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Abstract Treatment for diabetic foot ulcer (DFU) remains

as one of the biggest clinical concerns in diabetic disease.

DFU often causes a prolonged treatment and eventually

leads to a non-healing wound ulcer. An impaired foot ulcer

is often associated with a high number of amputation cases

in diabetes patients. Owing to progress in the scientific

research on DFU, better understanding of the mechanisms,

pathophysiology of DFU has provided an insight into the

advanced treatment of DFU. This includes the use of

bioactive compounds and tissue engineering approach for

the regeneration of damaged cells. Despite the availability

of various wound treatments and dressing products in the

market, most of the current products have drawbacks and

limitations in terms of the pharmaceutics perspectives.

Hence, pitfalls and challenges remain to develop an

effective medicinal treatment product for DFU. In this

paper, we discuss the current treatments available and the

promising bioactive compounds for DFU. We also review

advanced treatments for DFU and their limitations from the

pharmaceutical point of views.

Keywords Diabetic foot ulcer � Bioactive compound �
Dressing � Growth factor � Drug delivery system �
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Prevalence of diabetic foot ulcer (DFU)

Diabetic foot ulcer is one of the most common compli-

cations for diabetes patients. It prolongs the treatment

period and is one of the risk factors for amputation.

Consequently, DFU results in a costly hospitalized

expense in the patients. Approximately 15 % of the

diabetes patients will develop DFU once in their life

(Andrews et al. 2015). It was estimated that 12–24 % of

the diabetic patients undergoes amputation and this

contributes to 30 % of the mortality cases in diabetic

(Gregg et al. 2004). According to a 5-year mortality

statistical analysis carried out in 2011, approximately

50 % of the mortality rate for DFU patients was directly

related to amputations (Armstrong et al. 2007). More-

over, the 5-year mortality rate of patients with DFU was

higher than those patients with breast or prostate cancers

(Armstrong et al. 2007). In addition to the high ampu-

tation rate, DFU has also been associated with the

highest economic burden among different types of

wounds. In the United States of America (US), chronic

wound contributes to 2–4 % of the health budgets with

wound care service reaching up to 50 billion annually

(Fife and Carter 2012). The budget of diabetes-related

amputations and diabetic wound treatment is approxi-

mately USD $3 billion and USD $9 billion per year,

respectively (Gordois et al. 2003; Rice et al. 2014). The

average cost to heal a single wound is about USD

$20,000 (Stockl et al. 2004). The cost of DFU treatment

is projected to rise approximately five times in the sub-

sequent year after the first occurrence of ulcer (Driver

et al. 2010). As the diabetic disease is expected to

increase to 592 million by the year of 2035 (Guariguata

et al. 2014), immediate action needs to be taken in order

to tackle this problem.
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Physiological aspect of wound healing

DFU is a complex and chronic wound, which is often

associated with nerve tissue damage and peripheral vas-

cular problems. It causes a series of changes in the

mechanical and physiological reactions in the body. Gen-

erally, for any type of wound, the healing process requires

four phases of reaction: hemostasis, inflammation, prolif-

eration, and maturation (TNF a), Strodtbeck 2001). In

brief, when a tissue is injured, hemostasis is activated to

constrict the blood vessels and initiate the formation of a

clot. Then the fibrin clot and platelets secrete the relevant

pro-inflammatory cytokines and growth factors such as

tumor necrosis factor a, platelet-derived growth factor, and

others onto the wounded site (Werner and Grose 2003).

These proteins stimulate epithelial cells and attract the

inflammatory cells such as macrophage, neutrophils, lym-

phocytes to induce the initial stage of inflammation. In

response to the secretion of growth factors, re-epitheliza-

tion is initiated to stimulate the proliferation of ker-

atinocytes, endothelial cells, and fibroblasts for the

construction of extracellular matrix (ECM) and then

induction of angiogenesis to repair the wound. For a

chronic wound such as DFU, the inflammatory stage is

prolonged and wounds remain trapped in the chronic

inflammatory stage and without further action in the pro-

liferation and maturation stages. This disruption prohibits

the production of cytokines and growth factors for the

proliferation and migration of cells. Consequently, the

imbalance between the inflammatory and anti-inflamma-

tory signals causes a stiff competition in the wound

microenvironment and interferes with the normal healing

process. With the reduced number of growth factors and

anti-inflammatory factors in the wound environment of

DFU, the interactions between proteins, cells, and ECM are

disrupted and further suppressed with delayed angiogenesis

response and activity of the normal keratinocytes and

fibroblasts.

Current wound management and treatment
for diabetic foot ulcer

To date, treatment for DFU remains a central concern for

both patients and clinicians. Several factors need to be

taken into consideration prior to the decision making for a

suitable and effective treatment. In general, the physical

condition of a patient, type of wounds, and size of a wound

are the common factors to be taken into account in the

selection of a treatment (International Best Practice 2013).

In general, the standard protocol for DFU consists of

debridement, offloading, daily wound dressing, and

infection control (International Best Practice 2013). How-

ever, most of the DFU patients who received this standard

treatment did not show significant outcome toward the end

of treatment. Hence, improved therapy such as the use of

bioactive compounds has become a necessary approach in

the wound management for DFU. Current and potential

pharmaceutical products on the market or under develop-

ment are listed in Table 1. In addition, current DFU

treatment products and product development pipeline are

summarized in Fig. 1.

Debridement

Debridement is the first process conducted by a clinician in

the management of wound. Several debridement methods

are commonly used in DFU. This includes the surgical

process, hydrosurgery, ultrasonic, enzymatic reaction, and

even the use of maggot (International Best Practice 2013).

Debridement is an essential phase for wound management.

It removes most of the cell debris and non-viable tissues

and further reduces the chance of potential bacterial

infection in the wound environment. Moreover, it helps to

drain the secretion of pus in order to optimize the effec-

tiveness of topical treatment. In addition, by removing the

pus and exudates, the procedure prevents the prolonged

inflammatory stage and stimulates the healing process by

enhancing the secretion of growth factors and cytokines.

Several review papers have discussed the details of avail-

ability of debridement methods and the pros-cons of these

(Boateng and Catanzano 2015; International Best Practice

2013; Yazdanpanah et al. 2015).

Infection control

One of the major obstacles of foot ulcer is the bacterial

infections in an open wound. Heavily infected wound is

often associated with high morbidity and mortality in DFU

(International Best Practice 2013). Hence, antibiotic ther-

apy is necessary to control the infection before the wound

being deteriorated. Several common topical antimicrobial

agents such as silver, iodine, and poly(hexamethylene)

biguanide hydrochloride (PHMB) have been widely used

as standard antibacterial medicine for DFU(Moura et al.

2013). Generally, a polymicrobial infection is often

observed in an open wound of DFU. A polymicrobial

infection consists of various types of bacterial populations

forming a biofilm on the surface of the wound. This biofilm

is invisible by naked eyes and is not detected by general

common bacterial culture (International Best Practice

2013). Hence, dressings with the antibacterial agent are

necessary to disrupt the prevalence or spreading of bacteria

onto other tissues. Although the use of the antibacterial
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agent has raised global concern on the prevalence of drug

resistance in most of the bacterial infections, there is no

reported drug resistance case with topical antibacterial

treatments for wound (International Best Practice 2013).

This is most likely due to the fact that topically applied

antimicrobial agent does not penetrate into the skin and

other deeper tissues. Furthermore, topical treatment could

reduce the potential bacterial infections and protect the

wound from further contamination.

Offloading

Peripheral neuropathy is a very common pathological

symptom in diabetic patients, which is also known as

pressure modulation. Hence, offloading the pressure in the

area of foot is necessary in order to enhance the healing

rate. Improper reduction in pressure often leads to the tis-

sue damage and ulceration. The most widely used

offloading technique for DFU is the total contact casts

(TCC). TCC is designed to shape the foot with minimum

padded and molded cast. The cast also allows the contact of

the entire plantar surface of the foot and lowers leg. The

previous study has shown that the use of TCC could reduce

the pressure of ulceration up to 92 % (Lavery et al. 1996).

Furthermore, the reduction of nonischemic plantar diabetic

foot wounds reached up to 86 % using TCC (Armstrong

et al. 1998; Myerson et al. 1992). Despite this high

promising outcome, TCC has its own limitations. For

instance, it may potentially cause skin irritation and daily

inspection of the wound is rather difficult using TCC.

Although there are various types of casting techniques,

which are currently used for DFU, limited studies have

been reported on the duration of wound healing using this

method. Moreover, there is no recommended offloading

pressure device for DFU in most of the countries (Inter-

national Best Practice 2013).

Choice of dressing

Selection of wound dressing is very subjective. It often

depends on the types, the size of the wound, exudates, risk

of infection, and others (International Best Practice 2013).

Most dressings are designed to create a moist wound

environment for healing. Due to the complexity of the

diabetic disease, there is no a single dressing which can be

used for different complexity and type of wound in DFU.

In response to the huge market demands of advancement in

wound management, there is an extensive growth in the

production of wound dressing products in the market in the

last decade. A number of different dressings are available

Current and potential treatments for DFU 

Growth 
Factor 

Stem cell 
therapy 

Extracellular 
matrix 

Placenta tissue Peptides and nucleic acids  

EGF 
Heberprot-p®

REGEN-DTM 

150 
Easyef®

PDGF 
Regranex®

FGF 
Fiblast® spray

Allogenic 
adipose 
derived stem 
cells  
Allogenic 
mesenchymal 
derived stem 
cells  

Cellular matrix 
Apligraft®

Dermagraft®

Grafix® Prime 
Grafix® Core 
Epifix®

AmnioExcel®

AmnioGraft®

XWRAP® 

ECM

Angiotensin (1-7) derivate 
DSC 127 
Connexin 43 (Cx43) 
Nexagon®

Polydeoxyribonucleotide
Neovasculgen®

Acellular matrix 
AMNIOEXCEL®

Oasis® wound matrix
Vetrix® Biosis ECM
MatriStem® wound 
matrix
Architect ®

StratticeTM Tissue 
Reconstructive Tissue 
Matrix
EndoformTM dermal 
template
Graftjacket® regenerative 
tissue matrix
Affinity®

AlloskinTM AC
PriMatrix® acellular 
dermal tissue matrix
Alloderm selectTM 

regenerative tissue matrix 

Fig. 1 A schematic representation of the current and potential treatments other than anti-bacterial, debriding, and anti-inflammatory agents for

DFU
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in the market, such as hydrogel or hydrocolloid, foam, and

film. Most of the dressing products in DFU are incorpo-

rated with antibacterial agents. The combinations of dif-

ferent polymers incorporated with the antibacterial agent

have long been in clinical use as a dressing for DFU.

Additionally, topically applied antibacterial agents are also

available in the form of solution, cream, or ointment.

In addition to the common anti-bacterial wound dressing

products, incorporation of the bioactive agent into the

dressing product has become the new direction in the

advanced treatment. There is a significant increase in

efforts to incorporate bioactive compound as a wound

medicinal treatment. These bioactive substances have been

reported to enhance the wound healing process. Applica-

tion of antibacterial agents and bioactive compounds in

dressing is potentially a better and more effective medici-

nal treatment for DFU.

Active compound incorporated in the dressing can be

released via the hydrolysate activity of enzyme, which can

be found in the exudates (DuBose et al. 2005). In addition,

hydrates, swelling and diffusion are the common methods

to release the bioactive compound from dressing to the

wound areas (Higuchi 1961; Korsmeyer et al. 1983; Lee

and Kim 1991). However, due to the rapid absorption of

compounds by exudates, the bioactive agent in the dressing

are found to be less effective (Futrega et al. 2014). Hence,

an ideal dressing should be a platform to deliver the active

compounds to the wound area while protecting the com-

pound from being absorbed and degraded by the exudates

in the wound. In addition, the continuous release of

bioactive compounds from the dressing at the wound site is

another important feature of dressing product in the near

future.

Growth factors

With better understanding of wound healing process,

studies have been concentrated on the use of biologically

active molecules to enhance wound healing (Barrientos

et al. 2008). Exogenously applied biologically active

compounds such as growth factors were found to interact

with the cells and ECM and further stimulate the prolif-

eration and angiogenesis process in the wound area (Günter

and Machens 2012; Gainza et al. 2015; Okabe et al. 2013).

Subsequently, a huge number of in vitro and in vivo studies

have been performed to investigate the use of growth

factors as the therapeutic agent in an impaired wound

(Futrega et al. 2014; Moura et al. 2013; Yazdanpanah et al.

2015).

Growth factors belong to biologically active polypep-

tides, which are crucial in wound healing process with

specific roles in cell growth, proliferation, migration, and

signal transduction of the healing process of the skin

wound. Growth factors modulate the inflammatory

response, angiogenesis, ECM formation, and re-epithe-

lization in wounded skin. It was reported that for chronic

wound such as DFU, the levels of most of the growth

factors were reduced whereas the inflammatory factors

levels were increased (Barrientos et al. 2014). Such adverse

in the proteins levels disrupts the interaction and signaling

transduction of the physiological reaction in the body and

further attributes to the impaired wound in DFU. There-

fore, controlling the level of growth factors is the key

factors in wound healing.

Epidermal growth factor (EGF)

EGF was first described by Cohen et al. in 1962 (Cohen

1965). It was a fascinating finding, which was discovered

unexpectedly upon separation of the neuronal growth fac-

tors from the murine submandibular gland (Cohen 1965).

EGF is secreted by platelets, activated macrophages, and

fibroblasts. It can be used to stimulate the proliferation,

growth, and migration of various types of cells such as

fibroblast and keratinocytes. In addition, EGF also pro-

motes angiogenesis in a wounded skin. Several studies

have successfully demonstrated that EGF is vital in wound

healing process. In a chronically impaired wound, the

levels of EGF were found to be reduced and the exoge-

nously supplied EGF can be used to enhance the migration

and proliferation of cells and further accelerate the wound

healing process (Hong et al. 2006; Tsang et al. 2003).

However, it was also reported that exogenous growth fac-

tors encountered substantial degradation by metallopro-

teinases or other proteinase present in the wound areas

(Futrega et al. 2014). As EGF is susceptible to the prote-

olytic environment of the wound, high dosage of EGF is

often required to increase the chance of active EGF in the

wound. Currently, there are three growth factor-based

medications for DFU in the market. These include

HEBERPROT-P� (Heber, Biotech, Havana, Cuba),

EASYEF� (Daewoong Pharmaceutical, Seoul, Korea), and

REGEN-DTM 150 (Bharat Biotech International Limited,

Hyderabad, India).

Heberprot-P� was previously known as Citoprot-P

during the preclinical development. It is a registered

intralesional administration recombinant human EGF

(rhEGF) in Cuba since 2006 (Berlanga et al. 2013).

Heberprot-P� has been made available in the market as a

medication for DFU since 2007 and has been registered in

more than 15 countries with more clinical phase III studies

planned in the European continent and China (Berlanga

et al. 2013).

Heberprot-P� is available as an injectable rhEGF in the

market. Each vial of the Heberprot-P contains either 25 lg
or 75 lg of freeze-dried EGF purified from Saccharomyces
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cerevisiae (Fernández-Montequı́n et al. 2007). It is

administrated intralesionally three times per week. Heber-

prot-P� is reconstituted in 5 ml of water prior to infiltration

using a disposable syringe with a 26 G 9 1/2 and

approximate 0.5–1 ml is administrated by injection (He-

berprot 2013). The injection is performed at lesion contours

and deep into the wound bottom and then covered with the

dressing containing saline to keep moist and clean wound

environment. Preclinical data and current clinical data have

demonstrated the efficacy of using Heberprot-P as the

treatment for DFU. Clinical studies showed that more than

85 % of full recovery and complete response to wound

closure was observed after 5–6 weeks of treatment (Ertu-

grul et al. 2015; Fernández-Montequı́n et al. 2007). To

date, over 15,000 Cuban patients were treated with

Heberprot-P with 4.4-fold reduction of amputations and

quick recovery time (Mola 2012). As for the stability of the

protein, each vial of Heberprot-P� can be stored at 2–8 �C
and can be maintained up to 24 months. Once it is opened,

it should be used within 24 h to prevent the loss of activity

(Heberprot 2013).

Another EGF product for DFU is Regen-DTM, which is a

topical gel used at a dose of 150 lg/g and applied twice per
day until complete healing of a wound (Mohan 2007).

Regen-DTM was a genetically engineered EGF and

expressed in Escherichia coli prior to being purified. The

phase III clinical study carried out in India showed quick

healing rate of about 9 weeks and with 86 % of successful

cases were reported (Mohan 2007). The healing duration

for DFU was about 4 weeks during the post-marketing

surveillance. However, there is limited clinical data from

other regions of the world using this product.

Unlike topically applied gel or injectable EGF products,

Easyef� is a dermal solution spray designed for DFU

(50 mg/100 mL, 60,000,000 IU EGF). Easyef� is the first

rhEGF which obtained a generic name of ‘nepidermin’

from WHO in 2008 in accordance to its active pharma-

ceutical ingredient. Easyef� is recommended to adminis-

trate twice per day until full wound closure. In a clinical

study carried out using Easyef� in South Korea and Viet-

nam, more than 50 % of them showed complete healing

(Hong et al. 2006; Tuyet et al. 2009). The distinctive fea-

ture of Easyef� is the product stability during storage at

2–8 �C for 24 months compared to other products available

in the market.

Platelet-derived growth factor (PDGF)

PDGF is an important protein factor in wound healing

process. It is secreted by platelets in response to the injured

skin and attracts the inflammatory cells to the wound site

and further stimulates the production of insulin growth

factors (IGF) and thrombospondin-I, for the subsequent

migration of keratinocytes and protection from the degra-

dation of protein, respectively. In addition, PDGF also

enhances the proliferation, re-epithelization, revascular-

ization of cells, and the building of ECM of skin.

To date, the first and only PDGF product approved by

US Food and Drug Association (US FDA) is Regranex�

(Smith and Nephew, Inc, London, UK), which contains the

recombinant human PDGF (rhPDGF-BB) (generic name:

Becaplermin). Becaplermin is genetically engineered

PDGF expressed in Yeast, S. cerevisiae. It was designed

for topical usage and with wound area less than 5 cm2 at a

dose of 10 lg/cm2 once a day. Upon application to the

ulcer, the area is then covered with a saline moistened

dressing. The initial clinical study showed that rhPDGF-

BB had improved wound closure in DFU and reduced the

chances of amputations (Krupski et al. 1991). In another

study carried out in 118 patients, 45 % of these patients

showed statistically significant response to the rhPDGF-BB

in comparison to the control group in term of wound clo-

sure and reduction of wound size (Rees et al. 1999). Based

on the data from several research groups, US FDA has

subsequently approved the use of Regranex� as a medici-

nal treatment for wound (Embil et al. 2000; Rees et al.

1999; Smiell et al. 1999; Steed 2006; Weiman et al. 1998).

Later, a safety concern has been raised regarding the risk of

cancer development. An analysis found that patients who

used more than three tubes of becaplermin gel had the

mortality rate of 3.9 in 1000 persons (Becaplermin

Regranex Gel 2012). In light with the increased of cancer

development on the use becaplermin gel in patients, US

FDA announced a ‘black box warning’ with the use of

more than three tubes of becaplermin gel in 2008 (Be-

caplermin Regranex Gel 2012; Embil et al. 2000). Despite

this warning, subsequent follow-up studies showed that the

risk of cancer development decreased and found to be not

statistically significant (Papanas and Maltezos 2010;

Ziyadeh et al. 2011). In terms of the stability of Regranex�

as a medicinal product, it is recommended to be stored at

2–8 �C. The duration of storage depends on the manufac-

turing date.

Basic fibroblast growth factor (bFGF)

Among all the FGF family members, bFGF has been found

to be expressed in a variety of tissues promoting the cell

division, and angiogenesis. bFGF was found to promote the

proliferation and migration of mesenchymal cells, such as

fibroblasts, epidermal cells, endothelial cells, and vascular

smooth muscle cells (Okumura et al. 1996). Furthermore,

bGFG induces neovascularisation through vessel cell pro-

liferation and new capillary tube formation (Akasaka et al.

2007). Clinical studies reported the effectiveness of the use

of bFGF in wound healing (Robson et al. 1992). However,
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later finding showed that the exogenously supplied bFGF

as the treatment in the DFU failed to support the use of

bFGF in wound closure (Richard et al. 1995). It was

reported that bFGF failed to stay in the wound areas and

had been washed away by other molecules in the wound

areas (Richard et al. 1995). Clinical study reported the use

of Fiblast� Spray, a commercially available product of

recombinant human basic fibroblast growth factor

(rhbFGF), which binds to ECM of various tissues showed

improved wound healing process (Uchi et al. 2009).

Fiblast� Spray is a lyophilized powder of rhFGF (gen-

eric name: trafermin) and supplied with a solution to

reconstitute the powder into solution (Uchi et al. 2009).

This is a spray-like formulation, which requires reconsti-

tution prior to being used. The product is administrated by

spraying from approximate 5 cm away from the ulcer site,

5 times with a total of approximately 30 lg of trafermin

once a day with approximate 5 cm away from ulcer site. A

clinical study showed that bFGF with the use of Fiblast�

showed 75 % or greater reduction in the area of the wound

(Uchi et al. 2009). The spray-Fiblast� can be stored at

15 �C for up to 36 months. Upon reconstitution, spray-Fi-

blast� is recommended to be used within 2 weeks and

stored at the temperature below 10 �C (Okabe et al. 2013).

Vascular endothelial growth factor (VEGF)

VEGF has direct effect on inducing the angiogenesis of a

wound. It is secreted by platelets, macrophages, and ker-

atinocytes during the wound healing process. VEGF is

often considered as an important factor in the vascular

generation. Several pre-clinical data have shown that

VEGF was effective in stimulating the growth of vascular

vessels (Galiano et al. 2004; Saaristo et al. 2006). In DFU,

recombinant human rhVEGF (generic name: telbermin)

showed convincing results for wound closure (Hanft et al.

2008; Kusumanto et al. 2006). Topically administrated

telbermin (72 lg/cm2) for up to 6 weeks showed a positive

outcome for wound closure (Hanft et al. 2008). However,

there is no further clinical study report for phase III using

VEGF.

ECM components in wound healing

ECM is a collection of non-cellular components, which can

be found in the tissues and organs. The building block of

ECM is made up of collagen, fibronectin, glycosamino-

glycans, proteoglycans, thrombospondins, tenascin, and

vitronectin (Midwood et al. 2004; Raghow 1994). ECM

consists of the largest portion of the skin components and

plays an important role in the wound healing process

(Raghow 1994). ECM can act as a scaffold, which under-

goes dynamic interaction with cells and participates in the

signal transduction of a reaction (Schultz and Wysocki

2009). In a normal healing process, the components of

ECM interact with cells and growth factors to regulate the

wound closure (Schultz and Wysocki 2009). On the other

hand, for a chronic wound skin, the ECM is destructed and

subsequently the action of growth factors and the reaction

with cells are interrupted and thus affecting the normal

wound repair and prolonged the healing process.

In light of the importance of ECM in wound healing, a

number of research has been conducted on the develop-

ment of scaffold product to mimic the structure and func-

tion of a native ECM. The scaffold materials can provide a

temporary support for cells to migrate, proliferate, regen-

erate, and further interacts with the growth factors to ini-

tiate the wound closure via cellular migration and

revascularization (Schultz and Wysocki 2009). ECM

scaffolds can be developed from the use of polymers and

decellularised products from human and animal. For

instance, the use of porcine small intestinal submucosa and

human placenta-derived ECM products have been con-

ducted in the preclinical and clinical studies (Choi et al.

2012; Mostow et al. 2005). Several ECM products are also

available in the market these days. This includes Oasis�

wound matrix (Smith and Nephew Inc, London UK),

MatrixStem� wound matrix (Acell, Inc), Alloderm select
TM regenerative tissue matrix (Acelity, TX, US), PriMa-

trix� (TEI Bioscience, Boston, MA, US), and Graftjacket�

regenerative tissue matrix (KCI, TX, US).

A preclinical study has demonstrated that human pla-

centa-derived ECM is a potential candidate for wound

healing (Choi et al. 2012). This type of ECM is rich in

bioactive molecules such as growth factors, collagen,

elastin, which are useful in wound healing process and the

maintenance of blood vessel (Choi et al. 2012; Futrega

et al. 2014). Most of the bioactive compounds are trans-

ferred to the fetus by the mother during pregnancy through

the placenta and they carry several unique properties such

as anti-inflammatory, antibacterials, low immunogenic,

anti-scarring, and wound protection (Koob et al.

2013, 2014; Tseng et al. 2004). Several examples of

devitalized placenta tissue products include EpiFix�

(MiMedx, GA, US), AmnioExcel� (Derma Sciences, NJ,

US), AmnioGraft� (BioTissue, FL,US) and XWRAP�

ECM (Applied Biologics, AZ, US). In addition to decel-

lularised products, skin substitutes that are derived from

growing cells of autologous or allogenic source seeded

onto natural polymer such as collagen of polylactic acid

can be another choice of biomimicking ECM. Cellular

ECM containing the live cells was also found to enhance

the wound closure. Apligraft� (Organogenesis, Inc. La

Jolla, CA, US) and Dermagraft� (Organogenesis, Inc. La

Jolla, CA, US) are the commercially available acellular

ECM product in the market. Apligraft� is the first cell

Pharmaceutical perspectives of impaired wound healing in diabetic foot ulcer 413

123



products approved by FDA as a DFU therapy. It is a

bovine-derived collagen gel seeded with human neonatal

keratinocytes and fibroblasts (Zaulyanov and Kirsner

2007). Apligraft� is known to secrete interferons alpha,

beta PDGF, interleukin 1, and interleukin 6 (Eaglstein and

Falanga 1997). Dermagraft� is a bovine collagen gel see-

ded with human neonatal fibroblast on synthetic poly-

glactin mesh, which obtained the approval from US FDA in

2001 (Organogenesis 2013). Dermagraft� carries the abil-

ity to secrete dermal collagen, matrix proteins, and

cytokines in enhancing wound repair. Clinical studies for

Apligraft� and Dermagraft� have been conducted and

showed increased in healing rate of more than 50 % in

DFU (Edmonds 2009; Marston et al. 2003). Apligraft� can

be stored at room temperature for up to 2 years shelf life

whereas Dermagraft� is ought to be stored at -75 ± 10 �C
with a shelf life of 6 months. The use of cryopreserved

vitalized placenta membrane as a therapeutic agent in

wound healing will be discussed further in ‘‘Am-

nion/chorion membrane’’ section.

Application of short peptides and nucleic acids

as potential therapeutic agents for DFU

In addition to growth factors, short peptides, and nucleic

acids were also found to have therapeutic potential in the

wound healing process. Several types of short peptides have

been studied as potential drugs for DFU and convincing

results have been reported in the preclinical studies. To date,

clinical trials are on-going for these potential peptides.

One of the potential therapeutic peptide agents for DFU is

NorLeu3-angiotensin (NorLeu3-A (1–7)), an analog of the

naturally occurring peptide, angiotensin. NorLeu3-A (1–7)

was reported to accelerate the wound healing and increase the

proportion of wound closure in DFU by induction of pro-

genitor cells proliferation, re-epithelization of damaged cells,

vascularization, and collagendeposition (Rodgers et al. 2015).

Several preclinical studies havedemonstrated the use of active

peptides such as angiotensin II and angiotensin 1-7 A (1-7) to

accelerate the healing of injuries (Rodgers et al. 1997, 2005).

The use of topical gel of hydroxyethyl cellulose (DSC127)

containing NorLeu3-A (1–7) has shown to accelerate the

wound healing process (Rodgers et al. 2015). Previously,

clinical study has been carried out usingNorLeu3-A (1–7) as a

treatment for DFU (Balingit et al. 2012). The reduction of

wound areas was observed at week 4 and full wound closure

was observed at week 12 (Balingit et al. 2012). Currently,

clinical phase III study in larger populations has been initiated

by Derma Sciences and expected to finish by the end of 2016

(Rodgers et al. 2015).

Besides, gap-junctional protein connexin 43(Cx43) is

another potential option of the therapeutic agent for DFU.

It was reported that Cx43 increased the rate of wound

healing and accelerated wound reepithelization in the dia-

betic skin (Wang et al. 2007). In the in vitro assessment

carried out using the human diabetic keratinocytes and

fibroblasts, the abnormal elevation in Cx43 expression and

gap junction communication has been observed consis-

tently at the cellular levels (Abdullah et al. 1999). In a

diabetic mouse model, the synthetic peptide ACT-1, which

contains the binding domain for Cx43, was found to

accelerate the wound closure significantly (Moore et al.

2014). In addition to wound closure, reduced inflammatory

neutrophil infiltration and granulation tissue deposition

were also being observed (Moore et al. 2014). A clinical

trial has also been performed to assess the therapeutic

effects of ACT-1 in augmenting the reepithelialization of

chronic DFU (Grek et al. 2015). The outcomes showed that

wound closure was significantly improved by 79 % at week

12 compared to the traditional bandage therapy.

Erythropoietin (EPO), a glycosylated protein hormone,

which participates in all stages of wound healing has

gained attention as a therapeutic agent for wound healing.

Preclinical and clinical studies have successfully demon-

strated the potential of using EPO in wound healing

(Galeano et al. 2004; Hamed et al. 2014). A short case

report showed a promising result of wound healing for

DFU patients treated with topical recombinant human

erythropoietin (rhEPO) hydrogel (Christina I Guenter et al.

2015). A clinical trial has also been planned for rhEPO in

burn and scalding injury (Günter et al. 2013). Despite the

initial findings from rhEPO, there is no information

regarding the use of rhEPO in the clinical trials for DFU.

However, rhEPO could still be an attractive therapeutic

agent for DFU due to the beneficial effects of EPO at all

phases of wound healing.

In addition to the short peptide, nucleic acids are another

macromolecules worth to be investigated. A previous study

has successfully demonstrated the potential of using poly-

deoxyribonucleotides (PDRN) as a potential therapeutic

agent for DFU (Altavilla et al. 2009). PDRN is a short

molecular weight of DNA ranging between 50–2000 bp

(Sini et al. 1999). It was suggested that PDRN is cleaved by

enzymes from the active cell membrane. Upon cleavage, it

becomes the source rich in purine, pyrimidine, deoxyri-

bonucleosides, and deoxyribonucleotides, which can be

used for the proliferation and activities of the cells

(Squadrito et al. 2014). It was also reported that PDRN

increased the proliferation of primary cell cultures of

human fibroblast cells and osteoblasts (Sini et al. 1999).

PDRN also enhanced the angiogenesis and neovessel for-

mation in a model of peripheral artery occlusive disease

(Altavilla et al. 2009). Studies also demonstrated that at the

hypoxia condition of wounded ulcer, the increased

expression of adenosine A2A receptor by PDRN enhanced

the angiogenesis and vasculogenesis (Altavilla et al. 2009).
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For the application in DFU, PDRN has shown to improve

wound healing in a genetically diabetic mouse by

increasing the reepithelialization surface of DFU (Galeano

et al. 2008). The clinical trial has also been performed

using PDRN and showed the promising outcome of PDRN

in wound healing (Squadrito et al. 2014). Hence, it was

then proposed that PDRN could be an alternative thera-

peutic approach to improve the wound healing in a DFU

model.

Anti-inflammatory cytokines

It was hypothesized that pro-inflammatory cytokines

S100A8 and IL-8 proteins could cause persistent inflam-

mation in chronic wounds like DFU and may contribute to

impaired wound healing in type II diabetes patients (Singh

et al. 2016). Proinflammatory factors such as interleukin-1

(IL-1), interleukin- 6 (IL-6), interleukin-8 (IL-8), and TNF-

a are the common factors found to be increased upon

activation of inflammatory phase in the wound healing

process. TNF-a suppresses the synthesis of ECM proteins,

and metallopeptidase inhibitors whereas increases the

synthesis of matrix metalloproteinases (MMPs), collage-

nases, and gelatinases. The increased levels of MMPs

prohibit the wound repair by breaking down the ECM,

inhibit the cell migration, collagen deposition, and further

break down the growth factors and their target cell recep-

tors. To counteract the effect of inflammatory effects, anti-

inflammatory factors are necessary to balance the effect of

upregulation of inflammatory factors.

Consequently, an alternative therapeutic target for wound

healing could be the use of anti-inflammatory cytokine ther-

apy such as factors such as IL-10, TGF-b, and IL-4 in wound
healing (Barrientos et al. 2014; Barrientos et al. 2008).

Cytokine therapy has long been used as a therapeutic agent for

cancer, and chronic disease such as osteoarthritis (Barrientos

et al. 2014, 2008). In addition, several preclinical studies

reported the application of honey and nano silver agent (nAg)

in decreasing the inflammation via downregulation of TNF- a
(Shin et al. 2007; Tian et al. 2007). To date, there is no study

conducted on the use of anti-inflammatory cytokines cocktail

therapy, the use of TGF-a in wound healing was previously

reported in the in vivo animal study (Bitar and Labbad 1996;

Brown et al. 1994). The clinical study for TGF- b was ter-

minated due to the unmet requirement of the drug company.

Despite the failure of TGF- b, usage of cocktail based anti-

inflammatory therapy is a potential approach to stimulating

the wound repair in DFU.

Stem cell therapy

Stem cells such as mesenchymal stem cells (MSCs) have

long been characterized and documented with the

capability of self-renewal, differentiation into other cell

types and stimulation of angiogenesis. In the preclinical

studies, stem cells such as MSCs, hematopoietic stem cells

(HPCs) have been shown to differentiate into the fibroblast,

epithelial cells, and vascular endothelial cells, the essential

cells for wound healing (Chan et al. 2007; Chen et al. 2008;

Sasaki et al. 2008). In addition, MSCs were found to carry

immunomodulatory effects by attenuating the prolonged

inflammatory response in wounded skin. Studies have

found that MSCs have the ability to secrete pro-inflam-

matory cytokines and anti-inflammatory factors such as

TNF-a, interferon-c and IL 10 (Chen et al. 2008; Tark et al.

2010). MSCs also release paracrine factors to stimulate the

vasculogenesis and angiogenesis factors such as IGF-1,

PDGF-BB, VEGF, angiopoietin-1, MMPs, and bFGF

(Chen et al. 2008).

The use of stem cell has been suggested as an alternative

and effective therapy for tissue regeneration such as in

DFU since early 2000. Wound healing is a complicated

process, which requires many cells and proteins to interact

to reach the wound closure. Stem cell- based therapy could

possibly introduce new cells into the wounded site in order

to regenerate cells activities. Preclinical studies have suc-

cessfully demonstrated that the secretion of cytokines,

growth factors from stem cells stimulates the regeneration

of cells and ECM for subsequent wound healing. Living

cells secrete appropriate amount of growth factors to

enhance cell regeneration at the physiology relevance level

(Futrega et al. 2014). Topically delivered exogenous

growth factors may not be physiologically similar to the

natural secretion of proteins from cells in the body (Futrega

et al. 2014). Furthermore, the interaction of cells with other

proteins available in the skin helps to synthesize ECM of

the skin and transduction of signal at the cellular levels. As

a result, current studies focused on the use of stem cells as

a potential treatment for DFU as the secretion of growth

factors are of physiological relevance.

A case report of delivery of MSCs to subdermal tissue

successfully enhanced the tissue repair (Badiavas and

Falanga 2003). Different types of stem cells have actively

been used in DFU, in particular, autologous stem cells

which include the bone marrow-derived mesenchymal

stem cells (BM-MSCs), MSC derived from adipose tissues

(AD-MSCs), bone-marrow derived endothelial progenitors

cells, HPC, and others (Heublein et al. 2015). Studies

carried out on a diabetic mouse model has successfully

shown that the use of BM-MSCs is a potential agent to

carry anti-inflammatory effects and stimulate the healing of

the wound by secreting the EGF, PDGF, VEGF, and TGF

(Kato et al. 2014; Kwon et al. 2008). In addition to MSCs,

human umbilical cord blood (UCB) is another potential

source of MSCs for wound healing. Preliminary studies

using UCB showed that the wound repair has been
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improved by increasing the secretion of growth factors

from cells (Luo et al. 2010; Tark et al. 2010). Currently,

phase II clinical trial is on-going using AD-MSCs as a

therapy in DFU.

Conditioned medium (CM)

With the abundant unique properties of stem cells, the CM

from BM-MSCs, AD-MSCs, and amniotic fluid-derived

MSCs (AF-MSCs) were found to enhance the migration and

proliferation of epithelial and fibroblasts cells in an in vitro

study (Li et al. 2015; Walter et al. 2010; Yew et al. 2011).

In vivo studies using animal model also showed improved

wound healing using the CM-from stem cells (Chen et al.

2014; Yew et al. 2011). In addition to the reconstruction of

skin tissues, the CMderived fromMSC (CM-MSCs) has also

been found to carry the ability to promote the regeneration of

skin tissues (Chen et al. 2014; Shen et al. 2015). CM-MSCs

accelerated wound closure by enhancing the epithelial and

endothelial cell migration (Chen et al. 2014). It also

increased re-epithelialization, cell infiltration, granulation

formation, and angiogenesis (Shen et al. 2015). In the CM,

there are substantial amounts of paracrine factors secreted by

cells (Yew et al. 2011). These factors such as cytokines,

growth factors, chemokines are accumulated in the CM and

regulate the paracrine effect in accordance to the microen-

vironment (Yew et al. 2011).

A recent study has shown that high level of IL6 was

found in the CM-MSCs (Chen et al. 2014). The preclinical

study demonstrated that exogenously supplied IL6

enhanced the cell migration and would improve healing in

a mice model (Luckett and Gallucci 2007). IL6 also

stimulated angiogenesis of circulating blood-derived

endothelial progenitors cells in vitro (Yew et al. 2011).

Nevertheless, genetically modified with IL 6 knockout in

mice showed deteriorated wound healing with impaired

granulation tissue formation and decreased in function of

fibroblast in wound healing (Luckett and Gallucci 2007). In

addition to IL-6, chemokine CXCL 1 was also found to

stimulate wound healing and cell migration and wound

repair in a knockout mouse (KO) model (Luckett and

Gallucci 2007). CM derived from BM-MSCs were found to

secrete paracrine factors such as VEGF-a, insulin-like

growth factor (IGF), EGF, KGE, and others (Shen et al.

2015). Despite a number of preclinical research studies had

reported the advantages of using CM in wound healing,

there is no clinical study on the use of stem cell-derived

conditioned medium as a therapeutic agent for DFU.

Amnion/chorion membrane

The amniotic membrane of the placenta consists of a thick

layer membrane known as amnion and chorion membrane.

These are the membranes used in most of the studies as a

potential therapeutic agent for DFU. It was previously

reported that amnion and chorion membranes contain a

high number of growth factors, cytokines, chemokines, and

metalloproteinases inhibitors, which are the useful com-

ponents for wound healing (Koob et al. 2013, Koob et al.

2014; Massee et al. 2015).

Placenta products are rich with properties such as

growth factors, anti-inflammatory, antibacterials, angio-

genetic activities, and anti-scarring, which favor the wound

healing process (Brantley and Verla 2015). Nevertheless,

placenta membrane is also rich with human MSCs, colla-

gen matrix, growth factors to support the tissue regenera-

tion and repair (Koob et al. 2013; Parolini et al. 2008). In

addition to that, the moist environment of a placenta is an

ideal choice of dressing for wound healing. Hence, reser-

vation of placenta membranes with those properties is of

great interest. Most of these placenta products are produced

in decellularized or devitalized form by removing all the

cells from the placenta in order to prevent the short life

span. The decellularized placenta may potentially carry

host-pathogen and suffer from product inconsistency.

However, no case report has been published regarding this

issue.

Grafix� (Osiris Therapeutics, Inc, Columbia, USA) is a

placenta membrane products, which contains viable

endogenous cells such as the MSC, epithelial cells, and

fibroblasts (Gibbons 2015). Grafix� is produced via cry-

opreservation technology. Currently, there are two placenta

membrane products manufactured based on the cryopre-

served placenta tissues in the market. Both are manufac-

tured by Osiris Therapeutics. The first uses the amnion

(Grafix Prime) whereas the other one uses chorionic

(Grafix Core) (Brantley and Verla 2015; Gibbons 2015).

Clinical data using Grafix� showed that wound closure was

enhanced compared to the standard wound treatment and

the adverse effects and complication of DFU were reduced

(Lavery et al. 2014). In order to prevent the degradation of

bioactive molecules reserved via cryopreservation, Grafix�

should be stored at -80 �C before use and has at least

2-year shelf life.

Drug delivery systems (DDS)

Drug delivery systems are one of the vital factors in the

development of a therapeutic product. DDS can be used to

carry the pharmaceutical compounds such as growth fac-

tors and peptides into the wound healing areas. As there are

limitations in DFU treatment, in terms of the degradation

and instability of proteins, DDS for wound healing have

been used in order to maintain the stability of the proteins

and achieve the desired therapeutic effects. There are
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several types of DDS, which can be used to carry proteins

using polymeric DDS such as microspheres, nanospheres,

nanofiber, hydrogel, film, sponge, liposome, and others. A

number of review papers have discussed the DDS for

wound healing in details (Boateng and Catanzano 2015;

Gainza et al. 2015; Moura et al. 2013). The combinations

of various types of polymers are actively used to develop a

sustainable, controlled, and reliable system in delivering

the therapeutic agent. Details on the advanced delivery

methods for growth factors such as EGF, FGF, PDGF, and

others were also previously discussed (Boateng et al. 2008;

Gainza et al. 2015). Although, some of these advanced

DDS have been proven for their effectiveness in the in vivo

study using an animal model, none of them has been

applied in the clinical study or available in the market.

Recently, protein delivery has been reported using methods

such as crystallization, co-crystallization, and coacervation,

which can potentially improve the stability of proteins. The

advanced delivery systems aim to provide a direct and easy

way to maintain the stability of protein prior to achieving a

significant positive effect.

Development of protein pharmaceuticals products faces

a number of challenges as reported previously in several

research papers (Kim et al. 2014; Park et al. 2014). Ade-

quate delivery systems for protein should address the

integrity of the protein, ease of administration, storage

stability, and optimal drug release rate. Early research

studies focused on the kinetics of protein release from DDS

whereas current field emphasizes on maintaining protein

integrity and other factors associated with the shelf life of a

protein. Proteins delivered via skin often have a short half-

life in vivo. By using DDS technologies such as nanopar-

ticles and stimuli-responsive nanomaterials, proteins can be

released in a controlled and sustained manner. In addition,

the use of DDS conjugates with proteins can protect them

from the physical and chemical damage upon exposure to

the change of temperature and moisture environment.

Protein formulation strategy with excipients or modifica-

tion of proteins can reduce the chance of degradative

reactions in the proteins. Additionally, the presence of a

‘smart’ delivery technology can control the delivery rate

and elucidate the protein stability in a controllable system.

With those developmental works, the optimized therapeutic

proteins with effective DDS can be useful in clinical

settings.

Limitations of current treatment for DFU

One of the major obstacles in DFU treatment is the

heterogeneity among individuals in terms of physical

health, history of diabetes, and others. Treatment selection

is also subjected to the types of ulcer and

microenvironment of the wound (Gottrup and Apelqvist

2012). Hence, clinical outcomes vary among individuals

even though the same treatment was used. Clinicians often

encounter problem to find a suitable dressing, which per-

fectly matches the size of the wound in DFU. As the toes

and the plantar surface of foot vary among individuals,

these have narrowed the choice of dressing. Foam dressing

is considered as a suitable dressing for DFU. However,

pressure ulcer often occurs on the plantar surface of toes

even with the use of foam dressing. Hence, the selected

dressing for the plantar wound is crucial in order to reduce

the pressure for the foot.

The delivery method of therapeutic agents into wound

area is another major focus in DFU treatment. There are

many ways to deliver the active compounds to the wound

site. One of the most common methods is the topical

application of active agent into the wounded skin. How-

ever, it was reported that topically applied formulation

might not be able to reach deeper tissue of the wound

(Berlanga et al. 2013). Moreover, the diffusion of proteins

such as growth factors might be restricted by the necrotic

tissues, sepsis, inflammation, and the presence of proteases

(Gainza et al. 2015). It was then suggested that intrale-

sional injection of the growth factor can potentially deliver

to the desired areas without being degraded by other pro-

teases (Fernández-Montequı́n et al. 2009). Despite the

advantage of avoiding degradation by proteases, intrale-

sional injection is potentially invasive and may attribute to

the transmission of bacterial infection and development of

sepsis (Fernández-Montequı́n et al. 2009). Consequently,

the combination of topical and subcutaneous application

could be a potential administrative route of a therapeutic

agent. Currently, only limited information can be obtained

regarding the delivery route for bioactive compounds and

there is no study conducted on the comparison between the

different routes of administration of bioactive compounds

in DFU.

In addition, the delivery of protein into wound areas is

often reported with limitations, especially the stability and

activity of protein in the wound areas in the presence of

MMPs (Barrientos et al. 2014). In many chronic wounds,

high levels of inflammatory cells lead to the elevated levels

of proteases that appear to degrade ECM components,

growth factors, and other protein. Hence, the degradation

of topical and injectable growth factors in the wound has

become a major concern in treatment for DFU (Futrega

et al. 2014). As the application of growth factors such as

EGF and PDGF have proved to enhance the wound heal-

ing, some contradictory data between the in vitro research

and clinical settings suggest the dissociation between

growth factors and wound healing was due to the protein

degradation in the wound in clinical settings (Barrientos

et al. 2014). Hence, the next step appears to be to identify
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the genuine type of proteases in the wound bed, which

degrade the growth factors specifically, and then to develop

an agent to counteract the degradation molecules.

Another major limitation of the treatment approach for

DFU is the instability of bioactive agent and the shelf life

of the product. Bioactive compounds such as proteins are

highly organized and carry a complex structure. Main-

taining the integrity of the protein as its native form is vital

in the pharmaceutical industry processes, which include the

formulation, processing, storage, before being delivered to

the patients. In terms of storage, the products are usually

required to be stored at 2–8 �C or -20 �C to maintain the

bioactivity of the products. Additionally, safety is another

important issue for pharmaceutical products. Some of the

products may carry the potential risk of cancer develop-

ment and disease transmission.

Incorporation of growth factors, stem cells, peptides in

the dressing products, is the current manufacturing direc-

tion of commercial products. Most of the growth factor-

based products for wound healing are available in the form

of solution, cream, or freeze-dried. Some use gel as a

delivery platform whereas spray-drying of protein can also

be found. None of the products for DFU in the market

utilized the conjugation of proteins with smart DDS to

control the release of protein upon reacting with stimuli in

a desired timely manner. Hence, it may suggest that the

DDS for proteins are still under development stage and not

ready for clinical trials.

Emergence of DFU and increasing number of wound

treatment products in the markets have raised issues con-

cerning the choice of treatment for DFU. Despite the strict

regulations for clinical trial applications and marketing

authorization, most of the products have yet to show more

convincing evidence for efficacy. Some clinical studies

lack strong validity due to the low number of participants

in the clinical trials (Brantley and Verla 2015; Maderal

et al. 2012). Scientific findings often did not convincingly

support the clinical outcomes and lack sufficient evidence

for wound management. Case reports with a small number

of patients were mostly reported by the manufacturer

company of the pharmaceutical products (Brantley and

Verla 2015; Maderal et al. 2012). For instance, the bio-

logical properties of placental membranes showed benefits

for the treatment of chronic DFUs, but scientific and

clinical data for commercially available placental products

are insufficient and limited.

In addition, most of the studies were conducted at a

single center instead of multicenter at different geograph-

ical areas (Brantley and Verla 2015). Some clinical studies

performed were not randomized double blind placebo

control trials. For instance, studies carried out by Epifix�

were performed at the same location with the limited

number of participants (Brantley and Verla 2015). Some of

the clinical studies were performed with variations in the

routine dressing protocol between the control participants

and patients (Brantley and Verla 2015). This may poten-

tially create bias in analyzing the outcome of the study.

Another major pitfall, which should be taken into account

is the fact that many of the studies were sponsored by a

company and with the same investigator group (Brantley

and Verla 2015; Frykberg and Banks 2015). It may be

necessary to consider the distribution of works into dif-

ferent research groups to prevent the possibility of favor-

itism. Moreover, there is no longitudinal study conducted

on the use of these DFU treatments. As it was previously

reported that the rate of recurrence of foot ulceration is

very high, study on the effects of pharmaceutical products

on the recurrence of diabetic foot ulcer is essential to

provide substantial supportive information on the products

in a long term (Dubský et al. 2013).

There is limited number of information or report on the

post-marketing or continuous monitoring safety and toler-

ability of pharmaceutical products, after completion of

phase III clinical trial. Hence, there is no data to justify the

safety toward the end of the clinical trial study. In addition

to post-marketing monitoring, currently, FDA only accepts

complete wound healing as an efficacy outcome of a

chronic wound (Maderal et al. 2012. Definition of a com-

plete wound is the re-epithelialization of skin without a

drainage at two consecutive weeks (Maderal et al. 2012).

Problem was raised with the justification of completely

healed wound due to the fact that participants were not

healed over the course of the two consecutive weeks

(Maderal et al. 2012). Hence, it becomes hard to show the

difference between the control and patient groups. Conse-

quently, some of the clinical trials use alternative end

points measurements such as the wound measurements, the

rate of wound reduction, and patient measure in terms of

the health condition. Furthermore, there is another concern

regarding the characterization of the wound, and original

size of the wound. Therefore, the multi-endpoint mea-

surements and criteria of patient selection should be taken

into account prior to the commencement of the study.

There are a few issues to be solved in stem cell and CM

therapy for DFU. This includes the secretome factors,

safety, choice of the cells and delivery methods of cells

(Jayaraman et al. 2013). Current stem cells therapy is

cumbersome, time-consuming, expensive, and may not

sufficiently address the underlying mechanisms that con-

tribute to the chronic nature of the ulcers. Stem cells

derived from various tissues carry a different but specific

lineage and may result in the variation in secretome factors,

secretion cytokines and growth factors (Jayaraman et al.

2013). As a result, the stem cells of choice need to be

studied prior to being used in the wound healing treatment.

In order to prevent the introduction of animal derived
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cytokines and growth factors in medium, complete defined

serum-free media is a more desirable condition although it

may be slightly costly. There is also a chance to introduce

dead cells and cells debris while using the conditioned

medium. Hence, investigation of the product safety of the

CM product is mandatory before being used in clinical

settings. Limitations of DFU treatments is summarized in

Fig. 2.

Research direction for pharmaceutical products
in DFU

Current growth factor treatment uses single growth factor

therapy for DFU. Even though it is well documented that

growth factors are necessary to enhance the wound healing

process, the single growth factor may not be sufficient to

create physiological interactions between growth factors

and cells for the wound repair process (Borena et al. 2015).

In the physiological context of the body, growth factors

usually work synergistically in their natural context.

Hence, exogenously supplied growth factors should create

an optimum active environment for wound healing in DFU.

Perhaps, more than one type of growth factors is indeed

needed for optimal healing of a wound. Delivery of mul-

tiple growth factors seems to be a potential solution for

wound healing. Although, use of high concentration growth

factors has been suggested to compete for the enzymatic

reaction and reduce the degradation of growth factors

(Andree et al. 1994), the use of a high amount of growth

factors may not be an ideal solution in DFU. For example,

in the case of EGF, when the exogenously supplied EGF

concentration is much higher than the physiological levels,

it may contribute to the adverse effects such as the devel-

opment of malignant neoplasia (Andree et al. 1994). Even

though combination of more than one growth factors would

increase the cost of active ingredients, it may eventually

lower the cost of treatment by enhancing the activity of

synergistic growth factors. Moreover, each growth factor in

combination product would be at lower level than single

component products, which would have less chance of

overdosing and adverse effects. In addition, DDS with

suitable compartmentalization may be desirable to achieve

a specific profile of each component. An effective DDS is

necessary for controlling the release of proteins and

maintaining the stability, functional activity of a protein

over a period of time. In spite of the advancement of DDS

technologies, the main obstacle of DDS is the inconsis-

tency outcomes of the in vitro and in vivo studies, which is

very likely due to the physiological differences in the cells

culture and animal model (Gainza et al. 2015). Therefore,

more studies should be carried out to determine the suit-

able model for basic research to provide evidences in

subsequent clinical settings.

In addition to the cost efficiency, in vivo fate of topically

delivered growth factors is another great concern in wound

Limitations of current 
pharmaceutical products for 

DFU 

Future research 
direction 

Lack of patients oriented 
clinical outcome 

Loss of stability and activity of 
bioactive agent at wound areas 

Limited delivery method of 
bioactive agent 

Lack of convincing evidence 
of clinical outcomes

Application of multiple growth factors 

Application of potential biological 
molecules such as cytokines, peptides, 
ECM as bioactive agents 

Advanced delivery system to protect the 
degradation of bioactive agent at wound 
area 

Modification or genetically engineered 
protein to improve stability and activity 
of bioactive agent  

Randomized and controlled clinical trials 
to prevent the bias in clinical data 

Longitudinal study and post–marketing 
monitoring of pharmaceutical products 

Fig. 2 Limitations of current pharmaceutical products for DFU and future research direction
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treatment. As described earlier, wound exudate can phys-

ically displace the topically applied growth factors and

high concentration of MMPs can inactivate and further

degrade the growth factors (Barrientos et al. 2008, 2014).

In order to overcome such challenge, several studies have

reported the strategies to minimize the degradation of the

protein. For instance, the use of recombinant strategies to

produce an engineered ECM binding motif for growth

factors and removal of MMPs cleavage site to stabilize the

tertiary structure of growth factors (Sun et al. 2007; Yan

et al. 2010). Alternatively, polyethelene glycol can also be

attached to the amino acid side chains of growth factors to

protect them from MMP cleavage (Szlachcic et al. 2011).

In addition to engineered ECM, genetically modified

growth factors with a lipid layer could be another potential

approach to maintain the integrity of protein in the wound

area. In fact, in the actual repair, growth factors often

interact with non-protein soluble mediators such as phos-

pholipids membrane and lipid. The lipid acts synergisti-

cally with growth factors to enhance the wound healing

(Demidova-Rice et al. 2012). Hence, modification of

growth factors to pre-interact with lipids may increase

wound repair and prevent degradation of protein in the

wound.

Several types of biological molecules such as growth

factors, cytokines, peptides, ECM components have been

studied as pharmaceutically active compounds for impaired

DFU. Most of these compounds were previously proven

effective in stimulating the cell proliferation and migration

in the basic preclinical scientific research. Although

abundant potentially bioactive compounds for DFU have

been reported, general concerns remain in terms of effi-

ciency, cost-effectiveness, and side effects of the product.

These compounds have yet to fulfill the demand of DFU

from the pharmaceutical perspectives. There are several

issues concerning the manufacturing of the pharmaceutical

products. The key aspects of the pharmaceutical products

are the integrity, stability, and release efficiency. For the

benefit of patients and clinicians, studies should be con-

ducted at clinical trials in a larger population at geo-

graphically distinct locations simultaneously to understand

the mechanisms and actions of the pharmaceutics agent in

the wound repair process. In addition, it is also important to

determine the criteria for selection of patients in the

treatment and to understand the duration of healing for

each treatment. Hence, randomized and controlled clinical

trials for the commercially available product are desirable.

It is also necessary to conduct a study comparing the

commercially available product in their efficacy in the

wound healing rate. For instance, comparison of the out-

come of products from different companies would help

clinicians to identify the selection criteria of patient

required for each product. A summary of future research

direction for DFU treatments is shown in Fig. 2.

In conclusion, there are still unmet medical needs for

DFU and a number of challenges ahead to develop optimal

treatment options. From pharmaceutical perspectives, DDS

based on combination products appear to be one of the

future directions. Combination of biomaterials which could

be various growth factors, scaffolds, or dressings. The

release profile of each active component of the combina-

tion product might have to be controlled to achieve desired

clinical efficacy. In vivo degradation of active growth

factors in wound area needs to be minimized to enhance the

overall delivery efficiency. Critical factors for successful

product development, apart from the clinical efficacy, are

as follows; product stability during storage and shipping

and upon application, the cost of goods, feasibility for

industry scale-up, and patient compliance.
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