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Abstract
Diabetes mellitus is a mounting concern in the United States, as are the mortality and morbidity

that result from its complications. Of particular concern, diabetes patients frequently suffer from

impaired wound healing and resultant nonhealing diabetic foot ulcers. These ulcers overproduce

tumor necrosis factor α (TNFα), which reduces wound bed cell migration and proliferation while

encouraging apoptosis. Herein, we describe the use of siRNA-loaded lipid nanoparticles (LNPs)

as a potential wound treatment to combat an overzealous immune response and facilitate

wound closure. LNPs were formulated with an ionizable, degradable lipidoid and siRNA specific

for TNFα. Topical application of nanoparticles reduced TNFα mRNA expression in the wound by

40–55% in diabetic and nondiabetic mice. In diabetic mice, this TNFα knockdown accelerated

wound healing compared to untreated controls. Together, these results serve as proof-of-

concept that RNA interference therapy using LNPs can reduce the severity and duration of

chronic diabetic wounds.
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1 | INTRODUCTION

Diabetes is becoming a major crisis for the health-care industry. As

the population ages, the number of those affected is rising, with 50%

of Americans now suffering from prediabetes or diabetes.1 Approxi-

mately, 90% of diabetic people suffer from Type II diabetes, with

many individuals unaware that they have it. This delays early treat-

ment and intervention, worsening the chance of developing a constel-

lation of negative complications.2 These complications include

ischemia, peripheral neuropathy, atherosclerosis, kidney failure, and

impaired wound healing. This study addresses the latter, as delayed

wound healing can result in the formation of a chronic foot ulcer in up

to 25% of diabetics. Unfortunately, chronic foot ulcers can lead to

lower limb amputation,3 which does not address wound pathology

and has a 3-year survival rate of only 50%. As such, there is an imper-

ative need for a treatment that addresses the inflammatory pathology

of the diabetic wound bed in a way that prevents the formation of the

ulcer.4

Unlike acute wounds, diabetic foot ulcers do not proceed nor-

mally through the three general stages of wound healing: inflamma-

tion, re-epithelization, and wound remodeling.5 Instead, diabetic

wound bed cells undergo harmful phenotypic changes that impair

their ability to react appropriately to the normal cytokine and growth

factor cascade.6,7 In addition, higher than normal numbers of inflam-

matory macrophages have been shown to reside within diabetic

wounds, where they overproduce tumor necrosis factor alpha (TNFα),

one of the most important inflammatory cytokines.8–11 In normal

wound healing, a small, tightly controlled amount of TNFα is required

for fibroblast migration, proliferation, and remodeling.12 When over-

produced, however, TNFα damages the wound further by upregulat-

ing cellular apoptosis, reactive oxygen species production, and matrix

degradation.9,10,13–15 Currently, the most common method of treat-

ment for diabetic wounds is the use of moisture-retentive bandages,

hyperbaric oxygen therapy, and antibiotics.16,17 These treatments are

often ineffective, as they do not address the chronic inflammation and

other biological irregularities that caused the ulcer to form.
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Biomaterials research has focused on correcting these irregularities

with an array of nanoparticles, hydrogels, nanofibrous meshes, and

dressings that deliver drugs (e.g., growth factors) to the wound.18

Alternatively, it may be possible to treat diabetic wounds using

short interfering RNA, which can reduce the expression of problem-

atic proteins.19,20 Although RNA interference is a promising therapeu-

tic strategy, its use in wound healing has been limited. There have

been several reports of improved wound healing outcomes upon gene

silencing of matrix metalloproteinases (MMPs)21–23 and prolyl hydrox-

ylase domain protein 2.24,25 In separate studies, siRNA loaded in

hydrogel dressings has induced modest knockdown of other gene

targets, including xanthine dehydrogenase26 and the tumor suppres-

sor gene, p53,27 in the diabetic wound.

In this study, we use RNA interference to examine how reduc-

tion in the inflammatory cytokine, TNFα, influences the wound

healing process. Sufferers of other inflammatory diseases, like

inflammatory bowel disease and rheumatoid arthritis, have

benefited from treatment with antagonists of TNFα.28–30 Diabetic

wounds have improved with systemic anti-TNFα therapies31 and

antibody-based neutralization32 but with an increased risk of infec-

tion and severe liver damage.30,32–35 Local downregulation of TNFα

has the potential to correct chronic inflammation in the wound

while avoiding the negative side effects associated with systemic

suppression of TNFα.

Delivery of siRNA, whether systemically or topically, requires a

vehicle that protects the RNA cargo and enables its transport across

cell and endosomal membranes into the cytoplasm of target cells.19

Fortunately, we have previously developed LNPs that potently deliver

siRNA in vivo36–38 and control inflammatory feedback loops via TNFα

silencing in a macrophage-fibroblast co-culture model.39 Herein, we

show that LNPs can be topically delivered in solution to nondiabetic

and diabetic mouse wounds to silence TNFα and improve wound heal-

ing outcomes.

2 | MATERIALS AND METHODS

2.1 | Nanoparticle formulation

Nanoparticles were formulated with the three-tailed version of lipi-

doid 306O13,
36 which was synthesized via the Michael addition of

3,30-diaminodipropylamine (Acros Organics) to tridecyl acrylate

(Pfaltz and Bauer) at a stoichiometric ratio of 1:3 as described pre-

viously.37,39 The lipidoid was then purified over a silica column on a

Teledyne ISCO chromatography system to isolate the three-tailed

product. For nanoparticle formulation, a lipid solution was formed

by mixing the lipidoid, distearoyl-sn-glycerol-3-phosphocholine

(DSPC, Avanti Polar Lipids, Alabaster, Alabama), cholesterol (Sigma

Aldrich), and C14-PEG (Avanti Polar Lipids) at a molar ratio of

50:10:38.5:1.5 in ethanol (Sigma Aldrich) and 10 mM citrate buffer.

Silencer Select Pre-Designed siRNA against TNFα (s75248, Thermo

Fisher) was diluted in 10 mM sodium citrate and combined with the

lipid solution at a final lipidoid to siRNA weight ratio of 5:1. The

solution was vortexed after each reagent addition, and the lipid

solution was added to the siRNA solution before being diluted to

the desired final concentration in phosphate buffered saline (PBS).

2.2 | Nanoparticle characterization

Nanoparticles were diluted to a final siRNA concentration of 1 μg/mL

in PBS. Percent siRNA entrapment was determined via the Quant-iT

Ribogreen assay (Invitrogen) according to manufacturer instructions.

Nanoparticle size was measured with a Malvern Zetasizer Nano

(Malvern Instruments, UK).

2.3 | Animal studies

All mouse experiments were approved by the Institutional Animal

Care and Use Committee (IACUC) at Carnegie Mellon University.

C57BL/6 mice were either purchased from Charles River Laboratories

(Wilmington, MA) or obtained from an institutionally managed breed-

ing colony. Genetically diabetic BKS.Cg-Dock7m +/+ Leprdb/J mice

were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice

were housed in cages of fewer than six animals, with controlled tem-

perature (25�C), 12-hr light–dark cycles, and free access to food and

water. Mice used in this study were males between the ages of

10 and 16 weeks. Prior to wounding, the backs of the mice were

shaved with electric clippers and circle templates 8 mm in diameter

were traced on both the right and left flanks. Surgery was performed

under anesthesia and 3 mg/kg bupivacaine was injected in a line block

formation around each wound site (6 mg/kg total dose). Two 8 mm

full thickness excisional wounds were created with surgical scissors

using the template circles.

To calculate appropriate topical dosing, we referred to experi-

ments conducted in 24 well plates in a previous study.39 Cells in these

experiments were dosed at 25 pmol siRNA/cm2 well area

(100 pmol/cm3). In vivo wounds were modeled as a cylinder (radius of

5 mm and height of 1 mm) and treated with an equivalent or greater

dose of siRNA than what was used in vitro. Doses were calculated for

a volume of 10 μL of nanoparticle solution added topically to the

wound and are listed in each experiment. The 10 μL of nanoparticle

solution was administered via pipette tip onto the wound and was not

injected into the tissue. On average, most of the wound was covered.

Administration was performed while the mouse was anesthetized with

isoflurane, and the liquid was allowed to sit on the wound for up to

10 min without the mouse moving. By the time the mouse was

removed from the isoflurane nose cone and allowed to regain con-

sciousness (a process that took an additional 5 min), the liquid was

almost entirely absorbed.

2.4 | Confocal microscopy

Mice were wounded and immediately received 10 μL of either PBS or

5 μM nanoparticle solution. The nanoparticles used in these studies

were loaded with Cy5.5-labeled siRNA. Mice were sacrificed, and

wounds were excised 2 hr after treatment with surgical scissors and

immediately fixed in 4% formaldehyde solution. After a period of

overnight fixation at 4�C, they were washed with PBS, permeabilized

with 0.1% Triton-X100, and incubated for 2 hr with staining solutions.
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The staining solution contained DAPI (12 μg/mL, 358 nm/461 nm) to

mark nucleic acids, AlexaFluor 488® conjugated phalloidin (5 units/mL,

495 nm/518 nm) to bind actin, and PE-Texas Red® conjugated F4/80

antibody (0.15 mg/mL, 565 nm/615 nm) to identify macrophages. After

staining, the wounds were washed three times with PBS, mounted on

glass slides, and placed under coverslips. Prepared slides were imaged at

×63 magnification using a Zeiss LSM 700 confocal microscope with ZEN

2012 SP1 software. Images were captured using a Plan-Apochromat

×63/1.40 Oil DIC objective and an X-Cite Series 120Q laser source

exposing at 405, 488, and 555 nm. Images were captured at room tem-

perature and represent a single time point. Images were approximately

101.61 μm × 101.61 μm. No additional processing or averaging was

performed to enhance the resolution of the images. Image J (NIH) image

processing software was used to prepare confocal images.

2.5 | RNA interference wound healing experiments

Double-wounded mice were anesthetized 24 hr after wounding for

topical application of 10 μL per wound of solution. The right flank

wound received a nanoparticle solution (100, 250, and 500 nM doses

of siRNA against TNFα), while the left flank wound received PBS.

Non-diabetic double wounded mice were sacrificed 24 hr after treat-

ment. Diabetic mice received a second, identical treatment 48 hr

post-wounding and were then sacrificed either 4 days or 2 weeks

after wounding, as indicated. For experiments in which gene silencing

was being quantified, excised wounds were immediately placed into

2.0 mL homogenizer tubes filled with 800 μL of TRIzol (Thermo

Fisher). The homogenizer tubes were pre-filled with 0.5 mm garnet

shards and a 6.0 mm in diameter zirconium bead (Laboratory Supply

Network). A BeadBug tissue homogenizer (Laboratory Supply Net-

work) was used for 120 s at 3000 rpm to homogenize the wounds in

TRIzol. The tubes were then stored at −80 �C until RNA extraction.

2.6 | Wound area analysis

Mice were photographed in the same position next to the same object

of known length each day of the experiment. Images were then pro-

cessed using ImageJ to calculate wound area and the change in wound

area for each day.

2.7 | RNA extraction and cDNA creation

RNA extraction and purification from the homogenized wound tissue

was accomplished with TRIzol according to the manufacturer's

instructions. RT-PCR was performed with the High Capacity cDNA

Reverse Transcription kit (Applied Biosystems) to form 2 μg of cDNA.

The quality and quantity of mRNA and cDNA were assessed by the

absorbance at 260/280 nm with the Nanodrop 2000 UV-Vis spectro-

photometer (Thermo Scientific).

2.8 | Quantitative PCR

qPCR was performed in a 384-well block on a ViiA™ 7 Real-Time

PCR system machine with purchased Taqman Gene Expression Mas-

ter Mix (Applied Biosystems), along with GAPDH (Mm99999915_g1)

and TNFα (Mm00443258_m1) Taqman probes (Thermo Fisher). About

10 μL of Master Mix, 1 μL of endogenous control probe, and 1 μL of

target gene probe were used per well. All runs utilized the compara-

tive Ct method and the following run protocol: 50 �C (2 min), 95 �C

(10 min), 40 cycles of 95 �C (15 s) and 60 �C (1 min). qPCR experi-

ments consisted of three to five biological replicates and two technical

replicates per each biological. The target gene (TNFα) was normalized

to the endogenous control gene (GAPDH) for each sample. For double

wounded mice, treated samples were normalized again to the

nanoparticle-free control sample for each mouse.

2.9 | Statistical analysis

All mean values are expressed as � standard deviation. Unpaired Stu-

dent's t-tests and one-way ANOVA tests were used where appropriate to

evaluate statistical significance. A p <.05 was considered significant.

3 | RESULTS

3.1 | Lipidoid nanoparticles reduce TNFα gene
expression in double-wounded nondiabetic mice

Previously, we showed that LNPs effectively delivered siRNA and

induced TNFα gene silencing in an in vitro co-culture wound model.39

These experiments motivated the present study, in which we assessed

the effect of TNFα gene silencing on the wound healing process in mice.

Although healthy animals do not require assistance in wound healing, we

conducted our first gene silencing studies in nondiabetic mice as a proof-

of-concept. Standard mice are far less expensive than diabetic mice, and

their wounds are populated by the cell types that express TNFα, including

macrophages and neutrophils. These experiments were conducted using

a double-wounded mouse model in which mice were wounded on each

flank. Although one wound served as a negative control and received

phosphate buffered saline (PBS) treatment, the other wound was treated

with siRNA-loaded nanoparticles. By providing a built-in control wound

for each mouse, the double-wounded model alleviates the issue of inter-

mouse variability in TNFα expression in response to wounding.40

In these experiments, wounding occurred on Day 1, and mice

received a single treatment of siRNA-loaded nanoparticles and PBS treat-

ment on Day 2. On Day 3, mice were sacrificed and the wound tissue

was excised for processing and gene expression analysis. LNP formula-

tions had siRNA entrapment values between 73 and 85% and an average

Z-average diameter of 110 nm. Figure 1a shows the effect of several

treatments on TNFα expression, including LNPs loaded with either the

target siRNA specific against TNFα or control siRNA specific against

green fluorescent protein (GFP). Each wound was dosed with 10 μL of

solution. LNPs containing siTNFα and dosed at RNA concentrations

between 100 and 500 nM reduced TNFα gene expression between

44 and 54%, with a modest dose-responsive effect. The LNP control

treatment including 500 nM siGFP did not induce gene silencing. Given

that one mouse experienced a substantial increase in TNFα expression

following control LNP treatment, it is possible that LNPs may cause a

mild inflammatory response in some wounds. Together, these data con-

firm that LNPs are capable of mediating TNFα gene silencing in the

wounds of healthy mice.
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Figure 1b is an alternative representation of the compressed

500 nM siTNFα data set from Figure 1a. These data, which are nor-

malized to the PBS control wound of mouse 1, are shown to illustrate

the variation in TNFα gene expression across six mice (Figure 1b).

TNFα expression in PBS-treated wounds, which, here, varied up to

threefold, showed that some mice produced more TNFα in wounds

than others in response to wounding. In general, TNFα expression

after siRNA-mediated gene silencing tracked with PBS samples and

also varied up to threefold, with silencing ranging from 37% to 74%.

These data illustrate the importance of a double-wounded model in

accounting for the intrinsic variability of cytokine response in

individual mice.

In addition to confirming that LNPs facilitate gene silencing in

mouse wounds, we were interested in observing the localization of

LNPs within the wound bed using confocal microscopy. These experi-

ments were challenging because wounds are riddled with dead and

dying cells and other debris, and it is difficult to keep them intact upon

excision. Wounds were treated with 10 μL of either PBS (negative

control) or a 5 μM solution of LNPs encapsulating Cy5.5-labeled

siRNA (Figure 2). Wounds were excised 2 hr post-treatment and

stained with DAPI, phalloidin, and an anti-F4/80 antibody, which

enabled visualization of nuclei, actin filaments, and macrophages,

respectively. Macrophages were interspersed throughout the wound

bed. LNPs visibly embedded within the wound tissue, with no clear

specificity for any cell type. It is possible that nanoparticles localized

in a pattern that corresponded to wound bed topology.

3.2 | TNFα silencing accelerates wound healing in
diabetic mice

After showing that TNFα knockdown was possible, we sought to treat

diabetic mouse wounds with siRNA-loaded LNPs. These experiments

used BKS.Cg-Dock7m +/+ Leprdb/J mice, which are homozygous for

the diabetes spontaneous gene mutation, Leprdb. These mice become

FIGURE 1 LNPs reduced TNFα gene expression in double-wounded, nondiabetic mice. Mice received two wounds each. One wound was treated

with PBS (control), and the other was treated with LNPs loaded with siRNA against TNFα. (a) LNP treatments with doses between 100 and
500 nM silenced TNFα gene expression between 44 and 54%. Control LNPs containing a 500 nM dose of control siRNA (siGFP) did not induce
gene knockdown. All TNFα expression levels are normalized to the untreated wound on each mouse. (b) Although there was significant variability
in TNFα expression from mouse to mouse, all mouse wounds treated with 500 nM siTNFα (red squares) experienced reduced TNFα expression
compared to PBS-treated wounds (black circles). Here, each TNFα gene expression is normalized to the PBS-treated gene expression of mouse
#1. Error bars represent s. d. (n = 3 − 6)

FIGURE 2 Nanoparticles localize in and around wound bed cells. Wounds on C57BL/6 mice were treated with either PBS (control) or LNPs

loaded with Cy5.5-labeled siRNA at a concentration of 5 μM. Wounds were excised 2 hr post-treatment and stained for DNA (blue), actin (green),
and the F4/80 receptor on macrophages (magenta). Nanoparticles containing siRNA (red) localized within the wound bed without clear affinity
for any particular cell type. The scale bar is 15 μm
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Type II diabetic by 4–8 weeks of age and exhibit the hallmarks of Type

II Diabetes in humans, including hyperglycemia, obesity, peripheral neu-

ropathy, myocardial disease, and impaired wound healing. As such, they

are a common model in the study of diabetic ulcer treatments.23,41–45

Two sets of experiments were carried out to probe the efficacy of

topically applied, siTNFα-loaded LNPs. The first set quantified TNFα

gene silencing in the initial inflammation phase, requiring mouse sacri-

fice on Day 4. The second set allowed the wounds to close to comple-

tion to study the effect of nanoparticle treatment on wound

contraction and healing time. In the first set of experiments, five

12-week-old mice were wounded with two flank wounds (Day 1).

Twenty-four hours later on Day 2, they were topically dosed with

10 μL of PBS on their left flank and 10 μL of 250 nM siTNFα encapsu-

lated in LNPs on their right flank. Nanoparticles had a Z-average diam-

eter of 108 nm and an siRNA entrapment of 75%. Wounds received a

second, equivalent treatment on Day 3 and were harvested for RNA

processing on Day 4.

Wounds were photographed on each day (Figure 3a), and their

areas were quantified with ImageJ. The change in wound size over time

was calculated by subtracting the wound area for each treatment group

from the wound's initial area and normalizing the difference to the ini-

tial area (shown in Figure 3b). Here, 100% represents the area of the

wound on Day 1. Although both sets of wounds began closing within

4 days, the PBS-treated wounds contracted at a slower rate than

nanoparticle-treated wounds. By Day 4, the difference in percentage

wound closure between the two groups was statistically significant. No

side effects such as redness or irritation were observed on any of the

treated wounds compared to untreated wounds.

This increased rate of wound contraction for nanoparticle-treated

wounds is reflected in the silencing data. After excision on Day 4, the

wounds were immediately processed, and their TNFα gene expression

was analyzed by qPCR. Wounds treated with siTNFα-loaded LNPs

experienced a 43% reduction in TNFα compared to control wounds

(Figure 3c).

A second set of experiments assessed the effect of nanoparticle

treatment on wound healing to completion. Double-wounded diabetic

mice were treated as described above (once on Day 2 and again on Day

3), and their wounds were photographed every day until the treated

wound closed or the mice met the criteria for sacrifice (due to the control

wound). Differences between wounds treated with PBS versus 250 nM

siTNFα-loaded LNPs were observed as early as Day 3 (Figure 4).

Although nanoparticle-treated wounds began to close, PBS-treated

wounds worsened as a result of diabetes pathology. By Day 11, nanopar-

ticle-treated wounds had reduced in area by more than 50%. Unfortu-

nately, two mice were sacrificed on Day 11 because their control

wounds had worsened significantly. By Day 13, in the three remaining

mice, the nanoparticle-treated wounds had completely healed. PBS-

treated wounds remained open as of Day 16. Together, these data show

that two doses of siTNFα -loaded LNPs to diabetic wounds induces

~45% knockdown of TNFα, accelerates healing, and mitigates mortality.

FIGURE 3 LNP-mediated TNFα gene silencing accelerated wound healing in diabetic mice. (a) Mice were double-wounded on Day 1 and treated

on Days 2 and 3 with either PBS (control, left wounds) or LNPs containing siTNFα (250 nM, right wounds). Mice were sacrificed on Day 4. (b) The
wound area is represented as a percent of its original size. By Day 4, nanoparticle-treated wounds are statistically significantly smaller than PBS-
treated wounds. (c) Wounds treated with lipid nanoparticles containing siRNA specific against TNFα (siTNFα) experienced a 43% reduction in
TNFα expression compared to PBS-treated control wounds. In each panel, error bars represent s. d (n = 4–5, *p < .05, **p < .01)
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4 | DISCUSSION

Although siRNA is promising as a therapeutic, its use is often com-

plicated by its large molecular size, negative charge, and the need

for delivery vehicles to escape the endosome in sufficient num-

bers.19 For these reasons, siRNA has been utilized only sporadically

in literature studies of diabetic wound treatment and is usually

delivered with polymer nanoparticles, nanofibrous meshes, or

hydrogels.21–27 The most common gene targets include members

of the matrix metalloproteinase family, as these enzymes prevent

healthy tissue reconstruction when upregulated in diabetic ulcers.

Although this is an important avenue of treatment, addressing the

chronic inflammation endemic to diabetic foot ulcers represents

another promising method.

Other inflammatory disease models, including plaque psoriasis

and arthritis, have utilized polymer carriers for siTNFα to reduce

chronic inflammation to good effect.46,47 Some diabetic mouse studies

have also used systemic anti-TNFα treatments, like neutralizing

antibodies,9,32,48 to hasten wound healing. To date, however, none

have examined the effect of a topically applied compound intended to

downregulate TNFα. In this regard, the specificity and local activity of

siRNA makes it an ideal choice.

LNPs are among the most efficacious of existing RNA delivery

systems.49–51 Nanoparticles formulated with lipidoid, a type of ioniz-

able lipid-like material, have been shown to potently deliver siRNA

in vivo to several cell types, including hepatocytes, epithelial cells, and

difficult to transfect cell lines, like immune cells.38,39,52–54 To transfect

wound bed cells, lipidoid nanoparticles must remain in the wound tis-

sue without being degraded by enzymes or becoming stuck in wound

debris. Confocal images show that they remained in the tissue, most

likely conforming to wound bed topology, and avoided degradation

long enough to be taken up by cells (Figure 2).

Topical application of lipidoid nanoparticles resulted in approxi-

mately 50% TNFα gene silencing within the diabetic wound

(Figure 3c). This knockdown brought TNFα expression almost down

to baseline levels typical of a normoglycemic mouse. It has been

shown that TNFα mRNA levels in wounded diabetic mice can be up to

three times as high as wounded normoglycemic animals.48 Our data

show that reduction in TNFα levels curbs the inflammatory response

in the wound and reduces wound area and healing time (Figures 3b

and 4). Treated wounds healed almost completely by Day 12, while

untreated wounds were open as of Day 16. The untreated wounds in

two of the five mice were so ulcerated that they opened again on Day

11, necessitating the sacrifice of those mice. Even for those mice, the

treated wounds were healing faster than the PBS-treated wounds and

had not reached the same level of ulceration.

Although it was beyond the scope of this study, we anticipate

that siRNA therapy would be best used in combination with a mois-

ture retentive dressing. These dressings are known to accelerate

wound healing in general when compared to a dry or uncovered

wound bed.17 In addition to improved healing due to moisture in the

wound, a dressing may also facilitate repeat applications of siRNA

solution by softening the tissue and promoting solution uptake. The

present study was limited to two applications of siRNA on Days 2 and

3, as scab formation prevented absorption of the treatment solution.

One of the challenges of studying inflammation in wound healing

is the heterogeneity of the wound environment. The use of double-

wounded mice combats this heterogeneity by providing a built-in

control that accounts for mouse-to-mouse variation in inflammatory

cytokine levels and the overall wound healing response. Our data indi-

cate that TNFα expression was more similar among diabetic mice than

among nondiabetic mice, differing by less than a factor of 2, rather

than a factor of 3. Nanoparticle-treated wounds in nondiabetic mice

also did not heal significantly faster than control wounds, at least in

the short-term RNA interference study. This was not surprising, how-

ever, because nondiabetic mice do not suffer from an overproduction

of TNFα that impedes healing. While normoglycemic mouse wounds

halve in size by about 2–3 days, diabetic mice may require weeks to

reach the same point.55

5 | CONCLUSION

Diabetes can have several deleterious consequences, including

impaired wound healing and the formation of a chronic foot ulcer.

Unlike current treatments for chronic foot ulcers, which are largely

palliative, RNA interference therapy addresses the underlying cause

by reducing the chronic inflammation in the wound. Topical applica-

tion of siTNFα-loaded LNPs reduced TNFα expression in nondiabetic

wounds by 54% at a 500 nM dose, whereas 250 nM effected 43%

gene silencing in the more clinically relevant diabetic mouse model.

Treated diabetic wounds closed within 13 days, which was statisti-

cally faster than control wounds, which remained open on Day 16.

Together, these data highlight the potential of siTNFα-loaded LNPs as

an alternative therapeutic to address chronic inflammation, one of the

major biological irregularities endemic to the diabetic wound.

FIGURE 4 Treatment of diabetic mouse wounds with siRNA-loaded

lipid nanoparticles enabled complete wound healing within 13 days.
Mice were wounded on Day 1 and dosed with either PBS (black
circles, control) or LNPs containing siRNA specific against TNFα (red
squares) on Days 2 and 3. LNP treatment accelerated wound healing
over a period of 2 weeks and closed wounds by Day 13 in three of
the five mice. The remaining two mice required sacrifice prior to
complete treated wound closure. Error bars represent s.d. significance
is compared to PBS treated wounds on each day (n = 5, *p < .05,

**p < .01, ***p < .001)

80 KASIEWICZ AND WHITEHEAD



ACKNOWLEDGMENTS

The authors are grateful for funding from the Wadhwani Foundation.

They also thank Namit Chaudhary for technical support as well as

Rose Doerfler and Ryan Weiss for their feedback on the manuscript.

REFERENCES

1. Menke A, Casagrande S, Geiss L, Cowie CC. Prevalence of and trends
in diabetes among adults in the United States, 1988-2012. JAMA.
2015;314(10):1021-1029. https://doi.org/10.1001/jama.2015.10029.

2. Wang J, Luben R, Khaw K-T, Bingham S, Wareham NJ,
Forouhi NG. Dietary energy density predicts the risk of incident
type 2 diabetes: the European prospective investigation of cancer
( EPIC )-Norfolk study. Diabetes Care. 2008;31(11):2120-2125.
https://doi.org/10.2337/dc08-1085.

3. Ramsey S, Newton K, Blough D, et al. Incidence, outcomes, and cost
of foot ulcers in patients with diabetes. Diabetes Care. 1999;22(3):
382-387.

4. Faglia E, Favales F, Morabito A. New ulceration, new major amputa-
tion, and survival rates in diabetic subjects hospitalized for foot ulcera-
tion from 1990 to 1993: a 6.5-year follow-up. Diabetes Care. 2001;
24(1):78-83. https://doi.org/10.2337/diacare.24.1.78.

5. Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound repair and
regeneration. Nature. 2008;453(7193):314-321. https://doi.org/10.
1038/nature07039.

6. Loots M. Fibroblasts derived from chronic diabetic ulcers differ in their
response to stimulation with EGF, IGF-I, bFGF and PDGF-AB com-
pared to controls. Eur J Cell Biol. 2002;81(3):153-160. https://doi.
org/10.1078/0171-9335-00228.

7. Kanter JE, Kramer F, Barnhart S, et al. Diabetes promotes an inflam-
matory macrophage phenotype and atherosclerosis through acyl-CoA
synthetase 1. Proc Natl Acad Sci U S A. 2012;109(12):E715-E724.
https://doi.org/10.1073/pnas.1111600109.

8. Loots AM, Lamme EN, Zeegelaar J, Mekkes JR, Bos JD, Middelkoop E.
Differences in cellular infiltrate and extracellular matrix of chronic dia-
betic and venous ulcers versus acute wounds. J Invest Dermatol. 1998;
111(5):850-857. https://doi.org/10.1046/j.1523-1747.1998.00381.x.

9. Liu R, Bal HS, Desta T, Behl Y, Graves DT. Tumor necrosis factor-alpha
mediates diabetes-enhanced apoptosis of matrix-producing cells and
impairs diabetic healing. Am J Pathol. 2006;168(3):757-764. https://
doi.org/10.2353/ajpath.2006.050907.

10. Xu F, Zhang C, Graves DT. Abnormal cell responses and role of TNF-a
in impaired diabetic wound healing. Biomed Res Int. 2013;2013:1-9.
https://doi.org/10.1155/2013/754802.

11. Mirza RE, Koh TJ. Contributions of cell subsets to cytokine production
during normal and impaired wound healing. Cytokine. 2015;71(2):409-
412. https://doi.org/10.1016/j.cyto.2014.09.005.

12. Frank J, Born K, Barker JH, Marzi I. In vivo effect of tumor necrosis
factor alpha on wound angiogenesis and epithelialization. Eur J Trauma.
2003;29(4):208-219. https://doi.org/10.1007/s00068-003-1284-6.

13. Han YP, Tuan TL, Wu H, Hughes M, Garner WL. TNF-alpha stimulates
activation of pro-MMP2 in human skin through NF-(kappa)B mediated
induction of MT1-MMP. J Cell Sci. 2001;114(Pt 1):131-139. https://
doi.org/10.1016/j.bbi.2008.05.010.

14. Sun S, Wang M, Alberti K a, Choy A, Xu Q. DOPE facilitates quater-
nized lipidoids (QLDs) for in vitro DNA delivery. Nanomedicine. 2013;
9(7):849-854. https://doi.org/10.1016/j.nano.2013.01.006.

15. Khanna S, Biswas S, Shang Y, et al. Macrophage dysfunction impairs
resolution of inflammation in the wounds of diabetic mice. PLoS One.
2010;5(3):e9539. https://doi.org/10.1371/journal.pone.0009539.

16. Moura LIF, Dias AMA, Carvalho E, de Sousa HC. Recent advances on
the development of wound dressings for diabetic foot ulcer
treatment--a review. Acta Biomater. 2013;9(7):7093-7114. https://
doi.org/10.1016/j.actbio.2013.03.033.

17. Fonder MA, Lazarus GS, Cowan DA, Aronson-Cook B, Kohli AR,
Mamelak AJ. Treating the chronic wound: a practical approach to the
care of nonhealing wounds and wound care dressings. J Am Acad
Dermatol. 2008;58(2):185-206. https://doi.org/10.1016/j.jaad.2007.
08.048.

18. Kasiewicz LN, Whitehead KA. Recent advances in biomaterials for the
treatment of diabetic foot ulcers. Biomater Sci. 2017;5(10):1962-1975.
https://doi.org/10.1039/C7BM00264E.

19. Whitehead KA, Langer R, Anderson DG. Knocking down barriers:
advances in siRNA delivery. Nat Rev Drug Discov. 2009;8(2):129-138.
https://doi.org/10.1038/nrd2742.

20. Kanasty R, Dorkin JR, Vegas A, Anderson D. Delivery materials for
siRNA therapeutics. Nat Mater. 2013;12(11):967-977. https://doi.
org/10.1038/nmat3765.

21. Li N, Luo H-C, Yang C, et al. Cationic star-shaped polymer as an siRNA
carrier for reducing MMP-9 expression in skin fibroblast cells and pro-
moting wound healing in diabetic rats. Int J Nanomedicine. 2014;9:
3377-3387. https://doi.org/10.2147/IJN.S66368.

22. Kim HS, Yoo HS. Matrix metalloproteinase-inspired suicidal
treatments of diabetic ulcers with siRNA-decorated nanofibrous
meshes. Gene Ther. 2013;20(4):378-385. https://doi.org/10.1038/
gt.2012.49.

23. Castleberry SA, Almquist BD, Li W, et al. Self-assembled wound
dressings silence MMP-9 and improve diabetic wound healing
in vivo. Adv Mater. 2016;28(9):1809-1817. https://doi.org/10.
1002/adma.201503565.

24. Wetterau M, George F, Weinstein A, et al. Topical prolyl hydroxy-
lase domain-2 silencing improves diabetic murine wound closure.
Wound Repair Regen. 2011;19(4):481-486. https://doi.org/10.1111/
j.1524-475X.2011.00697.x.

25. Martin JR, Nelson CE, Gupta MK, et al. Local delivery of PHD2 siRNA
from ROS-degradable scaffolds to promote diabetic wound healing.
Adv Healthc Mater. 2016;5(21):2751-2757. https://doi.org/10.1002/
adhm.201600820.

26. Weinstein AL, Lalezarzadeh FD, Soares MA, Saadeh PB, Ceradini DJ.
Normalizing dysfunctional purine metabolism accelerates diabetic
wound healing. Wound Repair Regen. 2015;23(1):14-21. https://doi.
org/10.1111/wrr.12249.

27. Nguyen PD, Tutela JP, Thanik VD, et al. Improved diabetic wound
healing through topical silencing of p53 is associated with augmented
vasculogenic mediators. Wound Repair Regen. 2010;18:553-559.
https://doi.org/10.1111/j.1524-475X.2010.00638.x.

28. Howard KA, Paludan SR, Behlke MA, Besenbacher F, Deleuran B,
Kjems J. Chitosan/siRNA nanoparticle-mediated TNF-alpha knock-
down in peritoneal macrophages for anti-inflammatory treatment in a
murine arthritis model. Mol Ther. 2009;17(1):162-168. https://doi.
org/10.1038/mt.2008.220.

29. Schiffelers RM, Xu J, Storm G, Woodle MC, Scaria PV. Effects of treat-
ment with small interfering RNA on joint inflammation in mice with
collagen-induced arthritis. Arthritis Rheum. 2005;52(4):1314-1318.
https://doi.org/10.1002/art.20975.

30. Seymour HE, Worsley a, Smith JM, SHL T. Anti-TNF agents for rheu-
matoid arthritis. Br J Clin Pharmacol. 2001;51(3):201-208. https://doi.
org/10.1046/j.1365-2125.2001.00321.x.

31. Aouadi M, Tencerova M, Vangala P, et al. Gene silencing in adipose
tissue macrophages regulates whole-body metabolism in obese mice.
Proc Natl Acad Sci U S A. 2013;110(20):8278-8283. https://doi.
org/10.1073/pnas.1300492110.

32. Goren I, Müller E, Schiefelbein D, et al. Systemic anti-TNFalpha treat-
ment restores diabetes-impaired skin repair in Ob/Ob mice by inacti-
vation of macrophages. J Invest Dermatol. 2007;127(9):2259-2267.
https://doi.org/10.1038/sj.jid.5700842.

33. Ierardi E, Della Valle N, Nacchiero MC, De Francesco V,
Stoppino G, Panella C. Onset of liver damage after a single adminis-
tration of infliximab in a patient with refractory ulcerative colitis.
Clin Drug Investig. 2006;26(11):673-676. https://doi.org/10.
2165/00044011-200626110-00008.

34. Parekh R, Kaur N. Liver injury secondary to anti-TNF-alpha therapy in
inflammatory bowel disease: a case series and review of the literature.
Case Rep Gastrointest Med. 2014;2014:956463-956465. https://doi.
org/10.1155/2014/956463.

35. Goodman SM. TNF inhibitors and severe hepatic injury. Drug Saf Q.
2009;4(1).

36. Whitehead KA, Dorkin JR, Vegas AJ, et al. Degradable lipid nanoparti-
cles with predictable in vivo siRNA delivery activity. Nat Commun.
2014;5:4277. https://doi.org/10.1038/ncomms5277.

KASIEWICZ AND WHITEHEAD 81

https://doi.org/10.1001/jama.2015.10029
https://doi.org/10.2337/dc08-1085
https://doi.org/10.2337/diacare.24.1.78
https://doi.org/10.1038/nature07039
https://doi.org/10.1038/nature07039
https://doi.org/10.1078/0171-9335-00228
https://doi.org/10.1078/0171-9335-00228
https://doi.org/10.1073/pnas.1111600109
https://doi.org/10.1046/j.1523-1747.1998.00381.x
https://doi.org/10.2353/ajpath.2006.050907
https://doi.org/10.2353/ajpath.2006.050907
https://doi.org/10.1155/2013/754802
https://doi.org/10.1016/j.cyto.2014.09.005
https://doi.org/10.1007/s00068-003-1284-6
https://doi.org/10.1016/j.bbi.2008.05.010
https://doi.org/10.1016/j.bbi.2008.05.010
https://doi.org/10.1016/j.nano.2013.01.006
https://doi.org/10.1371/journal.pone.0009539
https://doi.org/10.1016/j.actbio.2013.03.033
https://doi.org/10.1016/j.actbio.2013.03.033
https://doi.org/10.1016/j.jaad.2007.08.048
https://doi.org/10.1016/j.jaad.2007.08.048
https://doi.org/10.1039/C7BM00264E
https://doi.org/10.1038/nrd2742
https://doi.org/10.1038/nmat3765
https://doi.org/10.1038/nmat3765
https://doi.org/10.2147/IJN.S66368
https://doi.org/10.1038/gt.2012.49
https://doi.org/10.1038/gt.2012.49
https://doi.org/10.1002/adma.201503565
https://doi.org/10.1002/adma.201503565
https://doi.org/10.1111/j.1524-475X.2011.00697.x
https://doi.org/10.1111/j.1524-475X.2011.00697.x
https://doi.org/10.1002/adhm.201600820
https://doi.org/10.1002/adhm.201600820
https://doi.org/10.1111/wrr.12249
https://doi.org/10.1111/wrr.12249
https://doi.org/10.1111/j.1524-475X.2010.00638.x
https://doi.org/10.1038/mt.2008.220
https://doi.org/10.1038/mt.2008.220
https://doi.org/10.1002/art.20975
https://doi.org/10.1046/j.1365-2125.2001.00321.x
https://doi.org/10.1046/j.1365-2125.2001.00321.x
https://doi.org/10.1073/pnas.1300492110
https://doi.org/10.1073/pnas.1300492110
https://doi.org/10.1038/sj.jid.5700842
https://doi.org/10.2165/00044011-200626110-00008
https://doi.org/10.2165/00044011-200626110-00008
https://doi.org/10.1155/2014/956463
https://doi.org/10.1155/2014/956463
https://doi.org/10.1038/ncomms5277


37. Ball RL, Knapp CM, Whitehead KA. Lipidoid nanoparticles for siRNA
delivery to the intestinal epithelium: in vitro investigations in a Caco-2
model. PLoS One. 2015;10(7):e0133154. https://doi.org/10.1371/
journal.pone.0133154.

38. Whitehead KA, Matthews J, Chang P, et al. The in vitro – in vivo
translation of lipid nanoparticles for hepatocellular siRNA deliv-
ery. ACS Nano. 2012;6(8):6922-6929. https://doi.org/10.1021/
nn301922x.The.

39. Kasiewicz LN, Whitehead KA. Silencing TNFalpha with lipidoid nano-
particles downregulates both TNFalpha and MCP-1 in an in vitro co-
culture model of diabetic foot ulcers. Acta Biomater. 2016;32:120-
128. https://doi.org/10.1016/j.actbio.2015.12.023.

40. Sigle RO, Usui ML, Carter WG, Olerud JE. Experimental validation of a
model for the study of multiple wounds in the diabetic mouse (db/db).
Plast Reconstr Surg. 2003;113(3):953-960. https://doi.org/10.
1097/01.PRS.0000105044.03230.F4.

41. Yang J, Park Y, Zhang H, et al. Role of MCP-1 in tumor necrosis
factor-alpha-induced endothelial dysfunction in type 2 diabetic mice.
Am J Physiol Hear Circ. 2009;297:1208-1216. https://doi.org/10.
1152/ajpheart.00396.2009.

42. Zykova SN, Jenssen TG, Berdal M, Olsen R, Myklebust R, Seljelid R.
Altered cytokine and nitric oxide secretion in vitro by macrophages
from diabetic type II-like db/db mice. Diabetes. 2000;49(9):1451-
1458. http://www.ncbi.nlm.nih.gov/pubmed/10969828.

43. Zhu Y, Hoshi R, Chen S, et al. Sustained release of stromal cell derived
factor-1 from an antioxidant thermoresponsive hydrogel enhances
dermal wound healing in diabetes. J Control Release. 2016;238:114-
122. https://doi.org/10.1016/j.jconrel.2016.07.043.

44. Losi P, Briganti E, Errico C, et al. Fibrin-based scaffold incorporating
VEGF- and bFGF-loaded nanoparticles stimulates wound healing in
diabetic mice. Acta Biomater. 2013;9(8):7814-7821. https://doi.
org/10.1016/j.actbio.2013.04.019.

45. Al-Mashat HA, Kandru S, Liu R, Behl Y, Desta T, Graves DT. Diabetes
enhances mRNA levels of proapoptotic genes and caspase activity,
which contribute to impaired healing. Diabetes. 2006;55:487-495.
https://doi.org/10.2337/diabetes.55.02.06.db05-1201.

46. Desai PR, Marepally S, Patel AR, Voshavar C, Chaudhuri A, Singh M.
Topical delivery of anti-TNFα siRNA and capsaicin via novel lipid-
polymer hybrid nanoparticles efficiently inhibits skin inflammation
in vivo. J Control Release. 2013;170(1):51-63. https://doi.org/10.
1016/j.jconrel.2013.04.021.

47. Shi Q, Rondon-Cavanzo EP, Dalla Picola IP, et al. In vivo therapeutic
efficacy of TNFα silencing by folate-PEG-chitosan-DEAE/siRNA

nanoparticles in arthritic mice. Int J Nanomedicine. 2018;13:387-402.
https://doi.org/10.2147/IJN.S146942.

48. Siqueira MF, Li J, Chehab L, et al. Impaired wound healing in mouse
models of diabetes is mediated by TNF-alpha dysregulation and associ-
ated with enhanced activation of forkhead box O1 (FOXO1). Diabetolo-
gia. 2010;53(2):378-388. https://doi.org/10.1007/s00125-009-1529-y.

49. Jayaraman M, Ansell SM, Mui BL, et al. Maximizing the potency of
siRNA lipid nanoparticles for hepatic gene silencing in vivo. Angew
Chem Int Ed. 2012;51(34):8529-8533. https://doi.org/10.1002/anie.
201203263.

50. Katakowski JA, Mukherjee G, Wilner SE, et al. Delivery of siRNAs to
dendritic cells using DEC205-targeted lipid nanoparticles to inhibit
immune responses. Mol Ther. 2016;24(1):146-155. https://doi.org/10.
1038/mt.2015.175.

51. Pardi N, Secreto AJ, Shan X, et al. Administration of nucleoside-
modified mRNA encoding broadly neutralizing antibody protects
humanized mice from HIV-1 challenge. Nat Commun. 2017;8:6-13.
https://doi.org/10.1038/ncomms14630.

52. Dong Y, Love KT, Dorkin JR, et al. Lipopeptide nanoparticles for
potent and selective siRNA delivery in rodents and nonhuman pri-
mates. Proc Natl Acad Sci. 2014;111(15):5753-5753. https://doi.
org/10.1073/pnas.1404711111.

53. Novobrantseva TI, Borodovsky A, Wong J, et al. Systemic RNAi-
mediated gene silencing in nonhuman primate and rodent myeloid
cells. Mol Ther Nucleic Acids. 2012;1(1):e4. https://doi.org/10.1038/
mtna.2011.3.

54. Ball RL, Hajj KA, Vizelman J, Bajaj P, Whitehead KA. Lipid nanoparticle
formulations for enhanced co-delivery of siRNA and mRNA. Nano Lett.
2018;18(6):3814-3822. https://doi.org/10.1021/acs.nanolett.8b01101.

55. Ansell DM, Campbell L, Thomason HA, Brass A, Hardman MJ. A statis-
tical analysis of murine incisional and excisional acute wound models.
Wound Repair Regen. 2014;22:281-287. https://doi.org/10.1111/wrr.
12148.

How to cite this article: Kasiewicz LN, Whitehead KA. Lipid

nanoparticles silence tumor necrosis factor α to improve

wound healing in diabetic mice. Bioengineering & Translational

Medicine. 2019;4:75–82. https://doi.org/10.1002/btm2.

10123

82 KASIEWICZ AND WHITEHEAD

https://doi.org/10.1371/journal.pone.0133154
https://doi.org/10.1371/journal.pone.0133154
https://doi.org/10.1021/nn301922x.The
https://doi.org/10.1021/nn301922x.The
https://doi.org/10.1016/j.actbio.2015.12.023
https://doi.org/10.1097/01.PRS.0000105044.03230.F4
https://doi.org/10.1097/01.PRS.0000105044.03230.F4
https://doi.org/10.1152/ajpheart.00396.2009
https://doi.org/10.1152/ajpheart.00396.2009
http://www.ncbi.nlm.nih.gov/pubmed/10969828
https://doi.org/10.1016/j.jconrel.2016.07.043
https://doi.org/10.1016/j.actbio.2013.04.019
https://doi.org/10.1016/j.actbio.2013.04.019
https://doi.org/10.2337/diabetes.55.02.06.db05-1201
https://doi.org/10.1016/j.jconrel.2013.04.021
https://doi.org/10.1016/j.jconrel.2013.04.021
https://doi.org/10.2147/IJN.S146942
https://doi.org/10.1007/s00125-009-1529-y
https://doi.org/10.1002/anie.201203263
https://doi.org/10.1002/anie.201203263
https://doi.org/10.1038/mt.2015.175
https://doi.org/10.1038/mt.2015.175
https://doi.org/10.1038/ncomms14630
https://doi.org/10.1073/pnas.1404711111
https://doi.org/10.1073/pnas.1404711111
https://doi.org/10.1038/mtna.2011.3
https://doi.org/10.1038/mtna.2011.3
https://doi.org/10.1021/acs.nanolett.8b01101
https://doi.org/10.1111/wrr.12148
https://doi.org/10.1111/wrr.12148
https://doi.org/10.1002/btm2.10123
https://doi.org/10.1002/btm2.10123

	 Lipid nanoparticles silence tumor necrosis factor α to improve wound healing in diabetic mice
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Nanoparticle formulation
	2.2  Nanoparticle characterization
	2.3  Animal studies
	2.4  Confocal microscopy
	2.5  RNA interference wound healing experiments
	2.6  Wound area analysis
	2.7  RNA extraction and cDNA creation
	2.8  Quantitative PCR
	2.9  Statistical analysis

	3  RESULTS
	3.1  Lipidoid nanoparticles reduce TNFα gene expression in double-wounded nondiabetic mice
	3.2  TNFα silencing accelerates wound healing in diabetic mice

	4  DISCUSSION
	5  CONCLUSION
	5  ACKNOWLEDGMENTS
	  References




