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Fragile skin, susceptible to decubitus ulcers and inciden-
tal trauma, is a problem particularly for the elderly and for 
those with spinal cord injury. Here, we present a simple 
approach to strengthen the skin by the topical delivery 
of keratinocyte growth factor-1 (KGF-1) DNA. In initial 
feasibility studies with the novel minimalized, antibiotic-
free DNA expression vector, NTC8385-VA1, the reporter 
genes luciferase and enhanced green fluorescent protein 
were delivered. Transfection was documented when 
luciferase expression significantly increased after trans-
fection. Microscopic imaging of enhanced green fluores-
cent protein–transfected skin showed green fluorescence 
in hair follicles, hair shafts, and dermal and superficial 
epithelial cells. With KGF-1 transfection, KGF-1 mRNA 
level and protein production were documented with 
quantitative reverse transcriptase–polymerase chain 
reaction and immunohistochemistry, respectively. Epi-
thelial thickness of the transfected skin in the KGF group 
was significantly increased compared with the control 
vector group (26 ± 2 versus 16 ± 4 µm) at 48 hours (P = 
0.045). Dermal thickness tended to be increased in the 
KGF group (255 ± 36 versus 162 ± 16 µm) at 120 hours 
(P = 0.057). Biomechanical assessment showed that the 
KGF-1–treated skin was significantly stronger than con-
trol vector–transfected skin. These findings indicate that 
topically delivered KGF-1 DNA plasmid can increase epi-
thelial thickness and strength, demonstrating the poten-
tial of this approach to restore compromised skin.

Received 21 October 2013; accepted 23 December 2013; advance online  
publication 18 February 2014. doi:10.1038/mt.2014.2

INTRODUCTION
Fragile skin, susceptible to decubitus ulcers and incidental trauma, 
is a problem particularly for the elderly and for those with spinal 
cord injury.1–4 A simple treatment approach to strengthen the skin 

and protect individuals at risk for skin breakdown with decubitus 
ulcers and other conditions would be very useful.

We know from our prior work, and that of others, that kerati-
nocyte growth factor-1 (KGF-1) has the capacity to promote kera-
tinocyte proliferation and mobilization,5,6 promote angiogenesis,7,8 
and improve impaired dermal wound healing.9 It is massively 
expressed during the early stages of wound healing, attesting to its 
important role.10 These features make it an appealing candidate for 
the task of restoring atrophic skin.

Topical application of peptide growth factors has not been 
effective because of poor absorption and because the peptides are 
rapidly destroyed by peptidases in the dermis. Delivery of DNA 
to constantly express the peptides is an attractive solution to this 
problem. A needle-free topical transfection would be particularly 
suitable for this treatment. The hindrance for topical gene delivery 
is its inability to penetrate across the entire epidermis, including 
the superficial hydrophobic stratum corneum, the outermost layer 
composed of dead epidermal cells and lipids.11 Topical transfec-
tion of the dermis has been shown to transfect hair follicles and 
to have potential for hair restoration.12 Our goal was to strengthen 
the skin by transfecting epidermal and dermal cells, as well as hair 
follicles. Techniques reported thus far to extend the transfection 
beyond the hair follicles have required chemical alteration of the 
skin barrier13,14 or transportation of supportive agents such as cat-
ionic polymers15,16 and lipoplexes.17–20 All these options raise safety 
concerns, especially for treatment of fragile skin.

The alternative we are exploring is the topical application of 
DNA plasmid expression vectors. The NTC plasmids with which 
we have been working are not only minimalized and have high 
expression levels but are also antibiotic free and easy to manufac-
ture in a good manufacturing practices facility, making them safe 
and clinically feasible. Furthermore, in contrast to viral vectors, 
plasmids have the capacity to be repeatedly administered due to 
the low immune response elicited.21 Currently manufactured plas-
mids have limitations that preclude initiating gene expression in 
vivo after topical application. However, NTC8385-VA1, a plasmid 
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carrier with both human T-lymphotropic virus type I (HTLV-I) 
R region and adenovirus serotype 5 virus-associated (VA) RNA 
interference (RNAI; termed VA1) expression enhancers, is a safer 
and more potent alternative to improve transgene expression.22

To improve transfection efficiency of topically delivered 
DNA plasmid, we explored microdermabrasion, a minimally 
invasive, clinically practiced cosmetic procedure used for skin 
care. Microdermabrasion has substantial patient satisfaction.23 
Unlike dermabrasion, which completely removes the epider-
mis and penetrates to the level of the papillary or reticular der-
mis, microdermabrasion removes only the uppermost layer of 
the epidermis, accelerating the natural process of exfoliation.24 
Microdermabrasion has been used to increase skin permeability 
for drug delivery25–28 and has the potential to promote topical DNA 
plasmid delivery by overcoming the obstacle of protective skin 
without damaging the structural integrity or skin components.

We propose that transdermal gene delivery can be accom-
plished by using the NTC8385-VA1 plasmid vector enhanced 
with microdermabrasion. Previous methods for topical transfec-
tion have used relatively harsh agents that could potentially dam-
age skin. Skin that is structurally fragile, such as atrophic skin 
in paraplegic patients or healed chronic wounds from diabetic 
patients, would benefit from less aggressive methods.

RESULTS
NTC8385-VA1-Luc plasmid topical application 
alone was insufficient in transfecting reporter gene 
luciferase
The initial experiment was performed to explore whether topical 
application of NTC8385-VA1-Luc plasmid alone would be suf-
ficient to transfect mouse skin with the reporter gene luciferase. 
Four SV129 mice were shaved and depilated. NTC8385-VA1-Luc 
(50 μg) was directly applied to a 15 × 15 mm caudal area and then 
covered with DuoDERM (20 × 20 mm) to keep the plasmid local-
ized to the region of interest. The cephalic area was covered with 
DuoDERM (20 × 20 mm) as background control. IVIS Xenogen 
Imaging system was used to acquire luminescence at 24 and 36 
hours after the plasmid application. There was no evidence of 
luciferase expression in the area where NTC8385-VA1-Luc plas-
mid was applied as compared with the background (Figure 1).

Multiple topical applications of NTC8385-VA1-Luc plasmid 
following microdermabrasion successfully transfected mouse 
skin with reporter gene luciferase.

Because the initial experiment showed that topical plasmid 
application alone was insufficient for transfecting mouse skin, 
another experiment was conducted to determine whether micro-
dermabrasion could enhance transfection of the topically applied 
NTC8385-VA1-Luc plasmid. NTC8385-VA1-KGF1 plasmid 
was used as the control vector. Twenty SV129 mice were shaved, 
depilated, and microdermabraded following the standardized 
protocol and then randomly and evenly assigned to the luciferase 
and control vector groups. Based on the grouping, each mouse 
received multiple applications of 50 μg NTC8385-VA1-Luc or 
control vector topically applied on the microdermabraded skin 
and covered with DuoDERM every 12 hours for a 4-day period 
(Supplementary Figure S1). Luminescent images were acquired 
at 12, 24, 36, 48, 60, 72, 84, 96, and 120 hours after the initial 

plasmid application. The luciferase group had significantly greater 
luminescence at 36, 60, 72, and 96 hours compared with the con-
trol vector group (P < 0.05; Figure 2).

Multiple topical applications of NTC8385-VA1-Luc 
plasmid were more effective than single topical 
application for achieving transfection
This experiment was designed to compare the transfection effi-
ciency and expression duration of multiple topical applications 
and those of a single topical application. Eight SV129 mice were 
shaved, depilated, and microdermabraded following the stan-
dardized protocol and then randomly and evenly assigned to the 
single-application and multiple-application groups. For single 
application, 50 μg NTC8385-VA1-Luc was topically applied imme-
diately after microdermabrasion and covered with DuoDERM. 
For multiple applications, 50 μg NTC8385-VA1-Luc was topi-
cally applied on the microdermabraded skin and covered with 
DuoDERM every 12 hours for a 4-day period (Supplementary 
Figure S1). Vehicle gel was applied every 12 hours in the single-
application group. Luminescent images were acquired at 24, 36, 
48, 60, 72, 96, and 120 hours. At 36 hours, there was obvious lumi-
nescence in both the single-application and multiple-application 
groups, but none in the untreated animals (Figure 3a). In the 
single-application group, there was increased luminescence at 24 
and 36 hours. In the multiple-application group, increased lumi-
nescence persisted through 72 hours (Figure 3b).

Transfection imaging with microscopy
Two imaging systems were used to identify the cell types trans-
fected with enhanced green fluorescent protein (EGFP) by topi-
cal application of the NTC8385-VA1 DNA plasmid. Multiphoton 
imaging of intact skin and fluorescent imaging of frozen sections 

Figure 1 Topical delivery of the luciferase plasmid without micro-
dermabrasion. Time course of luciferase expression in area wherein 
NTC8385-VA1-Luc plasmid was topically applied versus untransfected 
background is shown. Luminescent images were acquired 24 and 36 
hours after plasmid application. The luciferase expression is represented 
as total counts (mean ± SEM; n = 4). Luc, luciferase; VA1, adenovirus 
serotype 5 virus-associated (VA) RNA interference.
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were carried out. When intact tissue from transgenic ROSA mice 
expressing membrane-tagged tdTomato in all cells was imaged 
with a multiphoton laser-scanning microscope, the red fluores-
cent background was visible in all images as expected (Figure 4a 
ii,iii,v,vi). However, only EGFP-transfected tissue exhibited green 
fluorescence. The green fluorescence appeared in hair follicles 
(Figure 4a iv,vi), as well as in hair shafts, epidermis, and dermal 
cells (Figure 4b).

In a second approach, fluorescent microscopy was used. In the 
control vector specimens, 4',6-diamidino-2-phenylindole–stained 
cell nuclei were seen with blue fluorescence, and as expected, there 
was no green staining (Figure 4c). As with the multiphoton imag-
ing, fluorescent microscopy showed EGFP transfection resulting in 
green fluorescence within the superficial epidermis, hair follicles, 
hair shafts, and weakly in fibroblasts in the dermis (Figure 4c).

Multiple topical applications of NTC8385-VA1-KGF1 
plasmid following microdermabrasion resulted in 
successful transfection with KGF-1
Because the reporter gene luciferase was transfected more effi-
ciently by multiple topical applications of NTC8385-VA1-Luc 
plasmid with microdermabrasion, these experiments were carried 
out to explore whether functional gene KGF-1 could be trans-
fected into the mouse skin using a similar approach. First, the 
feasibility of transfection was explored at the mRNA and peptide 
level. Fifty SV129 mice were shaved, depilated, and microderm-
abraded following the standardized protocol and then randomly 
and evenly assigned to the NTC8385-VA1-KGF1 and NTC8385-
VA1-Luc (used as the control vector in this round) multiple topical 
applications groups. Both the control vector treatment and KGF-1 
plasmid treatment followed the same procedure (50 µg every 12 
hours over a 4-day period) on each mouse. Treatment locations 
were covered with DuoDERM (Supplementary Figure S1).

KGF-1 mRNA content assessed by quantitative reverse tran-
scriptase–polymerase chain reaction. Quantitative reverse 
transcriptase–polymerase chain reaction (qRT-PCR) was execut-
ed to quantitatively analyze KGF-1 transcription in the transfected 
mouse skin. Skin samples were harvested from five mice from each 
group, which were sacrificed at 12, 24, and 36 hours. To perform 
qRT-PCR, total RNA was extracted from the plasmid-treated 
(caudal dorsum) and normal control skins (cephalic dorsum) of 
each mouse with Trizol and then treated with DNase I according 
to the manufacturer’s protocol. Compared with the control vec-
tor group, NTC8385-VA1-KGF1 plasmid–transfected areas had 
significantly increased KGF-1 mRNA expression 36 hours after 
the initial application (Figure 5). As expected, there were small 

Figure 2 Time course of luciferase expression for NTC8385-VA1-
Luc and NTC8385-VA1 control vector for the multiple-application 
group. Luminescent images were acquired 12, 24, 36, 48, 60, 72, 84, 
96, and 120 hours after the initial application. The luciferase expression 
is represented as total counts (mean ± SEM; n = 10; P < 0.05 by two-way 
analysis of variance; Holm-Sidak post hoc analysis; *P < 0.05). CV, control 
vector; Luc, luciferase; VA1, adenovirus serotype 5 virus-associated (VA) 
RNA interference.
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Figure 3 Time course of luciferase expression after NTC8385-VA1-
Luc single application and multiple applications. (a) Example of 
luminescent images for no-treatment control, single-application, and 
multiple-application groups at 36 hours. (b) Comparison of lumines-
cence between the single-application group and multiple-application 
group. Luminescent images were acquired 24, 36, 48, 60, 72, 96, and 
120 hours after the initial application. The luciferase expression is repre-
sented as total counts (mean ± SEM, n = 4; P < 0.05 by two-way analysis 
of variance; Holm-Sidak post hoc analysis; *P < 0.05). Luc, luciferase; VA1, 
adenovirus serotype 5 virus-associated (VA) RNA interference.
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increases in KGF-1 mRNA in the group treated with the control 
vector due to the inflammatory response elicited by the micro-
dermabrasion procedure and the DNA plasmid application.

KGF-1 peptide content assessed by immunohistochemis-
try. Immunohistochemistry was performed to evaluate KGF-1 
translation in the transfected mouse skin. Skin samples in the 
transfected area were harvested from five mice from each group 
sacrificed at 48 and 120 hours. The samples were embedded in 

paraffin blocks. The KGF-1 content was quantified as mean opti-
cal density (average optical density per unit area) by Image-Pro 
(Media Cybernetics, Silver Spring, MD)Plus analysis. The unit 
for optical density was OD for the region of interest. Prominent 
KGF-1 expression was localized to the epidermis and hair fol-
licles (Figure 6a). Both the epidermis and hair follicles showed 
evidence of higher KGF-1 peptide levels in the KGF-1 plasmid–
treated group compared with the control vector group (Figure 
6b,c). If KGF-1 was being expressed in the dermis, it was not 

Figure 4 Visual confirmation of plasmid transfection using microscopy. Images were taken at 36 hours after microdermabrasion with multiple 
topical applications. (a) Multiphoton images showing fluorescent signals acquired from the green (EGFP-transfected cells) channel, red (tomato red 
showing all cell membranes) channel, and the combination. (i–iii) Topical application of the control vector. (iv–vi) Topical application of the EGFP 
plasmid. Yellow arrows indicate the hair follicles. Bars = 100 µm. (b) An image reconstructed from multiphoton Z-stacks showing the hair shafts with 
EGFP green fluorescence penetrating the dermis and epidermis. (c) Fluorescent images of frozen sections of the skin transfected with either EGFP 
or control vector. Cell nuclei are stained blue with DAPI. EGFP-transfected cells are stained green. Green staining is identified by arrows seen in hair 
follicles, hair shafts, the superficial epidermis, and more weakly, in the dermis. DAPI, 4',6-diamidino-2-phenylindole ; DC, dermal cell; E, epidermis; 
EGFP, enhanced green fluorescent protein; HF, hair follicle; HS, hair shaft. Bars = 100 µm.
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concentrated enough to produce an image with this method of 
immunohistochemistry.

Epithelial and dermal thickness assessment in KGF-1 and 
control vector mice. To assess epithelial thickness, hematoxylin 
and eosin staining was performed on 5-μm-thick sections pre-
pared from the previously embedded paraffin blocks of the trans-
fected skin. Four equidistant measurements in the epidermis were 
taken in the transfected location spanning a distance of 1,000 μm. 
These four measurements were averaged to obtain the epithe-
lial thickness values (Figure 7a,b). Because the hair follicles can 
overlap with the epidermis, care was taken to measure only the 
thickness of the epidermis and not the depths of the hair follicles. 
Assessment by two-way analysis of variance and Holm-Sidak post 
hoc analysis demonstrated that the KGF group had a thicker epi-
dermis than the control vector group 48 hours after the initial plas-
mid application (26 ± 2 versus 16 ± 4 µm; P = 0.045; Figure 7b,c). 
Dermal thickness measurement was quantified through a similar 
method (Supplementary Figure S2a,b). The analysis of variance 
and post hoc analysis demonstrated a tendency for increased der-
mal thickness in the KGF-1 plasmid–applied group (255 ± 36 µm) 
when compared with the control vector group mice (162 ± 16 µm) 
at 120 hours (P = 0.057; Supplementary Figure S2b,c).

KGF-1 plasmid–treated microdermabraded skin 
resulted in better biomechanical properties
Twenty SV129 mice were randomly and evenly assigned to the 
NTC8385-VA1-KGF1 and NTC8382-VA1 (used as the control vec-
tor in this round) multiple topical applications groups. Mice were 
subsequently shaved, depilated, and microdermabraded in the 
caudal area. Both the control vector treatment and KGF-1 plasmid 
treatment followed the same procedure (50 μg every 12 hours over 
a 4-day period) on each mouse. Treatment locations were covered 
with DuoDERM (Supplementary Figure S1). Seven days after the 

initial application, the transfected areas were harvested and tested 
with the tensiometry procedure (Supplementary Figure S3a,b). 
Figure 8a shows the tension–elongation curve. Total work was 
calculated from the integral of the curve. All biomechanical prop-
erties (tension at break, work at break, and elongation at break) 
were found to be significantly greater in the KGF-1–treated group 
(P < 0.05; Figure 8b–d).

DISCUSSION
Skin fragility is an unfortunate consequence of aging.3 It is also 
seen after dermal denervation, which occurs in cerebrovascular 
accidents or spinal cord injury.4 When fragile skin is present, 
minor trauma results in laceration and ulceration; extensive der-
mal breakdown can result. Ideally, a simple and effective remedy 
to promote proliferation of epidermal and dermal components 
would reconstitute atrophic skin as a healthy, durable protec-
tive barrier to trauma. Here, we present a simple approach to 
strengthen the skin by the topical delivery of a DNA plasmid 
expressing KGF-1. The treatment approach we developed in the 
current experiments significantly improved biodynamic param-
eters of skin strength in the mouse model. Unlike previous studies 
using topical transfection of the dermis, we found that the trans-
fection using this approach extended beyond the hair follicles to 
include dermal and epidermal cells, resulting in strengthening of 
the skin.12,29

Skin is an ideal organ for the development of therapeutic and 
prophylactic gene delivery due to its accessibility for treatment 
and monitoring.30 DNA delivery to dermis has been extensively 
studied at the cellular and molecular levels, providing a better 
understanding of DNA transport, absorption, and gene expres-
sion.31,32 A multiplicity of in vivo approaches, including gene gun 
transfer,33,34 microseeding,35 magnetofection,36 ultrasonography,37 
jet injection,38 direct injection,39 and electroporation9,40 have 
been developed to achieve transdermal delivery of target genes. 
However, the common themes among these methods include sig-
nificant invasiveness and pain, which is an insurmountable obsta-
cle for their clinical use, especially for fragile skins. Furthermore, 
they are not suited to the treatment of relatively large areas, as is 
required for this application.

Topical cutaneous gene delivery would be expected to have 
high patient acceptance because it is simple and noninvasive. 
The safety of this approach is substantially enhanced through 
the use of a nonviral plasmid vector. However, the low transfec-
tion efficiency of many common DNA expression plasmids is a 
severe obstacle for implementation of this method. In this study, 
an improved plasmid with high transfection efficiency was used. 
NTC8385-VA1 is a potent, minimalized, antibiotic-free plasmid 
vector with VA1 and HTLV-I R expression enhancers.22 But even 
with this plasmid, we met with initial failure. Topical application 
of the NTC8385-VA1-Luc plasmid to shaved and depilated mouse 
skin failed to elicit a luciferase signal. This experience demon-
strated that delivering this plasmid alone was not sufficient to 
achieve gene transfection in mouse skin.

The stratum corneum represents the principal barrier for the 
penetration of macromolecules. Microdermabrasion, a noninva-
sive cosmetic technique, has been used to increase skin permea-
bility for drug delivery (i.e., insulin,41 5-aminolevulinic acid,42 and 

Figure 5 Evaluation of KGF-1 gene transcription by quantitative 
reverse transcriptase–polymerase chain reaction. The normal skin 
on the cephalic dorsum was used as normal control (hatched bar). The 
mRNA content is represented as relative fold change versus normal con-
trol. KGF-1 mRNA content was measured at 12, 24, and 36 hours after 
initial application (mean ± SEM, n = 5; P < 0.05 by two-way analysis of 
variance; Holm-Sidak post hoc analysis, *P < 0.05). CV, control vector; 
KGF-1, keratinocyte growth factor-1.
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vitamin C)43 by the calibrated removal of the stratum corneum. 
Based on this application, the subsequent experiment was con-
ducted to determine the effect of microdermabrasion on topical 
cutaneous gene delivery. With microdermabrasion, obvious lucif-
erase expression was observed in both the single-application and 
multiple-application groups. Greater luminescence levels were 
obtained with multiple applications when compared with those 
after single application. This result demonstrated that with micro-
dermabrasion, NTC8385-VA1 could efficiently transfect the lucif-
erase gene into mouse skin.

Next, microscopic imaging was used to determine the cell 
types that were transfected using this procedure. Transfection was 
performed with an EGFP-loaded DNA plasmid. First, multipho-
ton microscopy of fresh tissue from tomato red transgenic mice 

was performed. Green fluorescent signals were seen in hair fol-
licles, hair shafts, and dermal and epidermal cells. To get more 
detailed imaging, a fluorescent microscope was used to image 
frozen sections of EGFP-transfected tissue nuclei stained with 
4',6-diamidino-2-phenylindole. Again, strong green fluorescence 
appeared in hair follicles and hair shafts. Others have noted that 
the GFP fluorescence initially seen in hair follicles later migrated 
into growing keratinized hair shafts.29 Transfection was also evi-
dent in the superficial epidermis and more weakly in the dermis 
in cells that appeared to be fibroblasts. Hair follicles may enhance 
topically applied DNA uptake and expression by retaining the 
plasmid DNA and functioning as a reservoir.12,17

Having demonstrated that topical application of the 
NTC8385-VA1 plasmid, combined with microdermabrasion, 

Figure 6 Evaluation of KGF-1 gene expression by immunohistochemical staining. (a) Immunohistochemical images comparing KGF-1 protein 
between the KGF group and control vector group mice at 120 hours. The epidermis is outlined in red and hair follicles in yellow. Bars = 100 µm. (b) 
Comparison of KGF-1 staining optical density in the epidermis between the KGF and control vector groups of mice at 48 and 120 hours (mean ± 
SEM, n = 5; P < 0.05 by two-way analysis of variance; Holm-Sidak post hoc analysis, *P < 0.05). (c) Comparison of KGF-1 staining optical density in 
hair follicles between the KGF and control vector groups of mice at 48 and 120 hours (mean ± SEM, n = 5; P < 0.05 by two-way analysis of variance; 
Holm-Sidak post hoc analysis, *P < 0.05). CV, control vector; KGF-1, keratinocyte growth factor-1.
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could achieve successful transfection, we turned our attention to 
strategies to strengthen the skin using this delivery system. We 
chose to work with KGF-1 for a number of reasons. KGF-1, also 
called FGF-7, is one of the fibroblast growth factor group of pro-
teins synthesized primarily by mesenchymal cells such as fibro-
blasts and endothelial cells.44 Acting predominantly on epithelial 
cells and cells involved with vascularization, KGF-1 has the capac-
ity to promote keratinocyte proliferation and mobilization,5,6 stim-
ulate angiogenesis,7,8,45 and strengthen layers of the skin, including 
increasing collagen deposition; when viewed by electron micros-
copy, the skin has been shown to have better developed hemides-
mosomes and thicker tonofilaments, suggesting an increase in 
durability.46,47 Importantly, transgenic mice expressing a dom-
inant-negative KGF receptor were characterized by epidermal 

atrophy and abnormalities in the hair follicles.48 Previous studies 
in our laboratory concluded that delivery of human KGF-1 DNA 
by intradermal injection plus electroporation improved wound 
healing in a diabetic mouse model and a septic rat model.9,40,49

In the current study, we explored the biophysical and biome-
chanical effects of KGF-1 on mouse skin after topical gene deliv-
ery. KGF-1 mRNA and protein levels were significantly increased 
with multiple plasmid applications. Expressed KGF-1 peptide was 
primarily localized in the epidermis and hair follicles, wherein 
EGFP transfection was confirmed using multiphoton and fluo-
rescent microscopy. This was consistent with previous reports 
stating that epidermal cells and hair follicles would be the tar-
gets of this delivery.29,50 Transfection with human KGF-1 signifi-
cantly improved three biodynamic parameters of skin strength, 

Figure 7 Assessment of epithelial thickness with hematoxylin-and-eosin staining procedure. (a) Schematic diagram showing the method for 
epithelial thickness measurement. A 1,000-µm line was placed at the center of each microdermabrasion location. Four equidistant measurements 
were taken in the epidermis, and the mean of these values was computed to give epithelial thickness value. (b) Hematoxylin-and-eosin images com-
paring epithelial thickness in typical KGF-1 and control vector animals at 48 hours. Yellow hashes measure the epithelial thickness, with the values 
underneath corresponding to the thickness. Bars = 100 µm. (c) Comparison of epithelial thickness between the KGF-1 and control vector groups at 
48 and 120 hours (mean ± SEM, n = 5; P < 0.05 by two-way analysis of variance; Holm-Sidak post hoc analysis, *P < 0.05). CV, control vector; HF, hair 
follicle; KGF-1, keratinocyte growth factor-1.
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including tension at break (ultimate tensile strength), elongation 
at break (ductility), and work at break (toughness). At this point, 
we cannot determine from these findings whether strengthening 
of the mouse skin resulted from the epidermal and dermal trans-
fection or the transfection of stem cells in the hair follicles that 
migrated into the dermis and epidermis.

From these studies, we conclude that the topical delivery of 
KGF-1 using a minimalized, high-expression DNA plasmid after 
microdermabrasion is a particularly attractive strategy for trans-
lational research, leading to clinical applications. Moreover, the 
topical delivery approach is not limited to KGF-1. Rather this 
novel topical approach can provide the future framework for 
safely and efficiently transfecting a variety of peptide therapeutics 
into the skin.

MATERIALS AND METHODS
Mice. SV129 (12 week old, male) and B6.129 (Cg)-Gt(ROSA)26Sortm4(ACTB-

tdTomato,-EGFP)Luo/J (12 week old, male) mice from The Jackson Laboratory 
(Bar Harbor, ME) were used for all procedures. All procedures involving 
mice were approved by The Johns Hopkins University Animal Care and 
Use Committee.

Microdermabrasion procedure. Mice were anesthetized with 3% iso-
flurane (Baxter Healthcare, Deerfield, IL) using an anesthesia machine 
(VetEquip, Pleasanton, CA). The dorsum of each mouse was shaved and 
depilated with Nair cream (Church & Dwight, Princeton, NJ). The cau-
dal 15-mm-diameter microdermabrasion zone was brushed with the yel-
low tip (coarse) of the DermaSweep-Mini machine (DermaSweep Inc., 
Rocklin, CA) at pressure of 20 mm  Hg. Six perpendicular strokes were 
performed (three horizontal and three vertical).

Plasmid application. The plasmids NTC8385-VA1-Luc, NTC8385-
VA1-KGF1, NTC8385-VA1-EGFP, and NTC8382-VA1 were provided 
by Nature Technology Corporation (Lincoln, NE). They were diluted in 
vehicle (1% hydroxypropyl methylcellulose, 5% glycerin, and 94% Tris–
ethylenediaminetetraacetic acid buffer), provided by GenArmor (Winston 
Salem, NC), to a final concentration of 2 μg/μl. The gel was topically applied 
on the 15-mm-diameter microdermabraded skin with a pipette, gently dis-
tributed without rubbing, and then covered with 20 × 20 mm DuoDERM 
(ConvaTec, Skillman, NJ).

In vivo luciferase imaging. IVIS Xenogen imaging system (Caliper Life 
Science, Alameda, CA) was used to take whole-body bioluminescent and 
conventional black-and-white photographs of the mice. Luminescent 
images were taken 30 minutes following intraperitoneal injection of 100 μl 

Figure 8 Biomechanical assessment of KGF-1–treated skin. (a) Sample representation of tension–elongation curve comparing KGF-1– to control vec-
tor–treated tissue 7 days after the initial treatment. (b) Comparison of the average tension at the breaking point of the KGF-1 and control groups (mean 
± SEM, n = 10; *P < 0.05, Mann–Whitney analysis). (c) Average work at the breaking point of both groups (calculated from the integral of the curve; 
*P < 0.05, Mann–Whitney analysis). (d) Average elongation at the breaking point of both groups (*P < 0.05, t-test). KGF-1, keratinocyte growth factor-1.
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(15 µg/µl) luciferin. Bioluminescent images were overlaid onto the conven-
tional black-and-white images. Luminescence was calculated by the Living 
Image 2.5 software and expressed as total counts for equal-sized regions of 
interest at each transfected area.

Imaging of intact skin and frozen tissue sections. For these experiments, 
EGFP plasmid or control vector was topically applied after microderm-
abrasion once every 12 hours for 36 hours. Imaging was performed at 36 
hours comparing tissues transfected with EGFP with tissues subjected to 
control vector transfection.

Multiphoton imaging of intact skin. An Olympus FV1000 MPE multi-
photon laser-scanning microscope (Olympus, Center Valley, PA) was used 
to visualize EGFP transfection in three B6.129 (Cg)-Gt (ROSA) transgenic 
mice that possessed a membrane-tagged tdTomato (mT) cassette and 
expressed strong red fluorescence in all tissues. The mice were maintained 
under ketamine (76 mg/kg) and xylazine (5 mg/kg) anesthesia during the 
imaging session. The transfected skin was scanned at different depths 
(known as Z-stacks) in the green channel (750 nm excitation wavelength 
and 495–540 nm emission wavelength) and the red channel (750 nm excita-
tion wavelength and 575–630 nm emission wavelength) separately. Images 
were processed using Fluoview software (Ver. 4.0; Olympus, Tokyo, Japan).

Fluorescent imaging of frozen sections. A Zeiss Axio Imager fluorescent 
microscope (Carl Zeiss Meditec, Dublin, CA) was used to visualize detailed 
EGFP transfection locations in three SV129 mice. Thirty-six hours after 
initial application, a 5-mm-diameter biopsy specimen of the treated tissue 
was harvested. Tissue was fixed in Optimal Cutting Temperature medium 
(Tissue-Tek, Torrance, CA) and then cut into 15-µm slices. Nuclei were then 
stained with 4',6-diamidino-2-phenylindole blue (Invitrogen, Eugene, OR). 
The transfected skin was observed in the green channel (450–490 nm excita-
tion wavelength and 515–565 nm emission wavelength) and the blue channel 
(350–365 nm excitation wavelength and 445–450 nm emission wavelength).

RNA isolation and qRT-PCR assay for KGF-1. Total RNA was extracted 
from transfected (caudal dorsum) and normal control (cephalic dorsum) 
skin of each mouse with Trizol (Invitrogen, Frederick, MD) and treated 
with DNase I (Ambion, Austin, TX) according to the manufacturer’s pro-
tocol. Total RNA (10 μg) was used for first-strand synthesis with the iScript 
cDNA Synthesis System (BioRad, Hercules, CA). qRT-PCR was performed 
using iQ SYBR Green Supermix and the iCycler Real-Time PCR Detection 
System (BioRad). The fold change in expression of human KGF-1 mRNA 
(primer sequence: Fwd: 5′-CCGAGCGACACACCAGAAGT-3′; Rev: 
5′-AACTGCCACGGTCCTGATTT-3′) relative to hypoxanthine phospho-
ribosyltransferase 1 (HPRT1) mRNA was calculated based on the thresh-
old cycle (CT) for amplification as 2−(ΔCT), where ΔCT = CT,KGF − CT,HPRT1.

Hematoxylin-and-eosin and immunohistochemical staining. Skin was 
harvested and fixed with 10% formalin for 24 hours, and 25-μm-thick par-
affin sections were prepared. The sections were stained using hematoxylin 
and eosin. For immunohistochemical staining, high-temperature antigen 
retrieval was performed by immersing the slides in Trilogy (Cell Marque, 
Hot Springs, AR). Slides were then incubated for 30 minutes with AB9598 
rabbit polyclonal antibody to human KGF-1 (Abcam, Cambridge, MA), fol-
lowed by 10-minute incubation with a rabbit horseradish peroxidase poly-
mer conjugate (SuperPicture; Invitrogen, Camarillo, CA). The slides were 
then stained with ImmPACT DAB (Vector Labs, Burlingame, CA) and coun-
terstained with hematoxylin. KGF-1 protein content was determined by the 
Image-Pro plus 6.0 (Media Cybernetics, Silver Spring, MD). All slides were 
analyzed by two examiners who were blinded to the identity of each sample.

Biomechanical testing of transfected skin. Tensiometry was carried out 
on transfected tissues, which were harvested and cut into 35 × 4 mm sec-
tions (Supplementary Figure S3a). Immediately after harvesting (<1 
minute), sections were placed between the two clamps of the motorized 
horizontal test stand so that the center of the treated area was directly in 

the center of the clamps with the tissue being pulled lengthwise (Check 
Line FGS-100PXH, Cedarhurst, NY). Attached to the clamps on the test 
stand was the force gauge (Shimpo FGV-10XY) used to measure the ten-
sion of the tissue as it was being pulled apart (Supplementary Figure S3b). 
Data were automatically recorded into Microsoft Excel 2003 (Microsoft, 
Redmond, WA). All testing was done in a climate-controlled room (70 °F, 
60% humidity) to account for the effects that varying climate has on skin 
conditions. The rate of displacement was held constant at 20 mm/minute. 
The procedure was terminated once the force gauge displayed that the ten-
sion decreased to less than 0.1 N, indicating full tissue breakage.

Statistical analysis. Data were presented as mean ± SEM. Differences in 
means between groups were analyzed for significance using two-way anal-
ysis of variance, followed by Holm-Sidak post hoc analysis when appropri-
ate. Student’s t-test and Mann–Whitney test were also used to analyze the 
biomechanical tensiometry data. A probability value of <0.05 was consid-
ered statistically significant.

SUPPLEMENTARY MATERIAL
Figure S1. Schematic diagram of the topical application procedure.
Figure S2. Assessment of dermal thickness with hematoxylin and 
 eosin staining.
Figure S3. Schematic diagram of tensiometry procedure.
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