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Abstract

This study tests a new intracellular ATP delivery technique for tissue regeneration and compares its efficacy with that of
Regranex. Twenty-seven adult New Zealand white rabbits each underwent minimally invasive surgery to render one ear
ischemic. Eight wounds were then created: four on the ischemic and four on the normal ear. Two wounds on one side of
each ear were treated with Mg-ATP encapsulated lipid vesicles (ATP-vesicles) while the two wounds on the other side were
treated with Regranex. Wound healing time was shorter when ATP-vesicles were used. The most striking finding was that
new tissue growth started to appear in less than 1 day when ATP-vesicles were used. The growth continued and covered
the wound area within a few days, without the formation of a provisional matrix. Regranex-treated wounds did not have
this growth pattern. In wounds treated by ATP-vesicles, histologic studies revealed extremely rich macrophage
accumulation, along with active proliferating cell nuclear antigen (PCNA) and positive BrdU staining, indicating in situ
macrophage proliferation. Human macrophage culture suggested direct collagen production. These results support an
entirely new healing process, which seems to have combined the conventional hemostasis, inflammation, and proliferation
phases into a single one, thereby eliminating the lag time usually seen during healing process.
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Introduction

Chronic wounds affect 6.5 million patients in this country, with

a treatment cost of more than $25 billion each year [1,2]. One

form of chronic wounds, the diabetic foot ulcer, develops in fifteen

to twenty-five percent of diabetic patients in their lifetimes [3,4].

Despite the development of thousands of dressings, the best

treatments currently available achieve only a 50% healing rate and

even this is often temporary [5], as shown by high recurrence rates

(66% for diabetic ulcers) [1,2]. At present, the only supplement

that has successfully completed randomized clinical trials in the

USA is the recombinant human platelet-derived growth factor-BB

(rhPDGF-BB, Regranex); it has been approved by the FDA for

treatment of diabetic neuropathic ulcers [6] and has also been

approved by American and European authorities for healing of

other chronic wounds [7,8]. Regranex has been reported to

enhance cell migration and granulation tissue growth—two critical

factors in chronic wound healing. On the other hand, disappoint-

ing results have also been reported, both clinically and experi-

mentally [9–11], but no other dressing to date has shown better

results than Regranex.

We previously reported a technique in which adenosine

triphosphate (Mg-ATP) was encapsulated within very small

unilamellar lipid vesicles (ATP-vesicles). We used full-thickness

skin wounds in a rodent model to test these vesicles. The healing

was enhanced, but skin contraction probably contributed to the

healing process [12]. However, skin contraction contributes little

to overall human chronic wound healing, so translation of these

early animal results to human chronic wounds is difficult. We also

used this preparation to treat full-thickness skin wounds in rabbits

and obtained very good results in the form of fast granulation

tissue growth [12–14]. The results were believed to reflect the

increase in energy supply, which caused early stem cell and

leukocyte trafficking, accumulation, and differentiation [15]. In

the present study, we examined how wound treatment with ATP-

vesicles compared with Regranex in terms of cell activity, tissue

growth, and wound healing in a model devoid of skin contraction,

with and without ischemia. We hypothesized that the energy

supplied by the intracellular delivery technique would facilitate the

healing process in a different way from the traditional healing

process achieved with Regranex. The results obtained from these

experiments have provided support for this hypothesis.

Materials and Methods

Preparation of ATP-vesicles
The ATP-encapsulated unilamellar lipid vesicles (ATP-vesicles)

were produced by Avanti Polar Lipids Inc. (Alabaster, AL) and

provided to us in a freeze-dried form. They were stored at 220uC
and were reconstituted with normal saline immediately before use.

After reconstitution, the composition was: 100 mg/ml of Soy PC/
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DOTAP (50:1), Trehalose/Soy PC (2:1), 10 mM KH2PO4 and

10 mM Mg-ATP. The diameters of the lipid vesicles ranged from

120–160 nm, as measured with a DynaPro Particle Size Analyzer

(Proterion Corporation, NJ).

Animals and Wounds
This study was conducted in accordance with the National

Institutes of Health guidelines for the care and use of animals in

research, and the protocol was approved by the Institution Animal

Care and Use Committee of the University of Louisville, an

AAALAC accredited program. Twenty-seven adult New Zealand

white rabbits (2.0–3.0 kg, Myrtle’s Rabbitry, Thompson Station,

TN; and Harlan Laboratories, Indianapolis, IN) were used: 9

rabbits (72 wounds) were used for healing time and granulation

tissue growth comparison, and the remaining 18 rabbits were

sacrificed from 5 hours to 27 days post-operation for histologic

and immunohistochemistry studies.

We created ischemic wounds using a minimally invasive

technique previously developed and further simplified in our

laboratory [16,17]. This technique creates one ischemic ear while

the other ear is used as a non-ischemic control. Briefly, under

general anesthesia (Ketamine 50 mg/kg and Xylazine 5 mg/kg,

IM), three small incisions were made on the ear base. The central

artery and cranial vessels, along with their accompanying nerves,

were severed, leaving only the central vein and caudal vessels

intact. The skin incisions were closed. The other ear was preserved

as a non-ischemic control. Four full-thickness skin wounds (6 mm

in diameter) were made to the depth of the cartilage on the ventral

side of each ear with a stainless steel punch. The perichondrium

was removed with the skin or separately. The base of the wound

consisted of cartilage but the cartilage itself was not perforated.

Postoperative Management
Postoperatively, all animals received analgesics in the form of a

fentanyl patch (25 mg/hour) and buprenorphine (0.01 mg/kg, IM)

for 2–3 days to reduce possible pain. The animals were allowed

free access to food and drink. The ischemic ears were observed

daily for blood circulation and the closed incisions were examined

for signs of bleeding or infection. Ear skin temperature was

measured and recorded daily. The wounds were treated with two

types of dressings: The two wounds on one side of the ear were

treated with ATP-vesicles (10 mM ATP), while the control wounds

on the other side of the same ear received Regranex (100 mg/g). A

small piece of sterile paper was used to cover the dressings and the

wound was further covered with TegaDerm (3 M, Minneapolis,

MN) to prevent desiccation. Dressings were changed daily until

healing or sacrifice. The old dressings were removed, the wounds

cleaned, digital photos taken with a scale, and new dressings were

applied.

Wound area, Cavity, and Reepithelization Measurements
Three different techniques were used to analyze the wound

healing process: 1) Wound closure time. Wound size reduction and

reepithelialization were monitored daily until total reepithelializa-

tion occurred and covered all exposed granulation tissue; 2)

Wound cavity reduction. This was measured by tracing the

granulation growth and the cavity edge on two-dimensional digital

images obtained daily to determine the wound cavity area (not

volume because the image is two-dimensional); and 3) Wound

reepithelialization rate. This was measured daily by tracing the

epithelialized areas from the wound edge towards center,

calculating the remaining non-epithelized area, and comparing it

to the original area. This tracing may not be precise in the wounds

treated with ATP-vesicles due to overgrowth of granulation tissue,

which often overtook the wound edge while the reepithelialization

tunneled though the granulation tissue [13]. These measurements

were performed morphometrically using digital images of the

wounds obtained daily with scales and processed with the NIH

image software ImageJ, which allows precise tracing of irregular

lines and area calculations, similar to other software used as a

standardized method in the past [18,19].

Histology and Immunohistochemical Studies
Immediately post-euthanasia, a circular section of a sample that

included the whole wound and a ring of its surrounding tissue

(approximately 2–3 mm in width), was excised using a steel punch,

immersed in 10% buffered formalin, processed with the Thermo-

Fisher Pathcentre (Fisher Scientific, Chicago, IL), embedded in

paraffin blocks, and cut into 5 mm sections. One set was stained

with hematoxylin and eosin (H & E) for general histologic

evaluation. Collagen deposition in the wound area was assessed by

van Gieson (HT254, Sigma-Aldrich, St. Louis, MO) and

picrosirius red (Polysciences, Warrington, PA) staining [20].

Macrophage infiltration in the wound tissue was detected by

immunohistochemical staining using anti-MAC387 antibody

(AbD Serotec, Raleigh, NC) and further confirmed with CD68

(Dako, Carpinteria, CA) and CD163 (Abcam, Cambridge, MA)

antibodies [21]. Cell proliferation was determined with prolifer-

ating cell nuclear antigen (PCNA) antibodies (Santa Cruz Biotech,

Dallas, TX) and further confirmed by BrdU (Sigma, St. Louis,

MO). For BrdU labeling, the reagent was injected peritoneally

(10 ml concentrated reagent/kg body weight) 24 hours before

sacrifice and the paraffin-fixed samples were stained with anti-

BrdU antibody (Millipore, Billerica, MA).

Histology images were analyzed with a Nikon Eclipse Ti

microscope (Nikon Instruments Inc.) and collagen types of

picrosirius red stained slides were further analyzed with a Zeiss

AxioScope circular polarizing microscope (Carl-Zeiss, Thorn-

wood, NY). The images captured by the computer were further

quantified morphometrically using Nikon Elements or Zeiss Axio

Imaging software.

Macrophage Culture and Measurements
We further explored macrophage proliferation, transformation,

and collagen production in a more exclusive environment by

performing a primary culture study using human macrophages.

The protocol was approved by the University of Louisville

Institutional Review Board, and signed consent was obtained

from each participant. A total of 16 healthy volunteer donors, age

19–49 years, were enrolled; most of the experiments were

conducted with five donors per group. Venous blood was collected

in EDTA Vacutainers (Becton Dickinson, Franklin Lakes, NJ).

Monocytes/macrophages were isolated using the magnetic cell

sorting technique according to manufacturer’s instructions (Milte-

nyi Biotec, Auburn, CA). The purity of the isolated monocytes/

macrophages was .95% as determined by flow cytometry. The

primary monocytes were cultured in 1640 RPMI medium (MP

Biomedicals, Solon, OH) supplemented with 10% heat-inactivated

defined fetal bovine serum, 2 nM L-glutamine, 100 IU/ml

penicillin, 100 mg/ml streptomycin, and 250 ng/ml amphotericin

B (Thermo Scientific, Waltham, MA). Cells were plated in 24 well

culture plates at 0.56106 cells/ml/well and incubated in a

humidified incubator with 5% CO2 at 37uC. Twenty-four hours

post plating, the attached cells were treated with ATP-vesicles (0.1,

1, and 10 mM Mg-ATP), 1 mM free Mg-ATP, 1 mM lipid

vesicles (without Mg-ATP), 0.001% Regranex, or culture medium

alone for an additional 24 hrs. Collagen type 1a1 production was

determined by ELISA.

Rapid Tissue Regeneration
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Enzyme-Linked Immunosorbent Assays (ELISA)
Collagen type 1a1 levels were determined from the culture

supernatant by enzyme-linked immunosorbent assays (My Bio-

source LLC, San Diego, CA) in 96-well plates according to the

manufacturer’s protocol. All samples were analyzed in triplicate;

collagen levels of samples were determined based on a standard

curve using standard collagen provided in the kit.

Measurement of Cell Viability
Cell viability was determined by the 3-[4,5-dimethylthiazol-2-

yl]-2,5-diphenyltetrazolium bromide (MTT) assay. Primary mono-

cytes/macrophages (16106 cells) were seeded into 96-well

microtiter plates with 100 mL RPMI media. Twenty-four hours

post plating, the attached cells were treated with ATP-vesicles

(1 mM ATP), Regranex (10 mm/g), or lipopolysaccharides (LPS,

100 ng) for an additional 5 days. After the incubation period, the

media were removed from each well and 100 mL MTT solution

(2 mg/mL; Sigma-Aldrich, MO) and phosphate-buffered saline

(PBS) were added to each well. Plates were incubated at 37uC for

4 h. The MTT solution was then removed, leaving purple

formazan crystals that were subsequently dissolved in 100 mL

dimethylsulfoxide. The absorbance of each well was then read at

540 nm using a Plus384 spectrophotometer (Molecular Devices,

CA).

Statistical Analysis
Results are reported as means and standard deviation (SD). The

ATP-vesicles and Regranex-treated wounds or cells were com-

pared by the Student t-test using a commercially available

spreadsheet (Microsoft Excel) and statistical software including

GraphPad Prism (GraphPad Software, La Jolla, CA), SPSS (IBM),

and JMP 10 (SAS Campus Drive, Cary, NC). A p value of ,0.05

was considered significant.

Results

General Appearance
In the animal experiments, the postoperative ischemic ear

became cool and mild cyanotic, with a reduced sensation distal to

the incision. The mean skin temperature differences between the

normal (non-ischemic) ears and ischemic ears ranged from 0.9 to

7.1uC (mean 4.2uC) immediately after surgery. This temperature

decreased gradually over time but was still maintained above 1uC
at the end of one month (Figure 1). The most important ear artery,

the central artery, had a strong pulse in the normal ear, but this

pulse was absent in the ischemic ear. The ischemic ear movement

was reduced but not totally eliminated because some muscles were

still attached to the base of the ear.

Wound Measurements
The speed of healing and reepithelialization was enhanced by

the ATP-vesicle treatment. On the non-ischemic ears, the average

time for complete reepithelialization was 13.0 6 0.4 days for ATP-

vesicle-treated wounds versus 16.0 6 0.3 days for Regranex-

treated wounds (n = 18, p,0.0001). On the ischemic ear, the

average total reepithelialization time was 16.260.9 days for the

ATP-vesicle-treated wounds versus 23.3 6 0.9 days for Regranex-

treated wounds (n = 18, p,0.0001) (Figure 2). Sequential daily

reepithelialization comparisons also indicated a faster reduction in

non-reepithelialized areas in wounds treated with ATP-vesicles.

Due to the very rapid granulation tissue regeneration in the

wounds treated with ATP-vesicles, wound cavity reduction was

much faster in these wounds: In non-ischemic wounds, a 50%

reduction in the wound cavity area took an average of 3.0 days in

wounds treated with ATP-vesicles, while it took an average of 10.3

days in Regranex-treated wounds. In ischemic wounds, a 50%

reduction in the wound cavity took an average of 4.7 days for

ATP-vesicle treated wounds while it took an average of 15.5 days

for Regranex-treated wounds (Figure 3). The real wound cavity

reduction was probably even more rapid in wounds treated with

ATP-vesicles since, in many of these wounds, granulation tissues

grew higher than the surrounding skin and the seeming defects

were actually resting on top of the granulation tissue that had

already filled the wound cavity.

Extremely Rapid Tissue Regeneration
One unprecedented finding in this study was the very early and

rapid generation of granulation tissue in ATP-vesicle treated

wounds: new tissue growth started to appear within 24 hours after

surgery and sometimes as early as 12 hours. The growth

continued and covered the defects quickly. The early growth

appeared to be somewhat pale and edematous, but it solidified and

gradually changed to a pink color after 2–3 days. Reepithelializa-

tion tunneled through this seeming overgrowth and the top

portion became a scab, which fell off to reveal perfectly healed

defects without any hypertrophic scar formation. No provisional

matrix was seen in these wounds.

Regranex-treated wounds showed a completely different growth

pattern in which no such granulation tissue was seen; these wounds

healed gradually from the margin. One typical comparison is

shown in Figure 4.

Ischemic wounds showed granulation that occurred a few days

later, but wounds treated with ATP-vesicles again healed faster

than those treated with Regranex. Figure 5 shows more examples

in which all ATP-vesicle treated wounds started to generate

granulation tissues within 1–3 days; note that the wounds treated

with Regranex showed no such growth.

Microscopy Studies
Microscopy studies indicated significant differences between the

ATP-vesicle group and the Regranex group. Massive cell

accumulation occurred in the granulation tissues of wounds

treated with ATP-vesicles, while the Regranex group showed no

growth. Figure 6 shows a representative day 3 photographic

comparison between the two groups. The ATP-vesicle-treated

wound is covered by new tissue growth that has overtaken the

wound edge. H & E staining indicates massive cell accumulation in

the wound treated with ATP-vesicles. The wound treated with

Regranex has no such growth, but instead shows a hypertrophic

rim of tissue isolated to the wound border. Occasionally, the rim

grew inward towards the wound bottom.

Figure 7 is a combination photomontage of gross photos, H&E

stains, and immunohistochemistry stains taken from 12 to

24 hours after wounding. At 12 hours, gross granulation tissue

growth is already seen in the ATP-vesicle treated wounds, while

the wounds treated with Regranex have no such growth

(Figure 7A). Microscopically, the growth promoted by ATP-

vesicles is full of cells (Figure 7B). By 24 hours, this wound is

already totally covered by granulation tissue—it is somewhat

edematous rather than very solid (Figure 7C). However, IHC

staining shows a solid cell mass mainly composed of macrophages,

as shown by anti-MAC387 and further confirmed by CD68 and

CD163 staining (Figure 7D & E). Very active cell proliferation is

determined with PCNA, and further confirmed by BrdU antibody

staining (Figure 7F).

Rapid Tissue Regeneration
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Macrophage Counts
A careful macrophage number count in the wound area

revealed a significant difference in macrophage numbers between

the ATP-vesicle-treated and Regranex-treated wounds. Macro-

phage numbers in the Regranex-treated wounds showed only a

slight increase similar to that seen in the traditional healing pattern

[22,23]. However, when ATP-vesicles were used, macrophage

numbers increased sharply at day 1, but decreased quickly

thereafter (Figure 8). This is significantly different from traditional

macrophage behavior in wound tissue treated with any other

dressings. On occasion, macrophage accumulation following ATP-

vesicle treatment occurred well beyond the wound area, so that the

accumulation was not only seen in the wound wall and cavity but

also underneath the ear cartilage, indicating deep penetration of

the ATP-vesicles (Figure. 9).

Wound Collagen Study
Wound tissue collagen production was also correlated with

macrophage proliferation and accumulation: when significant

macrophage accumulation was noted, more collagen appeared in

Figure 1. Skin temperature differences between the non-ischemic ears and ischemic ears. The difference was larger at the beginning of
the experiment, but decreased gradually over time. However, a temperature difference of more than 1uC was maintained at the end of one month.
doi:10.1371/journal.pone.0091787.g001

Figure 2. Comparison of complete reepithelialization times between wounds treated with ATP-vesicles and those treated with
Regranex.
doi:10.1371/journal.pone.0091787.g002
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the wound tissue. Figure 10 shows a day 3 photo comparison. In

the wound treated with ATP-vesicles, granulation tissue had

already covered the whole wound and had overtaken the wound

edge. At the same time, rich macrophage accumulation was

indicated by Anti-Mac387 and higher collagen accumulation was

shown by van Gieson staining. However, the wound treated with

Regranex had no such growth or collagen accumulation. Collagen

fiber count indicated much higher collagen content in the wounds

treated with ATP-vesicles than in those treated with Regranex

(Figure 11).

Macrophage Survival and Collagen Production in Cell
Culture

The addition of ATP-vesicles to cell cultures seemed to

significantly enhance monocyte-macrophage survival time. As

seen in Figure 12, the use of ATP-vesicles (1 mM ATP) extended

human monocyte/macrophage survival 3–4 fold when compared

to cells treated with medium alone, Regranex (0.001%), or LPS

(100 ng), as determined by the MTT assay.

The ability of macrophages to produce collagen was also

measured in macrophage cultures. Figure 13 shows collagen type

1a1 production in cell culture in response to addition of free Mg-

ATP, free lipid vesicles, ATP-vesicles containing gamma-thio-ATP

(a non-hydrolysable ATP), and lipid vesicles containing various

concentrations of Mg-ATP. None of the vesicle components

increased collagen production when supplied alone, but increasing

concentrations of encapsulated ATP induced more collagen

production.

Wound macrophages are known to transform to fibrocytes,

which produce more collagen. Interestingly, when ATP-vesicles

were used in this study, this transformation was very much

Figure 3. Comparison of wound cavity size reduction rate in wounds treated with ATP-vesicles and those treated with Regranex. (A)
Non-ischemic wounds; (B) Ischemic wounds.
doi:10.1371/journal.pone.0091787.g003
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delayed. Figure 14 shows a comparison at day 6 of culture:

Regranex caused fibrocyte transformation while most macrophag-

es treated with ATP-vesicles retained their original phenotype.

No Hypertrophic Scar Formation
Rabbits are known for their tendency to produce hypertrophic

scars [24,25]. We followed some rabbits after their ATP-vesicle

treated wounds were totally closed. No hypertrophic scar or any

Figure 4. Granulation comparison. A representative comparison between the wounds treated with ATP-vesicles and Regranex. Granulation
growth starts to occur one day after surgery in non-ischemic wounds when treated with ATP-vesicles. In ischemic wounds, the granulation occurs a
few days later, but wounds treated with ATP-vesicles still heal faster than those treated with Regranex.
doi:10.1371/journal.pone.0091787.g004

Figure 5. More comparisons of granulation tissue. All ATP-vesicle treated wounds start to generate granulation tissues within 1–3 days while
the wounds treated with Regranex show no such growth.
doi:10.1371/journal.pone.0091787.g005
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other unusual growth occurred in these wounds even after 2 years

(Fig. 15).

Discussion

Chronic wounds represent a silent epidemic that affects a large

fraction of the world population and poses a major and gathering

threat to public health and the economy [26]. The statement made

in one of the first papers describing chronic wound treatment—

that ‘‘Old ulcers in 1830 will be older ulcers in 1860’’—

unfortunately still applies today [27]. A search for ways to use

the body’s innate regenerative capacity to partially or completely

repair tissue defects—naturally and without complex surgery—has

been ongoing for more than a century. A surge in research in this

area occurred in the 1930s and 1940s, but the end results were all

disappointingly similar. In one elegant study reported in 1943,

Howes tested the healing effects of various drugs (e.g., aquaphor,

sulfadiazine, triethanolamine, Vaseline) on injured rabbit ears, and

concluded that: 1) epithelialization begins after a latent period of

3–6 days, during which the underlying connective tissue is hardly

regenerated at all; 2) a suitable granulating base is necessary for

epithelialization to begin; and 3) the requirement for frequent

dressing changes prolongs the latent period due to tearing away of

the regenerating cells [28]. Scientific research since then has

focused on the extracellular matrix, growth factors, and stem cells;

however, no major breakthrough has occurred and Howes’s

archaic conclusions still remain valid to this day.

In the past few decades, thousands of dressings have been

developed for wound care, and many showed effectiveness in

animal experiments. However, in a recent systematic review by the

International Working Group of the Diabetic Foot (IWGDF), with

1322 papers identified, the conclusion was drawn that little

published evidence yet justifies the use of any of these newer

therapies in human wounds [29]. Platelet-derived growth factors

showed promise in various chronic wounds [30,31], leading to

Regranex (rhPDGF-BB, becaplermin) becoming the first FDA

approved growth factor for topical application after an expensive

phase III multicenter double-blind, placebo-controlled trial.

Regranex was shown to be effective in the treatment of patients

with diabetic neuropathic ulcers [6,30] and was also used off-label

to treat acute wounds, where it was reported to show almost 25%

faster healing than an antibiotic ointment in randomized human

volunteers [6].

In general, PDGF appears to be of central importance in the

wound healing cascade, and is thought to stimulate cell migration,

cell growth, and synthesis of other growth factors; thus, its natural

function seems to involve the early phase of healing [32].

However, aggressive wound care is required to obtain good results

and even so, the effectiveness of PDGF is not universally

recognized [9,33]. One possible problem involves the local

protease-rich environment of a chronic wound, which has been

shown to actively degrade and inactivate most growth factors. This

finding may, in part, explain the altered levels of growth factors in

chronic wounds, but it also suggests that topical therapeutic

applications probably allow only a brief suboptimal exposure of

the wound to the growth factor unless the protease-rich, pro-

inflammatory wound environment is first addressed [34,35].

In searching for better treatments for chronic wounds, we came

up with the concept of intracellular energy delivery. This

technique is based on the theory that more than 100 factors are

involved in non-healing chronic wounds [36,37], but deficient

blood supply is one of the most important factors [38,39].

Ischemia may not be the initiating factor for wounds such as

diabetic foot ulcers because most of these ulcers start from a

combination of neuropathy, pressure loading, and/or trauma.

However, tissue ischemia is the main cause that hinders healing—

wounds do not heal in tissue that does not bleed, whereas they

always heal in tissue that bleeds extensively. Increasing the wound

oxygen supply, such as through hyperbaric oxygen therapy, has

not shown consistent results [40,41] because a lack of oxygen is

only one part of ischemic pathophysiology—the most critical

consequence of ischemia is a decreased cellular energy supply

[39,42].

Energy is required in every aspect of the wound healing process:

When a protein is built by linking its individual amino acids via

peptide bonds, a significant input of chemical energy is required

[43]. Other critical healing activities, such as cell migration and

proliferation, leukocyte bactericidal function, membrane trans-

port, signal transduction, and growth factor production all

consume energy [44]. Small scale clinical trials of other growth

factors such as bFGF have shown substantial effectiveness in non-

ischemic situations, but their effects disappear in hypoxic dermal

ulcer models [37,45].

Efforts to deliver high-energy phosphates such as free Mg-ATP

directly into the cytosol have not been successful because the

bilayer cell membrane is impermeable to most water-soluble

molecules, including Mg-ATP, which has no specific transport

mechanisms [46]. In addition, the half-life of ATP in the blood is

less than 40 seconds, making it impossible to be an effective

treatment [47]. We have overcome these problems by encapsu-

lating Mg-ATP in very small unilamellar lipid vesicles. The lipid

vesicles have a composition similar to those of the cell membrane.

When they come in contact with the cell membrane, they fuse with

the membrane and deliver their contents into the cytosol

[15,19,48].

During the initial vesicle development process, we compared the

effectiveness of ATP vesicles with that of their individual

ingredients alone (lipid vesicles only, free Mg-ATP only, and lipid

vesicles plus Mg-ATP without encapsulation), culture media alone,

or normal saline alone. In several test models (cell cultures,

myocardial preservation, and wound healing) none of the control

ingredients showed protective or healing effects comparable to

ATP-vesicles [12,13,15,19,48–50]. The present study represents

the first attempt to compare the effectiveness of Regranex with

that of intracellular energy delivery therapy. Our results indicate

that when ATP-vesicles are used, wound healing is enhanced

compared to that seen with Regranex, and this enhancement is

Figure 6. Representative photographs and H&E staining
wounds at day 3 of treatment. The wound treated with ATP-
vesicles produces new tissue growth that has completely covered the
wound bed and overtaken the wound edge (arrow). The growth is filled
with cells. The wound treated with Regranex produces a hypertrophic
rim of tissue, which sometimes grows inward (40x, arrows).
doi:10.1371/journal.pone.0091787.g006
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even more pronounced in ischemic wounds. However, the most

unique finding is the extremely early and rapid generation of

granulation tissue: Gross tissue generation was apparent in less

than 24 hours after surgery. This tissue continued to grow and it

had covered almost the whole cavity within 3–6 days. Similar

growth was not seen in the control wounds treated with Regranex.

The early growth was composed mainly of macrophages, as

shown by anti-Mac387 and further confirmed by CD68 and

CD163 stains. These macrophages showed active proliferation, as

indicated by PCNA and further confirmed by BrdU immunohis-

tochemistry staining. The very early growth (within 1–2 days)

appears somewhat pale, fragile, and edematous, without the

Figure 7. A photomontage of wounds and microscopic changes occurring within 24 hours after surgery. When ATP-vesicles are used,
granulation starts to appear within 12 hours (A), and H&E staining indicates a rich cellular component (B). Granulation tissue growth continues and
covers the whole wound at 24 hours (C). Granulation tissue shows positive anti-MAC387 staining (D), which is further confirmed by CD163 staining
(inset) (E). PCNA staining indicates very active proliferation of these cells (F), which is further confirmed by BrdU antibody staining (inset). Wounds
treated with Regranex do not display this rapid growth.
doi:10.1371/journal.pone.0091787.g007
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traditional beefy look, so that it is easily mistaken for nonviable

tissue. This growth quickly turned pink and solid looking after 2–3

days. When we tried to trim the overgrowth, it always had ‘‘roots’’

connected to the wound edge, and the ‘‘roots’’ changed from

relatively weak at day 1 to stronger after 2–3 days. As time

progressed, the cell numbers were reduced and were replaced by

fibrous tissue [13]. However, reepithelialization started as early as

3 days postoperatively and was seen to tunnel through the

granulation tissue until the top portion fell off, leaving behind

perfectly healed wounds [13,14].

This healing process appears to be totally different from the

conventional process where fibrin, platelets, and red blood cells are

the main components of the early provisional matrix, which is

gradually replaced by granulation tissue after a lag of 3–6 days

[51]. Regranex-treated wounds seem to follow the traditional

healing pattern.

In medicine, an extremely rapid tissue growth is not always a

desirable event unless it is well controlled. Neoplastic growth is a

notable negative example. Sustained and unchecked growth

(overgranulation) would also delay healing or could result in

hypertrophic scar formation or keloids [25]. The growth in our

ATP-vesicle-treated wounds is even faster than any tumorigenic

growth. However, the healed wounds show no hypertrophic scar

formation or any other growth, even two years after surgery. Like

many other wound care specialists, when we first saw this

phenomenon, we did not believe it because it appeared too good

to be true. However, it has now been confirmed in more than 130

rabbits (over 1040 wounds), including diabetic wounds, as reported

in past articles [13,14]. Although rabbits have the ability to

Figure 8. Comparison of macrophage numbers in the early days of the healing process. Regranex-treated wounds show a slight increase
in macrophage numbers. However, when ATP-vesicles are used, macrophage numbers are 7–8 times higher than in the Regranex-treated wounds at
day 1, but decrease quickly thereafter.
doi:10.1371/journal.pone.0091787.g008

Figure 9. Macrophage accumulation in early days. When the
wounds are treated with ATP-vesicles, solid granulation occurs at day 3
(B). The growth is filled with macrophages, which occur not only in
wound cavity, but also underneath the ear cartilage (D). The wounds
treated with Regranex do not have similar growth (A, C).
doi:10.1371/journal.pone.0091787.g009

Figure 10. Comparison of Regranex and ATP-vesicle treated
wounds 3 days postoperatively. Rich collections of macrophages
are stained dark brown to black by Anti-Mac387 (top panels), and more
collagen is shown by van Gieson stain (low panels) in the wounds
treated with ATP-vesicles. Regranex treated wounds do not show a
similar effect.
doi:10.1371/journal.pone.0091787.g010
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regenerate ear cartilage when the perichondrium is preserved,

their skin regeneration capacity is essentially similar to that of

other mammals [28,52].

This unprecedented growth caused by ATP-vesicles may

overcome the limitations of conventional wound healing processes

and provide a new approach for tissue regeneration. Previously,

the mechanisms underlying this unprecedented rapid growth were

totally unclear to us, and the huge accumulation of macrophages

in such a short period of time in relatively under-perfused acute

wounds seemed unbelievable. However, a recent development has

shed light on this unprecedented phenomenon, and now provides

a very logical explanation.

Traditional textbook knowledge holds that progenitor cells and

promonocytes proliferate and differentiate in the bone marrow.

These cells enter the circulation to become monocytes, which are

end cells. The monocytes migrate randomly from the peripheral

blood into the tissues, where they become macrophages [53,54].

However, a few sporadic previous reports [55], and especially a

Figure 11. Comparison of direct collagen fiber counts 3 days after surgery. Wounds treated with ATP-vesicles show 4–5 times higher
collagen content than those treated with Regranex.
doi:10.1371/journal.pone.0091787.g011

Figure 12. Comparison of cell survival in culture. The addition of ATP-vesicles (1 mM Mg-ATP) into the culture medium increases monocyte-
macrophage survival time 3–4 folds compared to the culture medium alone, Regranex (0.001%), or LPS (100 ng).
doi:10.1371/journal.pone.0091787.g012
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recent report in Science [56], challenged this old dogma by

describing massive in situ macrophage proliferation during

infection with the parasite Litmosoides sigmodontis, even when blood

monocytes were depleted. More than 3 follow-up comments and

reports by highly respected macrophage experts expressed high

enthusiasm for this new finding [54,57–59]. Our staining studies

(PCNA plus BrdU antibody immunohistochemistry) have con-

firmed very active proliferation activity that reflects these previous

findings.

What is special in our study is that no parasite or bacterial

infection is involved. The mechanisms giving rise to the

macrophage accumulation are not totally clear at this time, but

must be different from those concerned with infection. The most

likely pathway involves the ATP-dependent remodeling SWI/SNF

complex, which uses the energy of ATP hydrolysis to rearrange

chromatin structure—and in doing so, allows transcription of

target genes to proceed [60]. The SWI/SNF complex comprises

up to 12 components, which assemble into distinct complexes

containing either BRG1 or Brm ATPase subunits. Both BRG1

and Brm are ubiquitously expressed in almost all tissues and they

participate in cell proliferation. Indeed, more work is required to

fully explore the mechanisms involved in ATP-vesicle driven

Figure 13. Dose-dependent collagen production by macrophages. Macrophage collagen production appears to be dose-dependent when
ATP-vesicles are used. The higher the ATP concentration, the more collagen 1a1 is produced.
doi:10.1371/journal.pone.0091787.g013

Figure 14. Macrophage culture at day 6. Most of the macrophages still maintain their original phenotype, whereas culturing with Regranex
causes fibrocyte transformation. Inset shows the photos of the culture treated with ATP-vesicles (A) and treated with Regranex (B).
doi:10.1371/journal.pone.0091787.g014
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wound healing. However, one issue is clear: since there is no blood

supply at all to the wound cavity at the very earliest times, and

since vascular regeneration always lags behind tissue growth, the

exogenously provided intracellular Mg-ATP plays a key role in

maintaining the survival and functioning of the cells in the wound

cavity, and probably also in the wound wall. Without energy, these

cells die quickly and become exudates requiring removal.

Huge macrophage accumulation in a wound cavity, even

accompanied by other cells, does not make the growth a real

granulation because the loose cell mass can die or dislodge easily.

Our data show two more distinct downstream pathways that

directly transform massive cell accumulation into granulation—

direct collagen production and enhanced angiogenesis. These

features were described in our previous reports [13–15]. In the

present study, our aim was to explore the direct collagen

production further by using macrophage culture and we were

able to show that ATP-vesicles promoted macrophage collagen

production and also, surprisingly, extended the life span of the

macrophages.

The ability of macrophages to produce collagen is well

established in other diseases [61–64]. The possibility of direct

collagen production in wounds by macrophages was proposed two

decades ago, but it is still largely dismissed by most wound care

specialists [65,66]. Collagen production by alternative activation is

believed to occur via the arginine pathway that leads to proline

production—a major component of collagen [67,68]. The present

results have provided evidence that massive accumulation of

macrophages can be transformed directly into extracellular matrix

through direct collagen production and neovascularization—

completing the new healing process.

The comparison in this study was between Mg-ATP, which was

encapsulated for intracellular delivery, and rh-PDGF-BB, which

was not encapsulated. This fact does not invalidate this study. This

is because most of growth factors function via activation of surface

receptors. The receptor-bound growth factors are endocytosed

and translocated to the cytosol and nucleus where they stimulated

RNA and DNA synthesis, resulting in cell proliferation, differen-

tiation, and tissue morphogenesis [69–72].

There are some limitations to this study. The scarcity of in

depth study of in situ macrophage proliferation means that its

pathways, especially those related to intracellular ATP delivery,

are unclear at this time and require further study. The

phenomenon of macrophage collagen production is seen in our

study but this phenomenon is still controversial. More studies are

also needed in this area.

Taken together our results show that: 1) full-thickness rabbit ear

skin wounds, which have little or no skin contraction, are healed

faster by ATP-vesicle treatment than by Regranex, and the effect

is more pronounced in ischemic wounds; 2) intracellular ATP

delivery produces very early and exuberant tissue regeneration; 3)

the technique appears to cause in situ macrophage proliferation

without the involvement of infection or inflammation; and 4) ATP-

vesicle treatment enhances macrophage collagen production to

further enhance wound healing without provisional matrix

involvement. This new healing process and its related macrophage

proliferation may advance our basic understanding of macrophage

biology and will have clinical implications in wound care and other

related diseases.

Acknowledgments

We thank Dr. Lillian Nanney at Vanderbilt University for her help and the

initial work of macrophage and PCNA staining of some wound samples,

and Dr. Jianpu Wang for his contribution in wound dressing changes.

Author Contributions

Conceived and designed the experiments: JH HS RW SC. Performed the

experiments: JH HS RW SC. Analyzed the data: JH HS RW SC.

Contributed reagents/materials/analysis tools: HS RW. Wrote the paper:

JH HS SC.

References

1. Sen CK, Gordillo GM, Roy S, Kirsner R, Lambert L, et al. (2009) Human skin

wounds: a major and snowballing threat to public health and the economy.

Wound Repair Regen 17: 763–771.

2. Werdin F, Tennenhaus M, Schaller HE, Rennekampff HO (2009) Evidence-

based Management Strategies for Treatment of Chronic Wounds. Eplasty 9:

169–179.

3. Boulton AJ, Vileikyte L, Ragnarson-Tennvall G, Apelqvist J (2005) The global

burden of diabetic foot disease. Lancet 366: 1719–1724.

4. Edwards J, Stapley S (2010) Debridement of diabetic foot ulcers. Cochrane

Database Syst Rev 1: 1–40.

5. Wu Y, Chen L, Scott PG, Tredget EE (2007) Mesenchymal stem cells enhance

wound healing through differentiation and angiogenesis. Stem Cells 25: 2648–

2659.

6. Cohen MA, Eaglstein WH (2001) Recombinant human platelet-derived growth

factor gel speeds healing of acute full-thickness punch biopsy wounds. J Am Acad

Dermatol 45: 857–862.

7. Fang RC, Galiano RD (2008) A review of becaplermin gel in the treatment of

diabetic neuropathic foot ulcers. Biologics 2: 1–12.

8. Senet P, Vicaut E, Beneton N, Debure C, Lok C, et al. (2011) Topical treatment

of hypertensive leg ulcers with platelet-derived growth factor-BB. A randomized

controlled trial. Arch Dermatol 147: 926–930.

9. Chan RK, Liu PH, Pietramaggiori G, Ibrahim SI, Hechtman HB, et al. (2006)

Effect of recombinant platelet-derived growth factor (Regranex) on wound

closure in genetically diabetic mice. J Burn Care Res 27: 202–205.

10. Niezgoda JA, Van Gils CC, Frykberg RG, Hodde JP (2005) Randomized clinical

trial comparing OASIS Wound Matrix to Regranex Gel for diabetic ulcers. Adv

Skin Wound Care 18: 258–266.

11. Bennett SP, Griffiths GD, Schor AM, Leese GP, Schor SL (2003) Growth factors

in the treatment of diabetic foot ulcers. Br J Surg 90: 133–146.

12. Chiang B, Essick E, Ehringer W, Murphree S, Hauck MA, et al. (2007)

Enhancing skin wound healing by direct intracellular ATP delivery. Am J Surg

193: 213–218.

Figure 15. Appearance of healed wounds treated with ATP-
vesicles. A representative sequential photomontage showing the
smoothness of the healed wounds treated with ATP-vesicles even two
years after treatment.
doi:10.1371/journal.pone.0091787.g015

Rapid Tissue Regeneration

PLOS ONE | www.plosone.org 13 March 2014 | Volume 9 | Issue 3 | e91787



13. Wang J, Zhang Q, Wan R, Mo Y, Li M, et al. (2009) Intracellular ATP-delivery

enhanced skin wound healing in rabbits. Ann Plast Surg 62: 180–186.
14. Wang J, Wan R, Mo Y, Li M, Zhang Q, et al. (2010) Intracellular delivery of

ATP enhanced healing process in full-thickness skin wounds in diabetic animals.

Am J Surg 199: 823–832.
15. Chien S (2010) Intracellular ATP delivery using highly fusogenic liposomes.

Methods Mol Biol 605: 377–392.
16. Chien S (2007) Ischemic rabbit ear model created by minimally invasive surgery.

Wound Repair Regen 15: 928–935.

17. Chien S, Wilhelmi BJ (2012) A simplified technique for producing an ischemic
wound model. J Vis Exp 2012: 1–12.

18. Chvapil M, Gaines JA, Gilman T (1988) Lanolin and epidermal growth factor in
healing of partial-thickness pig wounds. J Burn Care Rehabil 9: 279–284.

19. Chien S (2010) Metabolic management. In: Toledo-Pereyra LH, editors. Organ
Procurement and preservation for transplantation. Austin, TX: Landes

Bioscience. pp. 82–123. Available: http://eurekah.com/chapter/3992).

20. Coleman R (2011) Picrosirius red staining revisited. Acta Histochem 113: 231–
233.

21. Villiers E, Baines S, Law AM, Mallows V (2006) Identification of acute myeloid
leukemia in dogs using flow cytometry with myeloperoxidase, MAC387, and a

canine neutrophil-specific antibody. Vet Clin Pathol 35: 55–71.

22. Schaffer M, Witte M, Becker HD (2002) Models to study ischemia in chronic
wounds. Int J Low Extrem Wounds 1: 104–111.

23. Park JE, Barbul A (2004) Understanding the role of immune regulation in
wound healing. Am J Surg 187: 11S–16S.

24. Kloeters o, Tandara A, Mustoe TA (2007) Hypertrophic scar model in the rabbit
ear: a reproducible model for studying scar tissue behavior with new

observations on silicone gel sheeting for scar reduction. Wound Repair Regen

15: S40–S45.
25. Saulis AS, Mogford JH, Mustoe TA (2002) Effect of Mederma on hypertrophic

scarring in the rabbit ear model. Plast Reconstr Surg 110: 177–183.
26. Sen CK, Gordillo GM, Roy S, Kirsner R, Lambert L, et al. (2009) Human skin

wounds: a major and snowballing threat to public health and the economy.

Wound Repair Regen 17: 763–771.
27. Bennett JP, Matthews R, Faulk WP (1980) Treatment of chronic ulceration of

the legs with human amnion. Lancet 1: 1153–1156.
28. Howes EL (1943) The rate and nature of epithelization in wounds with loss of

substance. SGO 76: 738–745.
29. Game FL, Hinchliffe RJ, Apelqvist J, Armstrong DG, Bakker K, et al. (2012) A

systematic review of interventions to enhance the healing of chronic ulcers of the

foot in diabetes. Diabetes Metab Res Rev 28 Suppl 1: 119–141.
30. Steed DL (2006) Clinical evaluation of recombinant human platelet-derived

growth factor for the treatment of lower extremity ulcers. Plast Reconstr Surg
117: 143S–149S.

31. Cheng B, Liu HW, Fu XB, Sun TZ, Sheng ZY (2007) Recombinant human

platelet-derived growth factor enhanced dermal wound healing by a pathway
involving ERK and c-fos in diabetic rats. J Dermatol Sci 45: 193–201.

32. Simons M (2005) Angiogenesis, arteriogenesis, and diabetes: paradigm
reassessed? J Am Coll Cardiol 46: 835–837.

33. Landsman A, Agnew P, Parish L, Joseph R, Galiano RD (2010) Diabetic foot
ulcers treated with becaplermin and TheraGauze, a moisture-controlling smart

dressing: a randomized, multicenter, prospective analysis. J Am Podiatr Med

Assoc 100: 155–160.
34. Greener B, Hughes AA, Bannister NP, Douglass J (2005) Proteases and pH in

chronic wounds. J Wound Care 14: 59–61.
35. Trengove NJ, Stacey MC, MacAuley S, Bennett N, Gibson J, et al. (1999)

Analysis of the acute and chronic wound environments: the role of proteases and

their inhibitors. Wound Repair Regen 7: 442–452.
36. Ovington LG, Schultz GS (2004) The physiology of wound healing. In: Morison

MJ, Ovington LG, Wilkie K, Moffatt CJ, Franks PJ, editors. Chronic wound
care. St. Louis: Mosby. pp. 83–100.

37. Harding KG, Morris HL, Patel GK (2002) Science, medicine and the future:

healing chronic wounds. BMJ 324: 160–163.
38. Silver IA (1980) The physiology of wound healing. In: Hunt TK, editors. Wound

healing and wound infection. Theory and surgical practice. New York:
Appleton. pp. 11–31.

39. Im MJC, Hoopes JE (1970) Energy metabolism in healing skin wounds. J Surg
Res 10: 459–464.

40. Berendt AR (2006) Counterpoint: hyperbaric oxygen for diabetic foot wounds is

not effective. Clin Infect Dis 43: 193–198.
41. Niinikoski J (2003) Hyperbaric oxygen therapy of diabetic foot ulcers,

transcutaneous oxymetry in clinical decision making. Wound Repair Regen
11: 458–461.

42. Smith DG, Mills WJ, Steen RG, Williams D (1999) Levels of high energy

phosphate in the dorsal skin of the foot in normal and diabetic adults: the role of
31P magnetic resonance spectroscopy and direct quantification with high

pressure liquid chromatography. Foot Ankle Int 20: 258–262.
43. Hunt TK, Pai MP (1972) The effect of varying ambient oxygen tensions on

wound metabolism and collagen synthesis. Surg Gynecol Obstet 135: 561–567.
44. Wang D, Huang NN, Heppel LA (1990) Extracellular ATP shows synergistic

enhancement of DNA synthesis when combined with agents that are active in

wound healing or as neurotransmitters. Biochem Biophys Res Commun 166:

251–258.

45. Lindblad WJ (2007) Editorial: How should one study wound healing? Wound

Repair Regen 14: 515.

46. Cooper GM (1997) The cell. A molecular approach. Washington, DC: ASM

Press. 517 p.

47. Puisieux F, Fattal E, Lahiani M, Auger J, Jouannet P, et al. (1994) Liposomes, an

interesting tool to deliver a bioenergetic substrate (ATP). in vitro and in vivo

studies. J Drug Target 2: 443–448.

48. Chien S (2006) Development of direct intracellular energy delivery techniques

for treatment of tissue ischemia. Recent Res Devel Biophys 5: 1–37.

49. Chien S, Tseng M, Li M, Tobin G, Banis J (2007) Intracellular ATP delivery

caused extremely fast granular tissue growth in rabbits. Wound Repair Regen

15: A39.

50. Wang J, Li M, Chien S (2008) Intracellular delivery of ATP enhanced healing

process of full-thickness skin wounds in diabetic animals. Wound Repair Regen

16: A56.

51. Levenson SM, Demetriou AA (1992) Metabolic factors. In: Cohen IK,

Diegelmann RF, Lindblad WJ, editors. Wound healing. Biochemical & clinical

aspects. Philadelphia: Saunders. pp. 248–273.

52. Williams-Boyce PK, Daniel JC Jr (1986) Comparison of ear tissue regeneration

in mammals. J Anat 149: 55–63.

53. van Furth R, Cohn ZA (1968) The origin and kinetics of mononuclear

phagocytes. J Exp Med 128: 415–435.

54. Murray PJ, Wynn TA (2011) Protective and pathogenic functions of

macrophage subsets. Nat Rev Immunol 11: 723–737.

55. Sawyer RT, Strausbauch PH, Volkman A (1982) Resident macrophage

proliferation in mice depleted of blood monocytes by strontium-89. Lab Invest

46: 165–170.

56. Jenkins SJ, Ruckerl D, Cook PC, Jones LH, Finkelman FD, et al. (2011) Local

macrophage proliferation, rather than recruitment from the blood, is a signature

of TH2 inflammation. Science 332: 1284–1288.

57. Randolph GJ (2011) Immunology. No need to coax monocytes. Science 332:

1268–1269.

58. Papatriantafyllou M (2011) Macrophages: support from the locals. Nat Rev

Immunol 11: 442.

59. Tacke F, Kurts C (2011) Infiltrating monocytes versus resident Kupffer cells: do

alternatively activated macrophages need to be targeted alternatively?

Hepatology 54: 2267–2270.

60. Wang X, Sansam CG, Thom CS, Metzger D, Evans JA, et al. (2009)

Oncogenesis caused by loss of the SNF5 tumor suppressor is dependent on

activity of BRG1, the ATPase of the SWI/SNF chromatin remodeling complex.

Cancer Res 69: 8094–8101.

61. Martinet W, Verheye S, De Meyer GR (2007) Selective depletion of

macrophages in atherosclerotic plaques via macrophage-specific initiation of

cell death. Trends Cardiovasc Med 17: 69–75.

62. Vaage J, Harlos JP (1991) Collagen production by macrophages in tumor

encapsulation and dormancy. Br J Cancer 63: 758–762.

63. Peng X, Mathai SK, Murray LA, Russell T, Reilkoff R, et al. (2011) Local

apoptosis promotes collagen production by monocyte-derived cells in trans-

forming growth factor beta1-induced lung fibrosis. Fibrogenesis Tissue Repair 4:

1–12.

64. Desguerre I, Mayer M, Leturcq F, Barbet JP, Gherardi RK, et al. (2009)

Endomysial fibrosis in Duchenne muscular dystrophy: a marker of poor outcome

associated with macrophage alternative activation. J Neuropathol Exp Neurol

68: 762–773.

65. Vaage J, Lindblad WJ (1990) Production of collagen type I by mouse peritoneal

macrophages. J Leukoc Biol 48: 274–280.

66. Laskin DL, Sunil VR, Gardner CR, Laskin JD (2011) Macrophages and tissue

injury: agents of defense or destruction? Annu Rev Pharmacol Toxicol 51: 267–

288.

67. Van den BJ, Lamers WH, Koehler ES, Geuns JM, Alhonen L, et al. (2012)

Pivotal Advance:Arginase-1-independent polyamine production stimulates the

expression of IL-4-induced alternatively activated macrophage markers while

inhibiting LPS-induced expression of inflammatory genes. J Leukoc Biol 91: 1–

15.

68. Classen A, Lloberas J, Celada A (2009) Macrophage activation: classical versus

alternative. Methods Mol Biol 531: 29–43.

69. Sorensen V, Wiedlocha A, Haugsten EM, Khnykin D, Wesche J, et al. (2006)

Different abilities of the four FGFRs to mediate FGF-1 translocation are linked

to differences in the receptor C-terminal tail. J Cell Sci 119: 4332–4341.

70. Roy S, Driggs J, Elgharably H, Biswas S, Findley M, et al. (2011) Platelet-rich

fibrin matrix improves wound angiogenesis via inducing endothelial cell

proliferation. Wound Repair Regen 19: 753–766.

71. Zamora DO, Natesan S, Becerra S, Wrice N, Chung E, et al. (2013) Enhanced

wound vascularization using a dsASCs seeded FPEG scaffold. Angiogenesis 16:

745–757.

72. Lubkowska A, Dolegowska B, Banfi G (2012) Growth factor content in PRP and

their applicability in medicine. J Biol Regul Homeost Agents 26: 3S–22S.

Rapid Tissue Regeneration

PLOS ONE | www.plosone.org 14 March 2014 | Volume 9 | Issue 3 | e91787

http://eurekah.com/chapter/3992

