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1. Abstract 

This review aims to provide a broad introduction to the use of cell sheets and the role of 

materials in the delivery of cell sheets to patients within a clinical setting. Traditionally, cells 

sheets have been / are fabricated using established and accepted cell culture methods within 

standard formats (e.g. petri dishes) utilising biological substrates. Synthetic surfaces provide a 

far more versatile system for culturing and delivering cell sheets. This has the potential to 

positively impact quality, and efficient, localised, cell delivery has a significant impact on 

patient outcome and on the overall cost of goods (COG’s). We highlight current applications 

of these advanced carriers and future applications of these surfaces and cell sheets with an 

emphasis both on clinical use and regulatory requirements. 

 

2. Introduction - Why cell sheets 

 

Cell therapies (CT) have historically been delivered by injection, transfusion or direct 

application, with the cells of interest in suspension. One of the first cell therapy approaches 

reported in the literature was a transfusion of sheep blood into a human in 1667 [1]. Later 

examples include in the nineteenth century when Charles-Edouard Brown-Sequard injected rat 

testicle extract into humans, attempting to stop aging [2]. While some of these early 
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interventions were of dubious merit, in 1968 the first successful bone marrow transplant was 

conducted [3]. In recent years’ cell therapy has evolved rapidly to the point where there are 

many cell types of interest for a wide range of indications [4], however these delivery routes 

have limitations, namely a lack of control as to where the cells go and a non-homogeneous 

distribution of the cells within the treated area. Injection and transfusion are not necessarily 

best suited where localised delivery is necessitated. Therefore biomaterials are significant as 

delivery devices for cell therapies [5]. 

 

The human body is full of planar membranes such as the skin, oesophagus, uterus and bladder. 

For example, skin, as the largest organ in the body and the most accessible tissue, has been the 

subject of some of the earliest interventions. Skin grafting is thought to have originated in India 

approximately 2500 to 3000 years ago [6] with the concept gradually migrating into Western 

medicine. Bunger, a German physician, reported the successful transfer of skin from the 

buttock to the nose in 1869 [7] and in 1875, Wolfe reported the first full thickness skin graft 

[8]. Many of these planar surfaces are difficult, if not impossible to treat effectively with cell 

suspensions. Furthermore, the importance of cell-cell interactions may be critical to efficacy 

and modes of action, but as soon as adherent cells are placed into a suspension, this behaviour 

is compromised, potentially effecting viability and function. Cell sheets negate this risk and in 

some cases, may be used to deliver a denser cell population to the required site. By integrating 

the process of expansion, storage, transportation and clinical cell delivery, it would be possible 

to get the cell product to the patient more quickly, negating the risks associated with dense cell 

populations (loss of phenotype/differentiation). 

 

A well tested method for delivery of cell therapies to wound sites is outlined in Figure 1, 

demonstrating the extraction of healthy cells from the patient, their expansion in vitro, and 

delivery to the wound site. This review focuses simply on planar surfaces for the delivery of 

cell monolayers and the application of materials science to optimise patient outcomes. In this 

review, we are defining cell sheets as cells that are either self-supporting or delivered from a 

supporting material, but where the material plays no long-term role in the therapy. Cell sheets 

can be single or multiple layered, and even sub-confluent in some cases. Various culture and 

release methods are used to generate cell sheets; perhaps most common is dispase (or other 

enzymatic) treatment [9], other more exotic methods include thermo responsive polymers [10], 

a range of inorganic complexes that respond to magnetic force [11], electrochemical 
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polarisation [12] and pH change [13]. However, each of these technologies relies upon multiple 

steps and a high degree of manual handling or automation [14]. 

 

Figure 1.  Simplified steps in the delivery of autologous cell therapies for wound healing. 

Society is on the cusp of a cell therapy (CT) medical revolution however there are numerous 

challenges to overcome to deliver on the promise of CT. The quote (often attributed to Albert 

Einstein): “Make things as simple as possible, but not simpler” is a good philosophy for the 

development of cheap and effective clinical cell therapies, and there is a growing body of 

evidence suggesting that certain clinical indications are most suited to the delivery of 2-D 

monolayer/multi-layer of adherent cells or sheets of cells. This includes resurfacing lost 

epithelial tissue [15], the cornea [16], oesophageal [17], bladder [18], retinal [19, 20], tracheal 

[21], uterine [22] and myocardial [23]. 

Whilst the approach of using cell sheets is highly suited to autologous cell therapy, there is a 

corresponding effort to develop allogeneic (and cryopreserved) cell sheets [24]. A review for 

cell sheet development and emerging cell sheet technologies and applications is timely given 

the high academic and commercial interest in cell sheets. 

The value of cell sheets has been identified commercially and multiple companies are 

beginning to provide cell sheet products (Table 1). 

Table 1. Commercial entities that have invested in the future of cell sheets. 

 

Company Product(s) Brief description 

Japan Tissue Engineering 

Corp (J-TEC). Gamagori 

City, Japan 

Autologous cultured 

epidermis 

Cultured epidermal autograft 
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Japan Tissue Engineering 

Corp (J-TEC). Gamagori 

City, Japan 

Autologous cultured 

corneal epithelium 

Autologous corneal epithelial cells 

cultured on hydrogel. 

CellSeed inc.. Tokyo, Japan 

 

UpCell® RepCell® Cultureware based on the Poly(N-

isopropylacrylamide) Thermo 

responsive polymer 

Vericel. MI, USA Epicel Cultured epidermal autograft 

Modex Therapeutics. 

Lausanne, Switzerland 

Epidex Autologous follicle keratinocytes 

attached to a silicone sheet (with 1% 

agarose). 

Organogenesis inc. MA, 

USA 

Apligraf® Bovine collagen and fibroblasts 

topped with keratinocytes 

Organogenesis inc. MA, 

USA 

Dermagraft® polyglactin mesh with keratinocytes 

 

3. Historical development of biological substrates  

Modern clinical use of intact cell sheets is built upon the foundations of cell culture. The use 

of cultured autologous keratinocytes to treat burns is now a well-established clinical procedure 

[25-27]. The earliest confluent cell sheet therapies were developed as an extension to skin grafts 

for the treatment of extensive burns [28]. Those that demonstrated long-term effectiveness, 

utilise autologous keratinocytes [29-35] and were based upon (at the time) pioneering cell 

culture techniques. In 1975, James Reinwald, Ph.D. and Howard Green, M.D. (Rheinwald and 

Green) first demonstrated the isolation and serial culture of human epidermal keratinocytes in 

vitro with lethally irradiated mouse fibroblasts as a feeder layer [36]. Soon after, this process 

was used to produce large sheets of cultured epithelium suitable for grafting. Such cultured 

epithelial autografts (CEAs) were first used in the treatment of major burns in 1981 [37]. The 

basic procedure comprises taking an unaffected patient skin sample of a few cm2 under local 

anaesthesia. The biopsy is stored in culture media and after removal of the dermis and other 

non-epidermal material, the sample is minced and treated with trypsin. Seeding density varies 

according to the original amount of material available, but is in the range of 104 to 106 per dish 

(50 mm) and is carried out on lethally irradiated 3T3 fibroblasts. The media is supplemented 

with serum and growth factors and changed twice weekly. Over a period of 14 -21 days, a 

confluent sheet forms which is then detached from the cultureware with dispase. It is reported 

that sheets shrink in size at this stage [37]. Sheets are washed with serum-free medium and 

placed basal side up on a double layered “Vaseline” gauze and then transported to the patient 
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in a glass jar flushed with 10% CO2 and sealed. In the R&G method, the grafts on vaseline 

gauze are placed on the prepared sites, with the basal cell layer directed against the wound. 

Suturing is unnecessary and a single layer of non-impregnated fine mesh gauze and a loose 

layer of coarse mesh gauze, which is changed daily, held the grafts in place. Between day 6 

and 10, the fine mesh gauze and the vaseline gauze are usually removed and the area redressed 

with a single layer of vaseline gauze and a loose layer of coarse gauze. These dressings are 

then changed daily for 3-4 weeks from the time of grafting.  

CEAs have been used successfully since 1980 as a permanent coverage for large full-thickness 

burn wounds [9, 37-40]. This revolutionary cell therapy addressed the problem of severe burns, 

extending over 30% (or more) of the body – where simply there is not enough unaffected to 

tissue to graft. 

This general approach to the production of free standing cell sheets has been adapted to a range 

of other indications, whereby free-standing cell sheets are produced in cell culture, removed 

by enzymes and delivered to the patient on a separate backing material. An example includes 

corneal cells for the treatment of trauma and diseases such as limbal stem cell deficiency 

(LSCD). Corneal cells are expanded upon a range of materials i.e. tissue culture plastic [41], 

murine feeder cells [42], and collagen [43].  

De-Epidermised dermis (DED) is widely available from the European skin bank in a highly 

characterised, stable form and preparation methods for DED as a support material for 

keratinocytes and fibroblasts go back over a decade [44]. This material has been used for the 

development of tissue engineered, or reconstructed, skin products consisting of expanded 

autologous keratinocytes and fibroblasts with the aim of improving healing after burns [45-49]. 

This approach has been further developed to include oral keratinocytes and fibroblasts for 

treatment of oral defects [49, 50] and urethral structures [51, 52]. More sophisticated 

approaches embrace the inclusion of endothelial cells to increase defect vascularisation [53], a 

significant problem in more substantial implants/grafts.[53] 

The major protein component of the dermis is collagen 1, so it is not surprising that collagen 

has been used in a variety of tissue engineering applications, including skin [54, 55]. There is 

a wide range of commercial products (described as “tissue-engineered skin bioconstructs” by 

Shevchenko et al. [56]) available for skin repair and regeneration. Many of these products 

comprise a dermal-like layer and keratinocyte sheet.  However, as the strategy most often 
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adopted is the use of these in 3-D constructs (to replace lost dermis and epidermis) and not in 

a sheet, they fall outside of the scope of this review. 

Fibrin sealant has been used as a support material to deliver sub-confluent cell layers of 

autologous keratinocytes to treat chronic leg ulcers [57, 58]. 

Human amnion (hAM) has been used clinically without cells for over a century for the 

treatment of open wounds and burns [59], and more recently in ophthalmological, 

gynaecological, urological and neurological surgery [60-62]. hAM has also been used for the 

cell culture/delivery of fibroblasts [63], corneal epithelial cells [64, 65], chondrocytes [66] and 

MSCs [67, 68]. In the treatment of corneal limbal disease the current standard method is to 

culture the limbal cells on hAM and transplant the cells and the membrane into the eye [69]. 

 

4. Limitations and Potential Problems  

4.1 Disease Control and Variability 

Whilst animal (or donor human) biological materials are presumed to confer advantage from a 

biocompatibility point of view, these materials always carry the risk of disease transmission 

and in addition, often carry the risk of batch-to-batch variation [70]. There are also complex 

ethical/religious/cultural issues that mean that in some geographical territories animal/donor 

human approaches are not acceptable, and some of the techniques described above have 

complex logistical requirements which must be met. Disadvantages include: 

 

1. The lengthy production of a cell sheet following the initial biopsy. A lead time of up to 

4 weeks is required to prepare autologous cell sheets (although more typically 2-3 

weeks) [39]. 

2. Timing of sheet production to the patient. The short shelf-life of the sheet means that 

patient needs to be ready to receive the graft (e.g. infection free with a suitable graft 

bed) when the sheet is ready.  

3. Use of enzymes to remove the sheet from the cultureware and sheet fragility.  

4. The current use of xenobiotic materials in sheet production. This routinely includes 

fibroblast feedlayers and serum [71]. 

5. The variability in the product, arising from use of a patient’s own cells and a number 

of biological reagents that are susceptible to changing quality. 
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6. Transportation. The cell sheet must move from the lab to the patient (This is mitigated 

by placing manufacture very close to the medical facility. However, this introduces the 

issue of a laboratory that can only service a small footprint and costs become very high.) 

7. Cell sheet manufacture is manual and requires a highly skilled operator to produce the 

sheets and surgeons who are familiar with the technology and handling of sheets. 

Modern CEA technologies are still based upon the R&G method for cell sheet production and 

delivery to patients. However, as described above the original R&G procedure [37, 72] is time-

consuming, multistep and labour intensive. In 2006, the Sheffield burns group (Hernon et al) 

reported on a 10-year audit using CEAs for patients with extensive burns [73]. They found that 

the clinical take using CEAs averaged only 45% (as had been reported by other groups) but of 

equal concern was that over half of all cells cultured for these patients had to be discarded 

owing to difficulties of timing the production of CEA sheets to the needs of the patients. One 

of the problems identified was that CEAs could not be used until they had reached confluence 

i.e. an integrated sheet. This took on average 12 days. Further once an integrated sheet was 

formed it needed to be used within 2–3 days, or the cells lost the ability to attach to wound 

beds. 

For cell therapies to become more effective and convenient, while at lower cost, there is a need 

for techniques which facilitate delivery of expanded cells directly to the patient. Ideally this 

would include seeding and expansion of the cells on the delivery substrate. 

 

4.2 Manufacture, Storage and Transport 

Storage and transportation of cell therapy products is easily overlooked during early R&D but 

these are aspects of cell sheet production which should be addressed at an early stage to ensure 

cost effective scale up and commercialization. Cell preservation, distribution, and handling 

costs have been identified by the Cell Manufacturing Consortium as one of the six areas of 

focus critical to commercialisation. With cost as a key hurdle, centralised cell 

expansion/culture facilities are currently the most viable. While having fewer processing plants 

does minimise specific costs, and potentially increase the consistency of the cell product, this 

also invariably leads to trade-offs: The cell product will need to be stored and transported to 

the patient and in the context of “release criteria” the quality/integrity of the product assured. 

Most cell therapy clinical trials utilise cell suspensions with multiple administration vectors 

(IV infusion, administration within a hydrogel carrier etc.). Cell suspensions have well-defined 

cryopreservation methods leading to a straightforward process of thawing and administering 
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the cell therapy. In contrast, there are few defined and effective protocols and methods for the 

cryopreservation and subsequent administration of cell sheets. For this reason, cell sheet 

therapies are either limited to short distances from the culture facility or complex thermally 

controlled transportation vehicles are used [74]. The quality of a cell product depends on 

precise conditions during transportation and we can expect in the future to see far more 

integrated payload monitoring systems. 

With the growth of the cell therapy field, we can expect the regulatory scrutiny over the safety, 

consistency and efficacy of biological products to become increasingly stringent over time. 

Decisions made now should endeavour to future-proof processes which may be adopted for the 

long-term. 

 

5. Modern development of synthetic substrates 

Given the challenges described above, and further additional challenges presented in the 

storage, transport and clinical delivery of cell sheets, there has been significant research and 

commercial focus on the use of synthetic materials for cell sheets. This section considers the 

use of a range of material strategies in the manufacture through to clinical delivery of cell 

sheets. 

Poly(lactic acid) (PLA) and poly(glycolic acid) (PGA) as well as copolymers thereof (PLGA) 

are among the most well researched synthetic biodegradable polymers; they have shown great 

promise within the field of tissue engineering for cell and drug delivery applications [75-84]. 

Other synthetic biodegradable and non-biodegradable polymers that are therapeutically 

approved by the FDA have been well documented [85, 86].[85, 86] 

 

Despite the considerable time and money put into the development of advanced new polymers 

for use in medicine, the synthetic materials used in cell delivery have been selected not because 

they are the best in terms of bio-performance e.g. cellular attachment/release, but because they 

are readily sourced, well characterised, available in medical grade purities and, most 

importantly, are already approved for use by the FDA/EMA. They are generally selected based 

upon bulk characteristics, such as biodegradability/conformability that make them favourable 

for use in vivo and cell-material limitations are overcome with the use of adhesive proteins [87, 

88] or chemical surface modifications [89]. Consequently, protocols often describe the coating 

of synthetic materials with animal-derived products, such as rat tail collagen, to improve cell 

attachment [90]. Laserskin (TissueTech), as an example, comprises autologous keratinocytes 
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and fibroblasts grown upon a microperforated hyaluronic acid membrane [24]. According to 

the available publications, this system facilitated the effective treatment of diabetic foot ulcers 

as shown in randomized clinical trials where a 70.3% rate of wound closure was achieved [24]. 

 

For cell sheets to become a commercial reality, there is a strong commercial imperative to 

reduce complexity of manufacture, reduce cost of goods (COGs), and increase efficiency and 

efficacy. There are also significant logistic and supply chain issues to be solved. The use of 

smart bespoke surfaces in CT manufacture, logistics and patient delivery offers opportunities 

to meet these challenges without introduction of new costs. 

Advantages of using bespoke synthetic surfaces for cell sheet manufacture include: 

i. Better quality control - significant and often unknown variation in the surfaces of 

materials often significantly impact on safety, efficacy and consistency of the 

product. 

ii. The potential for cell expansion (although this may not be ideal), long term storage 

(cryo) and transportation on this surface 

iii. In the clinic, improved delivery efficiency - leading to reduced cell dose 

requirement and consequently lower COG’s. 

iv. Simplicity - Vertical integration into manufacturing process means that carrier 

sheets can be the expansion surface, storage, transportation and delivery device. 

v. Better clinical impact – By increasing the manufacturing footprint and reducing 

COGs, cell therapy approaches will reach a wider market. 

 

The application of thin polymeric coatings would allow the use of FDA approved substrates as 

the bulk material. Selection of the appropriate chemical functionality to enable appropriate cell 

attachment, expansion or delivery remains a challenge. Recently, a group at Nottingham 

University developed a high-throughput analysis technique which enables the identification of 

polymer coatings that promote stem cell attachment and maintenance of pluripotency [91]. 

Using this technique, more than 100 polymers can be tested in parallel and promising polymers 

can then be tested as co-polymers very quickly to identify ideal substrate coatings. This 

selection method has also been applied to anti-bacterial coatings [92]. 

 

Once a desirable polymeric surface has been identified, specific technologies can be used to 
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engineer bespoke surfaces. These technologies include bulk polymerization, surface grafting 

[93], surface initiated polymerization techniques such as RAFT and ATRP [94] self-assembled 

monolayers. 

 

 

6. Currently available techniques 

 

Whilst enzymatic detachment of the CEA cell sheet is effective, it is likely that the use of 

proteolytic enzymes, such as dispase, can lead to damage of critical cell surface proteins such 

as ion channels, growth factor receptors and cell-to-cell junction proteins. It stands to reason 

that a complete cell sheet with extracellular matrix fully intact provides a better environment 

for cells to function that an enzymatically treated suspension. With this ambition, Teruo Okano 

first described a versatile method for obtaining cell sheets without the use of enzymatic 

detachment in 1990 [95]. This method employed the thermoresponsive polymer poly (N-

isopropylacrylamide) (NIPAM) which undergoes a phase change resulting in a change in the 

wettability of the surface. The cell sheet can be released by changing the temperature of the 

culture substrate. The implications of this technology were quickly understood and a range of 

tissue cultureware employing this surface treatment is available from CellSeed under the brand 

UpCell. Cell sheets formed using this culture surface have been explored for a multitude of 

applications including delivery of keratinocytes [96], retinal pigment epithelial cells [97], 

corneal epithelial cells [98], oral mucosal epithelial cells [10, 99], urothelial cells [100, 101], 

periodontal ligament cells [102, 103], aortic endothelial cells [104, 105], corneal endothelial 

cells [100, 101][102, 103][104, 105][106, 107], cardiac myocytes [108, 109], and kidney 

epithelial cells [110].[110] 

 

Corneal transplantation is the current gold-standard treatment for corneal epithelial dysfunction 

caused by disease or trauma. Whilst effective, there is still a substantial risk of rejection and a 

shortage of donor corneas. Tissue engineering approaches are gathering a great deal of 

momentum and enzymatic release of cultured corneal epithelial cells requires a carrier to 

deliver the cell sheet. Common scaffold carriers such as PLA are often thought to be unsuitable 

for corneal regeneration due to acidic degradation products so typical carriers are amniotic 

membrane [111] or fibrin gel [112]. While these work, they do require the use of additional 

biological materials increasing complexity and disease risks. Cell sheets cultured and released 

using NIPAM thermoresponsive cultureware are more robust that those released with dispase 
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enzymatic treatment so additional carriers are not required. These cell sheets can be placed 

directly onto the host cornea and adhere without the need for sutures [98]. The exclusion of 

carrier substrates maximizes corneal transparency. Additionally, direct interaction between the 

transplanted epithelial sheet and host stroma populated by keratocytes, likely allows for 

environmental cues that may be necessary for the maintenance of a healthy ocular surface 

[113]. 

 

The potential for layering these cell sheets to generate complex 3D architectures has not gone 

unnoticed. Cell sheets harvested using non-enzymatic release methods and constructs 

fabricated by layering can offer a cell therapy solution with characteristics between that of cell 

suspensions and cells on scaffolds. The layering of cardiomyocyte cell sheets has produced 

tissues like cardiac muscle. By utilizing non-enzymatic release methods, cell surface proteins 

such as connexins, necessary for the synchronous beatings seen in native tissues, can be 

maintained [113]. 

 

Plasma polymerization for engineering bespoke surfaces is a very promising surface 

technology already supporting FDA and EMA approved therapies and devices [114]. Plasma 

treatment using inert or atmospheric gases for treating tissue culture substrates is well 

established [115].[115] This technique has been widely adopted for increasing surface 

wettability and cell adherence, although there are limitations with this technology that include 

surface stability. This low cost, versatile and highly reproducible coating technology affords 

provision of coatings of precise chemistry, thickness and physical properties and is readily 

integrated into manufacturing processes [116]. In this context, it has a >20 year track record 

and wide industry acceptance that other (newer) technologies have yet to achieve. Plasma 

polymerization is a method whereby a plasma source generates a gas discharge providing the 

energy to fragment a liquid/gas precursor. These reactive precursor fragments then initiate 

polymerization. These polymers adhere to a wide range of substrates and are able to coat 

complex geometries [117, 118]. Through a careful selection of precursors, specific surface 

chemical functionality can be attained including carboxylic acids [119], amines [120], ethers 

[121, 122], alcohols [123], siloxanes [124] and halogenated hydrocarbons [119]. As plasma 

polymerization is substrate independent, this gives researchers the ability to deliver cell sheets 

directly from culture surfaces to the site of interest and from a wide range of base materials and 

formats. Another advantage of plasma polymerization is that it enables coating of surfaces with 

precursors which are usually non-reactive; the energy for deposition is provided by the 
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electrical power supplied to the plasma phase.  This may seem trivial but it unlocks a new set 

of approaches. 

The development of plasma polymerized surfaces for carrying cells in CT, started from a pilot 

project aimed at refining keratinocyte culture by defining a synthetic plasma deposited [125] 

surface which could maintain keratinocytes in a proliferative phenotype in which they would 

be capable of attaching, migrating and forming colonies [126, 127]. This work established that 

acid functionalised surfaces readily supported attachment and colony formation [128, 129], but 

also, were capable of supporting cell delivery to an artificial wound bed and at a level 

comparable to collagen. 

Following these in vitro trials, two human trials were performed using patients with 

neuropathic diabetic foot ulcers [130, 131]. These trials demonstrated the utility of this method 

of cell delivery in healing wounds which had not responded to conventional therapies.  Of the 

30 wounds treated across these two trials, 24 healed and statistically it was shown this could 

be attributed to the delivery of the cultured cells, not the dressing. This technology was 

commercialised and became known as MySkinTM, which was subsequently trialled with other 

indications including burns and showed similar success [132]. 

A series of studies and a follow up review [30] highlight the advantages of using an engineered 

carrier surface (MySkinTM) vs CEA in the treatment of burns and non-healing wounds [129, 

130, 132-134]. Whilst the simplicity of the MySkinTM carrier was highlighted, the major 

advantage identified was the ability to time cell delivery to the patient to the needs of the 

patient.  

 

7. Future directions  

 

7.1 Allogenic delivery - Stem Cells 

The stellar rise of mesenchymal stem cells (MSCs) as a potential treatment for a range of 

diseases including osteoarthritis [135], chronic obstructive pulmonary disease [136], stroke 

[137] and autoimmune diseases [138] has led a number of groups to explore their potential in 

the healing of chronic wounds [139].  

These cells have the potential to be manufactured in their billions and this feature further 

reduces the overall COG. In the use of MSCs in wound healing one potential problem identified 
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is the injection of these cells near or into wounds, which may be difficult to do from the 

clinician’s perspective and undesirable from the patients.  

Consequently, two separate studies have looked at the delivery of MSCs from plasma 

polymerised dressings. 

The success of the MySkinTM product led the MacNeil team (University of Sheffield) to employ 

the same coating to see if it could be used to deliver bone marrow derived MSC’s [140]. From 

a therapeutic point of view there was no evidence that the MSC’s had started to differentiate 

on the coating. The cells were delivered successfully to the DED wound bed model and when 

delivered to endothelial colony forming cells showed that they were still functional as they 

supported tubule formation. This validated the hypothesis that the coating could be used to 

deliver MSC’s to wounds [140]. 

The second focussed on the delivery of human adipose tissue derived MSCs (AT-MSCs) to 

murine full-thickness excisional wounds from plasma polymerized coatings [141]. It was first 

established that after four days culture on these coatings the AT-MSCs maintained their full 

range of cell surface markers, their capacity for colony forming, their ability to differentiate, 

and capacity for immunosuppression. In murine wounds, bandage delivery was compared to 

intradermal injection of AT-MSCs. Both modes of delivery significantly enhanced wound 

healing when compared to the control of an empty carrier. There was good transfer from the 

plasma polymerized acrylic acid dressing to the wounds (>80%). Furthermore, the authors 

reported that carrier-delivered AT-MSCs led to down regulation of the inflammation marker 

(TNF-alpha), upregulation of anti-inflammatory M2 macrophages and induced angiogenesis, 

myoblast differentiation and granulation tissue formation. 

More recently, amine functionalised plasma polymer coatings have been used to deliver 

multipotent adult progenitor cells to acute wounds in mice [142]. It was shown that the surface 

density of amine functional groups is critical for cells to adhere and survive on the dressing, 

but also to spontaneously leave the dressing when placed in contact with the wound. The 

combination of these studies show that plasma polymerised surfaces can be adapted to deliver 

different cell types to a range of different clinical indications. Critically, it seems the 

combination of cell type and surface chemistry (functional group type and density) are key to 

maintaining the phenotype and function of the cells, and delivering them to wounds. 
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7.2 Cryo-preservation 

Cryo-preservation (typically at either -80○C or -196○C) offers the opportunity of much longer 

shelf-lives, depending upon temperature of months to years. However, cryo-preservation of 

cells requires further cell manipulation with the use a cryo-protectant. There is no shortage of 

cold-chain logistics companies, but if this is the chosen method for storage and distribution 

even at the earliest stages of development, the cell product needs to be optimised for storage 

and transit. For example, a 1 ml cell product will be far more susceptible to an adverse 

temperature event that a 200 ml cell product. These kinds of factors need to be considered at 

the outset. 

The major limiting factor of all tissue engineered products to date has been cost. Particularly, 

in the production of autologous products, the process is labour intensive. It is therefore 

imperative that the materials aspects of a product are addressed to minimise costs and avoid 

over-engineering. The MySkin™ product partially addressed these concerns by having: (i) an 

inexpensive raw material base, (ii) readily scalable materials production, (iii) use of only a 

single cell type, and (iv) limited use of expensive animal-derived products. 

However, to further address these concerns a “cryo” variant was developed that comprised a 

medical grade polymer that was plasma polymerized and seeded with donor keratinocytes 

(neonatal foreskin) and freeze dried (a cryopreservative was used). This product had a shelf 

life of 6 months to 3 years depending upon storage temperature and was transported to the 

clinic in an isothermal box, where it rapidly thawed on removal, prior to application. Whilst 

partially addressing cost and logistics issues, the preparation of this product was still labour 

intensive – with cell culture being the major cost component. 

Dermagraft [143] provides a good model for cell storage/transportation and patient delivery. 

While not a true cell sheet product, Dermagraft is a thin 3D scaffold seeded with fibroblasts. 

This product is supplied in a frozen form (-70°C), which rapidly thaws in the clinic. The 

combination of a 3D polyglactin mesh and an extensive extracellular matrix benefits the 

cryopreservation of the attached fibroblasts. This model was adapted for cryo-skin cell sheet 

product, CryoSkin™. 

 

7.3 Serum-free delivery 
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There is a huge push towards xenobiotic free cell culture from regulatory bodies. With many 

new formulations being marketed (HEScGRO, Millipore; mTeSR1, STEMCELL 

Technologies; TeSR2, STEMCELL Technologies; StemPro, Invitrogen; NutriStem, 

STEMGENT; E8™, GIBCO; XVIVO 10, Lonza; RegES; hESF9). One way to achieve 

reduction or removal of xenobiotic, and indeed very expensive components in cell culture (e.g. 

growth factors) is by using novel materials [144]. 

There is a considerable and increasingly focus on surface binding the required motifs for cell 

attachment, signalling (for example mitogens). The advantage of this approach is less waste 

(vs. adding to cell culture medium), location of motifs where they are needed and in the case 

of potentially hazardous motifs, their ready removal at the end of the process on the supporting 

material This is a key area we see for development of materials for cell sheet delivery.  

8 Conclusions 

There has been a paradigm shift in recent years for methods used to deliver cell therapies. 

Delivering cells without the use of enzymatic treatments, in a simple to use format with well-

understood clinical outcomes has been the driving force for research in this field. As an 

alternative to injections of cell suspensions, the use of planar surfaces has enabled simple and 

effective delivery of cells to different clinical indications [99, 108, 145, 146], demonstrating 

the versatility of this approach. The role of materials science in designing bespoke chemically 

functionalised surfaces has been crucial in progressing many of these applications. The true 

scope and importance of surfaces in cell therapy is still to be fully revealed. Continued research 

is essential to develop the technology, validate outcomes, and drive down cost of goods. The 

future of this field involves fully elucidating why certain functional groups affect cell-surface 

interactions and importantly, what are the downstream effects on the cell product? With recent 

leaps in proteomics, this is a growth area with an exciting future. Translation from bench to 

bedside requires navigating issues of scale-up and commercial viability. It is imperative that 

biologists, clinicians and materials scientists continue to work together to solve these issues to 

realise clinical outcomes. 
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