medium (Life Technologies)
as described previously.54 Human dermal microvascular endothelial
cells (HMECs) were cultured in MCDB-131 medium supplemented
10 mM L-glutamine and 100 IU/mL of penicillin and 0.1 mg/mL of
streptomycin (Invitrogen), as described previously.55 THP-1 are hu-
man (pro-) monocytic cell lines that can be differentiated into either
dendritic cells or tissue macrophages.56 THP-1 cells were differenti-
ated to macrophage-like fate using phorbol 12-myristate 13-acetate
(PMA; 20 ng/mL, 48 hr) as previously described.57 Differentiated
human THP-1 cells were cultured in RPMI complete medium as
described previously.57,58 Human skin fibroblast BJ cells (ATCC
CRL-2522) were obtained from ATCC and were cultured in Eagle’s
Minimum Essential Medium, (catalog no. 30-2003) as per the instruc-
tion provided. All cell cultures media were supplemented with 10%
fetal bovine serum (FBS) and 1% antibiotic-antimycotic (AA) (Life
Technologies) unless stated otherwise. Cells were maintained in a
standard culture incubator with humidified air containing 5% CO2

at 37�C.

Measurement of Targeting Efficiency by Flow Cytometry

The fluorescence of the cells was determined by using an Accuri C6
flow cytometer (Accuri Cytometers, Ann Arbor, MI, USA). Signals
from cells labeled with DiD fluorescent dye were collected on channel
FL4 (650 ± 20 nm) after excitation with a 488-nm solid-state laser on
a gated population of cells. Data were collected from at least 10,000
cells at a flow rate of 250–300 cells/s. A logarithmic scale was used
to measure both background and cell fluorescence. Background
fluorescence was then subtracted from cell fluorescence, allowing
linear comparisons.

Transfection of miRNA Mimic and Inhibitors

HaCaT cells (0.05 � 106 cells/well in 24-well plate) were seeded for
18–24 hr prior to transfection. HaCaT cells were transfected with
either miRIDIAN hsa-miR-107 mimic (50 nM) or hsa-miR-107 in-
hibitor (100 nM) using DharmaFECT 1 transfection reagent (Thermo
Scientific Dharmacon RNA Technologies, Lafayette, CO) per the
manufacturer’s instructions.59–61 miRIDIAN miR mimic/inhibitor
negative controls (Thermo Scientific Dharmacon RNA Technologies,
Lafayette, CO) were used as control. Cells were collected after 48 hr of
miR mimic or 72 hr of miR inhibitor transfection for quantification
of miRNA or protein expression. In some experiments, the cells
were further reseeded in 96-wells plate or 2-well inserts for cell pro-
liferation or cell migration assay.

Determination of Cell Proliferation

Cell proliferation was measured using a Vybrant MTT Cell Prolifer-
ation Assay Kit (Thermo Fisher Scientific) per the manufacturer’s
instructions as described previously.62 At 24 hr after treatment, cells
were incubated in fresh low-glucose DMEM culture medium contain-
ing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) for 4–6 h at 37�C with 5% CO2. After MTT treatment,
medium was removed, and DMSO was added (10–20 min at 37�C
with 5% CO2) to solubilize formazan produced as a result of MTT
metabolism. DMSO extract from each well (100 mL) was collected
in a 96-well plate, and formazan content was determined by reading
absorbance at 540 nm.

Cell Migration Assay

Cell migration assay was performed using culture inserts (IBIDI, Ver-
ona, WI) according to the manufacturer’s instructions as discussed
previously.63 In brief, a confluent cellular monolayer was made in
the presence of the insert inside a 24-well plate. Removal of the insert
generated a gap in the monolayer. Migration of cells across that gap
was studied at different time points following withdrawal of the insert.
Images were captured using an inverted microscope (Axiovert 200M,
Zeiss, Germany) and analyzed using Zen software.

Animal Model

To generate reproducible, full-thickness burn wounds, an electri-
cally heated burn device with controlled pressure delivery was
manufactured. A 0.8-cm diameter stainless steel burning stylus
was brought to temperature by an electrically heated element
(150 W soldering iron, Great American) inserted into the middle
of the stylus. Temperature was controlled by an electronic thermo-
stat (eTRON M, JUMO Process Control, NY), which measured the
burn stylus temperature using a thermocouple inserted into the
center of the stylus and controlled the amount of current sent to
the heating element. Applied pressure was regulated through a
compression system comprised of upper and lower aluminum
guides connected by spring-loaded guide posts. The heating
element can be brought into contact with the murine skin and pres-
sure applied. When maximum pressure is reached, the springs
collapse fully and prevent further depression of the burner stylus
into the skin below.

Male C57BL/6 mice were obtained from Harlan Laboratory (Indian-
apolis, IN). Experimental thermal injury was caused by 110�C heated
stylus for 15 s. Animals were randomly divided into groups based on a
computer generated algorithm (https://www.random.org/). Topical
application of the LNPs in hydrogel was performed every third day
post-burn. All animal studies were performed in accordance with
protocols approved by the Laboratory Animal Care and Use Commit-
tee of The Ohio State University. During the wounding procedure,
mice were anesthetized by low-dose isoflurane inhalation as per
standard recommendation. Each wound was digitally photographed
at the time point indicated. Wound area was calculated using ImageJ
software (NIH, Bethesda, MD).

The animals were euthanized at the indicated post-wounding time
point, and wound-edge tissues (2 mm away from the wound) were
snap frozen or collected in either optimal cutting temperature com-
pound (OCT) or fixed in formalin for immunohistology.

TEWL

TEWL serves as a reliable index to evaluate the skin barrier function
in vivo.31,64 TEWL was measured from the wounds using DermaLab
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TEWL Probe (cyberDERM, Broomall, PA).31 The data were ex-
pressed in gm�2 h�1.

Laser Capture Microdissection of Epidermis

Epidermal laser capture microdissection (LCM) was performed using
the laser microdissection system from PALMTechnologies (Bernreid,
Germany) as described previously by our group.22,65 In brief, sections
were stained with hematoxylin for 30 s, subsequently washed with
DEPC-H2O, and dehydrated in ethanol as described previously.66

Epidermal fractions were identified based on morphology, cut, and
captured under a 20� ocular lens. The samples were catapulted
into 25 mL of cell direct lysis extraction buffer (Invitrogen). Approx-
imately 1,000,000 mm2 of tissue area was captured into each cap, and
the lysate was then stored at �80�C for further processing.22,65

RNA Extraction and Real-Time qPCR

RNA from mouse wound-edge tissue or cells was isolated using
miRVana miRNA Isolation Kit according to the manufacturer’s
protocol (Ambion Life Technologies) as described previously.67 The
RNA quality was assessed using Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). Quantification of mRNA expression
was done by real-time qPCR using SYBR Green-I.65,68 For determina-
tion of miR expression, specific TaqMan assays for miRs and the
TaqMan miRNA reverse transcription kit were used, followed by
real-time PCR using the Universal PCR Master Mix (Applied
Biosystems, Foster City, CA).58

Histology, Immunohistochemistry, and Microscopy

Histology of skin was performed from 8-mm-thick paraffin sections
after staining with H&E. Immunostaining of Dicer (Abcam,
ab13502; 1:200), p21Waf1/Cip1 (Santa Cruz, sc-397; 1:200), Keratin 14
(Covance, PRB-155P; 1:400), Claudin-1 (Invitrogen, RB9209P;
1:200), loricrin (Covance, PRB-145P; 1:400), filaggrin (Covance,
PRB-417P; 1:500), ZO-1 (Invitrogen, 617,300; 1:200), ZO-2 (Invitro-
gen, 38–9,100; 1:200) were performed on paraffin and cryosections of
skin sample using specific antibodies as indicated.69 Specificity of the
antibodies was validated using rabbit isotype control (Abcam,
ab27478; 1:400) (Figure S4). In brief, OCT-embedded tissue was
cryosectioned (10 mm), fixed with cold acetone, blocked with 10%
normal goat serum, and incubated with specific antibodies overnight
at 4�C. Paraffin-embedded tissue were sectioned (8 mm) and deparaf-
fininized, and antigen retrieval was performed prior to blocking.
Signal was visualized by subsequent incubation with fluorescence-
tagged appropriate secondary antibodies (Alexa 488-tagged a-rabbit,
1:200; Alexa 568-tagged a-rabbit, 1:200).

Data Collection and Statistical Analyses

Samples were coded and data analysis was performed in a blinded
fashion. For animal studies, data are reported as mean ± SD of at least
4–8 animals as indicated. In vitro data are reported as mean ± SD of
3–6 experiments, as indicated in respective figure legends. Student’s
t test (two-tailed) was used to determine significant differences.
Comparisons among multiple groups were tested using ANOVA.
p < 0.05 was considered statistically significant.
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