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Abstract

Nanofibrous scaffolds belong to the most suitable materials for tissue engineer-
ing, because they mimic the fibrous component of the natural extracellular matrix. 
This chapter is focused on the application of nanofibers in skin tissue engineering 
and wound healing, because the skin is the largest and vitally important organ in the 
human body. Nanofibrous meshes can serve as substrates for adhesion, growth and 
differentiation of skin and stem cells, and also as an antimicrobial and moisture-
retaining barrier. These meshes have been prepared from a wide range of synthetic 
and nature-derived polymers. This chapter is focused on the use of nature-derived 
polymers. These polymers have good or limited degradability in the human tissues, 
which depends on their origin and on the presence of appropriate enzymes in the 
human tissues. Non-degradable and less-degradable polymers are usually produced 
in bacteria, fungi, algae, plants or insects, and include, for example, cellulose, 
dextran, pullulan, alginate, pectin and silk fibroin. Well-degradable polymers 
are usually components of the extracellular matrix in the human body or at least 
in other verte brates, and include collagen, elastin, keratin and hyaluronic acid, 
although some polymers produced by non-vertebrate organisms, such as chitosan or 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate), are also degradable in the human 
body.

Keywords: skin replacements, wound dressings, nanofibers, electrospinning, 
epidermis, dermis, keratinocytes, fibroblasts, stem cells, vascularization,  
cell delivery, drug delivery, regenerative medicine

1. Introduction

Nanofibrous scaffolds are one of the most promising materials for skin tissue 
engineering and wound dressing, because they resemble nanoarchitecture of the 
native extracellular matrix (for a review, see [1]). Therefore, they can serve as 
suitable carriers of cells for tissue engineering and also as suitable wound  dressings, 
which are able to protect the wound from external harmful effects, mainly 
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microbial infection, and at the same time, they can keep appropriate moisture and 
gas exchange at the wound site.

Nanofibrous scaffolds for skin tissue engineering have been fabricated from 
a wide range of synthetic and nature-derived polymers, which can be either bio-
stable or degradable within the human body. Biostable synthetic polymers used in 
nanofiber-based skin regenerative therapies include, for example, polyurethane [2], 
polydimethylsiloxane [3], polyethylene terephthalate [4], polyethersulfone [5], and 
also hydrogels such as poly(acrylic acid) (PAA, [6]), poly(methyl methacrylate) 
(PMMA, [7]), and poly[di(ethylene glycol) methyl ether methacrylate] (PDEGMA, 
[8]). Degradable synthetic polymers typically include poly(ε-caprolactone) (PCL, 
[9]) and its copolymers with polylactides (PLCL, [10]), polylactides (PLA, [11]) 
and their copolymers with polyglycolides (PLGA, [12]), and also so-called auxiliary 
polymers, such as poly(ethylene glycol) (PEG), poly(ethylene oxide) (PEO, [13]) or 
poly(vinyl alcohol) (PVA, [14]), which facilitated the electrospinning process and 
improved the mechanical properties and wettability of the chief polymer. However, 
the synthetic polymers, although they are well-chemically defined and tailorable, 
are often bioinert, hydrophobic and thus not promoting cell adhesion, and also not 
well-adhering to the wound site. Therefore, they need to be combined with other 
bioactive substances, particularly nature-derived polymers.

This chapter is focused on nature-derived polymers used for fabrication 
of nanofibrous scaffolds for skin tissue engineering and wound healing. The 
advantages of most of these polymers are their better bioactivity, flexibility, 
wettability, and adhesion to the wound site. Similarly as synthetic polymers, 
also nature-derived polymers can be divided into polymers with none or limited 
degradability, when implanted into human tissues, and polymers well-degradable 
in human tissues. The first group includes glucans, such as cellulose, schizophyl-
lan, dextran, starch, and other polysaccharides and proteins, such as pullulan, 
xylan, alginate, pectin, gum tragacanth, gum arabic, silk fibroin, and sericin. 
The second group of polymers degradable in human tissues includes collagen and 
its derivative gelatin, elastin, keratin, glycosaminoglycans such as hyaluronic 
acid, heparin and chondroitin sulfate, and also polymers not produced in the 
human body, namely chitosan, gellan gum, zein, and poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) (PHBV).

Some of the polymers degradable in human tissues, such as collagen, gelatin, elas-
tin, keratin, and glycosaminoglycans, contain specific cell-binding motifs in their 
molecules, for example, specific amino acid sequences in proteins and oligosaccha-
ride domains in glycosaminoglycans, which are recognized by cell adhesion receptors 
of integrin and non-integrin families (for a review, see [15, 16]). These molecules 
are often used in allogeneic or xenogeneic form, thus they can be associated with 
pathogen transmission or immune reaction. However, some synthetic polymers, for 
example PLA and PCL, have been reported to induce a more pronounced inflamma-
tory reaction than gelatin [17].

This review chapter summarizes earlier and recent knowledge on skin tissue 
engineering and wound dressing applications, based on nanofibrous scaffolds made 
of nature-derived polymers, including our results.

2.  Nature-derived nanofibers with none or limited degradability in the 
human tissues

Nature-derived nondegradable polymers or polymers with limited degradability 
in human tissues include polymers not occurring in the human body and synthe-
sized by other organisms, such as plants, algae, fungi, insects, and bacteria.
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Cellulose is a typical natural polymer nondegradable in human tissues. 
Cellulose belongs to the group of glucans, that is, polysaccharides derived from 
D-glucose, linked by glycosidic bond. In the cellulose molecules, these glycosidic 
bonds are of the β-type, thus the cellulose is a β-glucan. It is structural polysaccha-
ride consisting of a linear chain of several hundred to over ten thousand β(1 → 4) 
linked D-glucose units. Cellulose is synthesized by plants, algae, fungi, some species 
of bacteria (Gluconacetobacter xylinus), and also by some animals, namely tunicates 
(Styela clava) (for a review, see [18, 19]).

Nanofibrous cellulose can be prepared in three basic forms: bacterial cellulose, 
which contains cellulose nanofibrils, synthesized by bacteria, nanofibrillar cel-
lulose prepared from plants, particularly from wood, by hydrolysis, oxidation, and 
mechanical disintegration, and cellulose nanofibers created by electrospinning (for 
a review, see [19]). For electrospinning, cellulose should be solved. Well-known 
solvent of cellulose is N-methylmorpholine-N-oxide (NMMO). Another possibility 
is N-alkylinidazolium-derivate ionic liquid and N,N-dimethylacetamide contain-
ing 8 wt% of LiCl. However, any of them did not prove to be a good solvent for 
needleless electrospinning. The most favorable solvent of cellulose was found to be 
trifluoroacetic acid (TFA). However, TFA causes severe skin burns and is toxic for 
aquatic organisms even in low concentrations [20]. These problems, which limit 
the use of cellulose for creation of electrospun scaffolds for biomedical applica-
tions, can be solved by substituting the natural cellulose by its derivatives. The 
mostly used derivative of cellulose is cellulose acetate (CA), mainly due to its easier 
solubility and biocompatibility. CA can be dissolved in several solvents, however 
the best ones for electrospinning proved to be acetic acid (AA), and mixtures of 
acetone and N,N-dimethylacetamide (DMAC). Some results of successfully spun 
fibers by needleless electrospinning in our experiments can be found in Figure 1, 
demonstrating differences in the fiber morphology. The 95% aqueous mixture of 
AA showed the best results in comparison with acetone/DMAC mixtures due to 
production of smoother fibers and lower cytotoxicity.

All the mentioned forms of cellulose have been widely applied as wound dress-
ings releasing various bioactive agents into wounds (antimicrobial, anti-inflam-
matory, antioxidative agents, cytokines, and growth and angiogenic factors), as 
transparent wound dressings for direct optical monitoring of wounds, for systemic 

Figure 1. 
Scanning electron microscopy of nanofibrous layers produced by wire needleless electrospinning using different 
solvents, namely 12 wt% of CA in acetone/DMAC (9:1) (left) or 14 wt% of CA in 95% AA (right).
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transdermal drug delivery (analgesics, antiphlogistics, corticoids, and antihyper-
tensives) and for construction of epidermal electronics for monitoring wound heal-
ing or physiological status of the organism. Non-degradable nanocellulose has also 
been used as a temporary carrier for delivery of keratinocytes, dermal fibroblasts, 
and mesenchymal stem cells into wounds (for a review, see [19]).

However, for use as direct scaffolds for skin tissue engineering, cellulose should 
be rendered degradable in human tissues. Cellulose is degradable by cellulase 
enzymes (exoglucanases and endoglucanases), which hydrolyze 1,4-beta- 
D-glycosidic linkages. These enzymes are not synthesized in human tissues, but 
they can be incorporated into cellulose scaffolds in order to degrade them gradually 
[21, 22]. These enzymes are believed to be non-toxic for mammalian cells [23, 24]. 
Moreover, the final product of cellulose degradation by these enzymes is glucose, 
which is a natural nutrient for the cells, by contrast with the acidic by-products of 
the standard currently used biodegradable PLA or PLGA scaffolds [25]. Another 
possibility how to use cellulase enzymes in skin tissue engineering (and in tissue 
engineering in general) is cell sheet technology. First, cells can be grown on the 
top of non-degradable cellulose substrates. After reaching the cell confluence, 
self-standing cell sheets can be released by exposure of the cellulose substrates to 
cellulases. Unlike the proteolytic enzymes conventionally used for detaching cells 
from their growth supports, cellulases do not disintegrate the extracellular matrix 
(ECM) formed by cells and do not cleave extracellular parts of cell adhesion recep-
tors binding the ECM [26]. The cell sheets can be then replanted in the wound bed.

Another interesting approach how to render the cellulose degradable was 
metabolic engineering of Gluconacetobacter xylinus, which then produced modified 
cellulose molecules with intercalated N-acetylglucosamine (GlcNAc) residues, sus-
ceptible to degradation with lysozyme, present in the human body. After subcuta-
neous implantation in mice, the modified cellulose was completely degraded within 
20 days [27, 28].

Other approaches how to render the cellulose degradable, at least partially, is its 
oxidation and other chemical modifications of cellulose, such as its conversion into 
regenerated cellulose or 2,3-dialdehydecellulose. In addition, cellulose of animal ori-
gin, that is, from tunicates, degraded more quickly than plant cellulose. For example, 
when cellulose films from Styela clava were implanted subcutaneously into rats for 
90 days, they lost almost 24% of their initial weight, while the films prepared from 
wood pulp cellulose lost only less than 10% (for a review, see [19]).

Schizophyllan is another β-glucan used for potential wound healing applica-
tion. It is an extracellular β-1,3 beta-glucan with β-1,6 branching, produced by the 
fungus Schizophyllum commune. In blends with PVA, it was used for electrospinning 
of nanofibrous scaffolds, which provided a suitable growth support for human 
dermal fibroblast. In experimental wound models in vivo, schizophyllan attracted 
macrophages, necessary for the first physiological phase of wound healing, that 
is, inflammation. Schizophyllan and other 1,3-β-glucans also increased collagen 
deposition, cellularity, formation of granulation tissue, and vascularity at the 
wound site [29].

Other glucans used for fabrication of nanofibrous scaffolds for skin tissue 
engineering and wound healing include dextran, starch and pullulan. According to 
the type of their glycosidic bonds, these polysaccharides belong to α-glucans.

Dextran is a branched complex glucan, in which the D-glucose units are linked 
by α-1,6 glycosidic bonds with branches from α-1,3 linkages. Dextran is of microbial 
origin; it can be produced, for example, by some lactic acid bacteria from sucrose. 
Dextran was used as a component of nanofibrous polyurethane-based wound 
dressings, in which dextran promoted neovascularization of the wound site, and also 
served as carrier for β-estradiol, an endogenous estrogen, a potent anti-inflammatory 
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agent, and mitogen for keratinocytes. In addition, the presence of dextran made the 
polyurethane dressing softer, more flexible, more wettable, and well-adherent to 
the wound and promoted hemostatic activity of the dressing. In vitro, the presence 
of dextran and β-estradiol enhanced the proliferation of 3T3-L1 fibroblasts on the 
scaffolds [30].

Dextran was also used as component of a bilayer scaffold for skin tissue engineer-
ing. The upper part of the scaffolds was made of electrospun blend of poly 
(ε-caprolactone-co-lactide) and poloxamer (i.e., Pluronic), and the lower part was 
made of a hydrogel composed of dextran and gelatin without the addition of a chemi-
cal crosslinking agent. The lower dextran/gelatin hydrogel layer provided a highly 
swollen three-dimensional environment similar to extracellular matrix (ECM) of soft 
tissues. Both part of the scaffolds supported the growth of adiposetissue-derived stem 
cells; however, the number of these cells on the hydrogels decreased with increasing 
content of dextran [31].

Dextran is degradable by dextranases, enzymes hydrolyzing (1 → 6)-alpha-D-
glycosidic linkages. This enzyme is produced mainly by bacterial and fungi, but it 
was also detected in animal and human tissues, namely liver and spleen. Therefore, 
dextran is often chosen for biomedical applications, particularly drug delivery, 
because it is slowly degradable in human organism. Dextran molecules with Mw 
higher than 40 kDa are sequestered in the liver and spleen, and then hydrolyzed 
by endo- and exodextranases. Dextran molecules with Mw lower than 40 kDa can 
be eliminated through renal clearance [32]. However, dextran hydrogels implanted 
subcutaneously or intramuscularly into rats did not show signs of degradation 
6 weeks post-implantation and were surrounded by a thin fibrous capsule and some 
macrophages and giant cells, which is a response typical for a number of non-
degradable materials [32].

Starch is another α-glucan, containing both α-1,4- and α-1,6 glycosidic bonds. It 
serves an energy storage polysaccharide in plants, and from this point of view, it is con-
sidered to be an analogue of glycogen, energy storage polysaccharide in animals. Starch 
consists of two types of molecules, namely linear amylose and branched amylopectin 
(for a review, see [33]). Electrospun starch-based nanofibrous meshes were proposed for 
wound healing applications. The electrospinning of starch was facilitated by addition 
of PVA, that is, a noncytotoxic, water-soluble, biocompatible synthetic polymer which 
reduced the repulsive forces produced in starch solution. The scaffolds then promoted 
the proliferation of mouse L929 fibroblasts [34]. Starch is degradable by amylases, that 
is, hydrolases that act on α-1,4-glycosidic bonds. Amylases occur in three forms, namely 
α-, β-, and γ-amylases. These enzymes are synthesized by microorganisms (bacteria and 
fungi), plants, and with exception of β-amylases, also in animals. Alpha-amylases are 
present in human organism, but not currently in all tissues-they are important enzymes 
of gastrointestinal tract and are produced by salivary glands and pancreas. Interestingly, 
α-amylases were also found in brain, and their lower expression there is probably associ-
ated with the pathogenesis of Alzheimer’s neurodegenerative disease [35].

Pullulan is also an α-glucan with both α-1,4- and α-1,6 glycosidic bonds. It is a 
linear polysaccharide consisting of maltotriose units, in which three glucose units in 
maltotriose are connected by an α-1,4 glycosidic bond, whereas consecutive malto-
triose units are connected to each other by an α-1,6 glycosidic bond. Pullulan is 
produced from starch by the fungus Aureobasidium pullulans. It shows a high water-
absorbing capability, adhesive properties, and the capability to form strong resilient 
films and fibers. It is degradable by pullulanase, a specific kind of glucanase, 
produced in bacteria and not present in human tissues. When pullulan hydrogels 
alone or in combination with dextran were implanted subcutaneously into rats, 
they induced inflammatory reaction and were surrounded by a fibrous capsule [36]. 
Nevertheless, pullulan is water-soluble and thus removable from human issues, and 
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in combination with chitosan and tannic acid, it was used for fabrication of electro-
spun nanofibrous meshes promising for wound healing [37]. In combination with 
dextran and gelatin, pullulan was used for electrospinning of nanofibrous scaffolds 
promising for skin tissue engineering. These scaffolds, especially when crosslinked 
with trisodium trimetaphosphate, supported the adhesion and spreading of human 
dermal fibroblasts and formation of actin cytoskeleton in these cells [38].

Xylan is a plant polysaccharide belonging to the group of hemicelluloses, that is, 
polymers often associated with cellulose. While cellulose is made of glucose units, 
hemicelluloses contain many different sugar monomers. Xylans are polysaccharides 
made of β-1,4-linked xylose (i.e., a pentose sugar) residues with side branches of 
α-arabinofuranose and α-glucuronic acids, which contribute to crosslinking of 
cellulose microfibrils and lignin through ferulic acid residues. Xylans are considered 
as relatively available and cost-effective natural materials for tissue engineering. 
Electrospun nanofibers containing beech-derived xylan and PVA were tested as 
potential dermal substitutes for skin tissue regeneration. These scaffolds provided 
a good support for the adhesion and proliferation of human foreskin fibroblasts 
and for production of collagen by these cells [39]. Bagasse xylan was also a com-
ponent of hydrogels endowed with shape memory, namely carboxymethyl xylan-
g-poly(acrylic acid) hydrogels, applicable in tissue engineering and biosensorics, 
particularly for construction of electronic skin [40].

Alginates, for example, sodium alginate or calcium alginate, are salts of 
alginic acid, a linear polysaccharide composed of (1,4)-β-D-mannuronic acid and 
(1,3)-α-L-guluronic acid. Alginates are produced by various species of brown 
algae, and also by the bacterium Pseudomonas aeruginosa, a major pathogen found 
in the lungs of patients with cystic fibrosis. The structure of alginates is similar to 
glycosaminoglycans, an important component of ECM in human tissues including 
skin [41]. Alginates have a great ability to keep moisture in the wound site and to 
adhere to skin. However, alginates are poorly spinnable, and therefore, for skin 
tissue engineering and wound dressing applications, they were electrospun together 
with other polymers, such as PVA [41, 42] or PEO [43]. Poor mechanical proper-
ties of alginates have been compensated by the combination with chitosan [44] or 
PCL [44, 45]. In addition, alginates themselves are not adhesive for mammalian 
cells, which was compensated by their combination with collagen and gelatin, 
containing ligands for cell adhesion receptors [41]. Alginates were modified with a 
cell adhesive GRGDSP oligopeptide, which acts as ligand for integrin cell adhesion 
receptors [43]. Sodium alginate was used for attachment of arginine to the surface 
of chitosan nanofibers in order to increase healing capability of this wound dress-
ing [46]. Alginate nanofibers supported by PCL were impregnated with an extract 
from Spirulina, a photosynthetic cyanobacterium producing bioactive molecules 
with anti-oxidant and anti-inflammatory effects [45]. Electrospun sodium alginate 
nanofibers containing silver nanoparticles were used for fabrication of an electronic 
skin capable of pressure sensing and endowed with antibacterial activity [47].

The degradability of alginate in human organism is limited. Alginate is naturally 
degraded by alginate lyases or alginate depolymerases, which have been isolated from 
marine algae, marine animals, bacteria, fungi, viruses, and other microorganisms, 
but are not present in the human organism. Degradability of alginate can be increased 
by its oxidation and at low pH. Also the hydrophilicity and water uptake capacity of 
alginate can help in its removal from the wound site (for a review, see [48]).

Pectin is a complex of structural polysaccharides present in the cell walls of 
terrestrial plants, rich in galacturonic acid. Pectin is known as gelling agent in 
food industry, but it is also widely used in medicine, for example, against digestive 
disorders, such as obstipation and diarrhea, for oral drug delivery, as a component 
of dietary fibers trapping cholesterol and carbohydrates, as a demulcent, that is, a 
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mucoprotective agent, and also in wound healing preparations [49]. Pectin is known 
as a natural prophylactic substance against poisoning with toxic cations, and its 
hemostatic and curing effects are well-documented in healing ointments [50]. Pectin 
is degradable by enzymes produced by bacterial, fungal and plant cells, and not pres-
ent in human tissues [51–53]. Thus, pectin is degradable, at least partly, only in the 
intestinal tract populated with bacteria. However, pectin is water-soluble and quickly 
dissolves in the water environment, including the tissues. Therefore, in order to 
increase its stability, it was combined with chitosan and TiO2 nanoparticles for wound 
dressing applications [50] or used for construction of composite chitosan-pectin scaf-
folds for skin tissue engineering. Blending chitosan with pectin markedly improved 
the mechanical properties of the scaffolds, such as their Young’s modulus, strain at 
break and ultimate tensile strength, in comparison with pure chitosan scaffolds, 
although the proliferation of cells (i.e., fibroblasts) was slightly slower on pectin-
containing scaffolds [54, 55]. The reason is that pectin does not contain cell binding 
domains. The cell adhesion on pectin nanofibers was markedly enhanced by oxidizing 
pectin with periodate to generate aldehyde groups, and then crosslinking the nanofi-
bers with adipic acid dihydrazide to covalently connect pectin macromolecular chains 
with adipic acid dihydrazone linkers. In addition, the crosslinked pectin nanofibers 
exhibited excellent mechanical strength and enhanced body degradability [56].

Other polysaccharides explored for creation of nanofibrous scaffolds for skin tissue 
engineering and wound healing are gum tragacanth and gum arabic, both polysaccha-
rides of plant origin, degradable by bacteria and fungi, for example, in soil [57, 58].

Gum tragacanth is a viscous water-soluble mixture of polysaccharides, mainly 
tragacanthin and bassorin. Tragacanthin dissolves to give a colloidal hydrosol. 
Bassorin, representing 60–70% of the gum, is insoluble and swells to a gel. 
Chemically, tragacanthin is a complex mixture of acidic polysaccharides containing 
D-galacturonic acid, D-galactose, L-fucose (6-deoyl-L-galactose), D-xylose, and 
L-arabinose. Bassorin is probably a methylated tragacanthin. A small amount of 
cellulose, starch, protein and ash are also present (https://colonygums.com/traga-
canth). In order to improve electrospinning and mechanical properties of the gum 
tragacanth, it was combined with PVA and PCL [59]. Gum tragacanth is endowed 
with microbial resistance and wound healing activity, which was further enhanced 
by curcumin, a naturally occurring poly-phenolic compound with a broad range of 
favorable biological functions, including anti-cancer, anti-oxidant, anti-inflamma-
tory, anti-infective, angiogenic, and healing properties [60].

Gum arabic, also known as gum acacia, is a complex and water-soluble mixture 
of glycoproteins and polysaccharides consisting mainly of arabinose and galactose. 
For skin tissue engineering, it was electrospun with PCL and also with zein, a stor-
age plant protein [61].

Silk fibroin is a water-insoluble elastic protein present in silk fibers produced 
by larvae of Bombyx mori and some other moth of the Saturniidae family, such as 
Antheraea assama, Antheraea mylitta, and Philosamia ricini [62–64]. Silk fibroin 
occurs in the fibers together with sericin, a water-soluble serine-rich protein, which 
forms a glue-like layer coating two singular filaments of fibroin.

In biomaterial science, silk fibroin is considered to be degradable, but in mam-
malian organism, this degradation is long-lasting and can take more than 1 year. 
As a kind of biomaterial approved by the Food and Drug Administration (FDA) 
for medical use, silk is defined by United States Pharmacopeia as non-degradable 
for its negligible tensile strength loss in vivo. However, silk fibroin is susceptible 
to biological degradation by proteolytic enzymes such as chymotrypsin, actinase, 
carboxylase, proteases XIV, XXI and E, and collagenase IA. The final degradation 
products of silk fibroin are amino acids, which are easily absorbed in vivo (for a 
review, see [65]).
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The degradation behavior of fibroin scaffolds depends on the preparation 
method and structural characteristics, such as processing condition, pore size, 
and silk fibroin concentration (for a review, see [65]). For example, three-
dimensional porous scaffolds prepared from silk fibroin using all-aqueous 
process degraded within 2–6 months after implantation into muscle pouches of 
rats, while the scaffolds prepared using an organic solvent, hexafluoroisopro-
panol (HFIP), persisted beyond 1 year. It was probably due to a lower original 
silk fibroin concentration, larger pore size, and a higher and more homoge-
neous cellular infiltration of aqueous-derived scaffolds than in HFIP-derived 
scaffolds [66].

For skin tissue engineering and wound healing, silk fibroin has been combined 
with various synthetic and natural polymers and other bioactive substances. 
The polymers included, for example, PCL, [67], poly(L-lactic acid)-co-poly(ε-
caprolactone) (PLACL, [68]), carboxyethyl chitosan, PVA, [69], chitin [70], 
cellulose-based materials modified by oxidation [71] or with lysozyme [72], col-
lagen [73], gelatin [74], and hyaluronan [75]. The bioactive substances were, for 
example, growth factors, such as epidermal growth factor [64], vitamins, such as 
vitamin C [68], vitamin E [76], and pantothenic acid (vitamin B5; [77]), anti-
oxidants, such as grape seed extract ([78]) or quinone-based chromenopyrazole 
[79], antibiotics, such as ciprofloxacin [64], tetracycline [68] or gentamycin [62], 
and other antimicrobial and wound healing agents, such as silver nanoparticles, 
dandelion leaf extract [63], Aloe vera [80], or astragaloside IV [74]. In order to 
enlarge the pore size in nanofibrous scaffolds for cell penetration, silk fibroin 
was electrospun together with so-called “sacrificial” crystals of ice [67] or NaCl 
[81, 82], that is, crystals which are removed after the electrospinning process. 
An interesting combination is silk fibroin with decellularized human amniotic 
membrane, which was used for developing a three-dimensional bi-layered scaf-
fold for burn treatment. Adipose tissue-derived mesenchymal stem cells seeded 
on this scaffold increased expression of two main pro-angiogenesis factors, 
vascular endothelial growth factor, and basic fibroblast growth factor [83]. Also 
the transplantation of bone marrow-derived mesenchymal stem cells and epi-
dermal stem cells into wounds using nanofibrous silk fibroin scaffolds supported 
re-epithelization, collagen synthesis, as well as the skin appendages regeneration 
[84]. Another interesting approach is to use silk fibroin produced by other species 
than Bombyx mori, namely by the moths Antheraea assama and Philosamia ricini. 
This “non-mulberry” silk fibroin possesses inherent Arg-Gly-Asp (RGD) motifs 
in its protein sequence, which facilitates binding of cells through their integrin 
adhesion receptors [64].

Sericin has also been applied in skin tissue engineering and wound heal-
ing, although in a lesser extent than silk fibroin. Sericin shows antioxidant, 
UV-protective, heat-protective, moisture-retaining, and antimicrobial properties, 
which have been reported to be more pronounced in non-mulberry sericin  
(e.g., from Antheraea mylitta) than in sericin produced by Bombyx mori. The reason 
is that wild moths like Antheraea mylitta are exposed to a hostile environment in 
nature than Bombyx mori raised in captive conditions. Similarly as non-mulberry 
silk fibroin, also sericin has been reported to be more supportive for cell adhesion 
than mulberry sericin (for a review, see [85]). Sericin enhanced the proliferation 
and epidermal differentiation of human mesenchymal stem cells on gelatin/hyal-
uronan/chondroitin sulfate nanofibrous scaffolds [86]. Similarly, sericin improved 
the growth of murine L929 fibroblasts and human HaCaT keratinocytes cultured 
on the PVA nanofibrous scaffolds [87] and also the growth of L929 fibroblasts on 
chitosan nanofibrous scaffolds, together with antibacterial properties of these 
scaffolds [88].
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3. Nature-derived nanofibers degradable in the human tissues

Nature-derived polymers degradable in human tissues include, in particular, 
polymers that are synthesized in the human body and usually act as components 
of ECM. These polymers are proteins (collagen and its derivative gelatin, elastin, 
fibrinogen and fibrin, keratin) or polysaccharides in non-sulfated form (hyaluronic 
acid) and sulfated form (heparin-like glycosaminoglycans). In addition, some 
natural polymers synthesized by other organisms, such as bacteria, fungi, insects, 
crustaceans or plants, are degradable in human tissues, because they are susceptible 
to enzymes present in human tissues, such as lysozyme and esterases. These poly-
mers include chitosan, gellan gum, zein, and PHBV.

Collagen is the main structural protein in the extracellular space in a wide range 
of tissues in the body. Skin contains type I collagen, one of the most abundant colla-
gens in the human body. Type I collagen is also abundant in tendons, ligaments, and 
vasculature, and it is a main component of the organic part of bone. Type I collagen 
is a fibrillar type of collagen; it is composed of amino acid chains forming triple-
helices of elongated fibrils. That is why the nanofibrous collagen scaffolds closely 
mimic the architecture of the native ECM and are advantageous for tissue engineer-
ing. In addition, collagen has been reported to be relatively poorly immunogenic, 
even if used in allogeneic and xenogeneic forms, for example, recombinant human 
collagen or bovine and porcine collagen. However, mammalian collagen is associated 
with the risk of disease transmission, for example, bovine spongiform encephalopa-
thy (for a review, see [89–91]). This risk can be reduced by the use of fish collagen, 
which became to be popular in tissue engineering, including skin tissue engineer-
ing and wound healing. In addition, the fish collagen enables an easier recovery of 
intact collagen triple helices than the mammalian collagen [92]. Fish collagen can be 
obtained from the skin, scales and bones of freshwater fish, such as tilapia [91–94], 
and marine fish, such as hoki fish (Macruronus novaezelandiae) [92, 95], or Arothron 
stellatus, also known as “stellate puffer,” “starry puffer” or “starry toadfish” [96]. 
Nanofiber electrospun from tilapia skin collagen promoted the proliferation of 
human HaCaT keratinocytes, and stimulated epidermal differentiation through the 
up-regulated gene expression of involucrin, filaggrin, and type I transglutaminase 
in these cells. Moreover, the tilapia collagen nanofibers accelerated wound healing in 
vivo in rat models [91–94]. Beneficial effects on wound healing were also observed in 
nanofibrous meshes electrospun from collagen obtained from Arothron stellatus [96] 
and from fish scale collagen peptides [90].

Collagen is one of the most widely used natural proteins for creation of nano-
fibrous scaffolds for skin tissue engineering and wound healing. However, these 
scaffolds are usually mechanically weak, and therefore they need crosslinking or 
blending with synthetic polymers. Collagen crosslinking with conventionally used 
agents, particularly glutaraldehyde, is associated with the risk of the scaffold cyto-
toxicity. More benign crosslinkers used recently include, for example, citric acid 
[95] or quaternary ammonium organosilane, a multifunctional crosslinking agent, 
which improved the electrospinnability of collagen by reducing its surface tension, 
endowed the collagen nanofibers with potent antimicrobial activity and promoted 
the adhesion and metabolic activity of primary human dermal fibroblasts without 
any cytotoxicity, at least in a lower concentration of 0.1% w/w [97].

Synthetic polymers used for combination with collagen in nanofibrous scaf-
folds included PLA [98], PLGA [99, 100], and particularly PCL, which was either 
blended with collagen [101–104] or served as substrate for subsequent deposition of 
collagen [105]. Collagen has also been combined with natural polymers, such as silk 
fibroin [73] or chitosan in a form of blends [106] or in a form of bilayered scaffolds, 
where collagen was electrospun onto the chitosan scaffolds [107]. Collagen was also 
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grafted on the surface of composite electrospun PVA/gelatin/alginate nanofibers 
[41]. Collagen-based or collagen-containing nanofibers have been loaded with a 
wide range of bioactive substances, such as vitamin C, vitamin D3, hydrocorti-
sone, insulin, triiodothyronine, and epidermal growth factor [100], transforming 
growth factor-β1 [102], plant extracts such as Coccinia grandis leaf extract [96], or 
lithospermi radix extract [107], antibiotics such as gentamicin [103], or bioactive 
glass [93, 104]. Collagen and PCL and bioactive glass nanoparticles were applied 
for delivery of endothelial progenitor cells into wounds in order to promote their 
vascularization and healing [104].

Gelatin is a derivative of collagen, obtained by denaturing its triple helical 
structure. Specifically, it is a mixture of peptides and proteins produced by partial 
hydrolysis of collagen extracted from the skin, bone, and connective tissue of 
animals, such as cattle, pigs, chicken, and also fish. Gelatin can be defined as a 
complex mixtures of oligomers of the α subunits joined by covalent bonds, and 
intact and partially hydrolyzed α-chains of varying molecular weight (for a review, 
see [89, 92]). Properties of gelatin, including its spinnability, depend on the source 
of collagen, animal species, age, type of collagen, type of conversion of collagen to 
gelatin (i.e., acidic vs. basic hydrolysis), and particularly on the conformation of 
gelatin molecules [108].

Similarly as collagen, also gelatin is the most promising for skin tissue engineer-
ing and wound healing applications in combination with various synthetic and 
natural polymers. For example, gelatin was combined with polyurethane [109], 
PLA [11, 17], and particularly with PCL, where it was incorporated into core-shell 
PCL/gelatin nanofibers as the core polymer [110] or electrospun independently of 
PCL using a double-nozzle technique, which resulted in creation of two types of 
nanofibers in the scaffolds, either mixed [111] or arranged in separate gelatin and 
PCL layers [112]. Gelatin was also combined with a copolymer of lactic acid and 
caprolactone P(LLA-CL) in the form of blends [113] or in the form of coaxial nano-
fibers with P(LLA-CL)/gelatin shell and albumin core containing epidermal growth 
factor, insulin, hydrocortisone, and retinoic acid [114]. Natural proteins combined 
with gelatin included dextran [31], pullulan [38], alginate [41], silk fibroin [74], and 
hyaluronan with chondroitin sulfate [86].

For combination with synthetic and natural polymers, for example, with PCL 
[115], and chitosan and keratin [116], gelatin was also used in the form of photo-
crosslinkable gelatin methacrylate hydrogel (GelMA). On PCL nanofibers, GelMA 
showed a higher decoration level in comparison with native gelatin [116]. Self-
standing nanofibrous matrices electrospun from GelMA enabled tuning of their 
water retention capacity, stiffness, strength, elasticity, and degradation by changing 
the exposure time to UV light [117].

Elastin is a protein found in the ECM, that maintains its elasticity [118]. It is the 
second main protein-based component of native skin ECM. The presence of elastin 
in composite electrospun nanofibrous scaffolds, containing gelatin, cellulose acetate 
and elastin, changed the fiber morphology from straight to ribbon-like structure, 
and decreased the swelling ratio and degradation rate of the scaffolds. In addition, 
elastin-containing scaffolds supported the attachment and proliferation of human 
fibroblasts [119].

Fibrin is a provisional ECM protein, which accumulates in wounds after injury to 
initiate hemostasis and healing. Fibrin is formed via the polymerization of fibrino-
gen monomers in the presence of thrombin, and this process can be simulated in 
vitro [120]. Fibrin forms a fine nanofibrous mesh, which is mechanically weak and 
needs to be deposited on some supportive structure, for example, synthetic nanofi-
brous meshes made of poly(L-lactide) (PLLA) [121]. In our experiments, fibrin was 
deposited on PLLA in the form of two types of coating, depending on the mode of 
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fibrin preparation. Fibrin either covered the individual fibers in the membrane (F1 
nanocoating), or covered the individual fibers and also formed a fine homogeneous 
nanofibrous mesh on the surface of the membrane (F2 nanocoating), depending on 
the mode of fibrin preparation. The fibroblasts on the F1 nanocoating remained in 
their typical spindle-like shape, while the cells on the F2 nanocoating were polygonal 
with a higher proliferation rate [122]. F2 nanocoating was then used for development 
of a bilayer skin construct. First, a nanofibrous PLLA mesh was coated with fibrin 
and seeded with human dermal fibroblasts. After reaching confluence, the fibro-
blasts were covered with a collagen hydrogel and were allowed to migrate into this 
hydrogel and to proliferate inside. After sufficient colonization of the hydrogel with 
fibroblasts and formation of a structure resembling the skin dermis, human epider-
mal keratinocytes were seeded on the top of the collagen hydrogel (Figure 2) [123].

Also fibrinogen was used for modification of synthetic polymeric nanofibers in 
order to enhance the cell adhesion and growth. Nanofibrous scaffolds electrospun 
from blends of PCL and fibrinogen improved the adhesion, proliferation, and epi-
dermal differentiation of adipose tissue-derived stem cells (ADSCs) in comparison 
with pure PCL scaffolds. Composite PCL/fibrinogen scaffolds seeded with ADSCs 
also markedly improved healing of full-thickness excisional wounds created in rats in 
comparison with acellular dermal matrix or acellular dermal matrix with ADSCs [124].

Keratin is a fibrous structural protein, present in skin appendages, such as hair, 
wool, feather, nails, horns, claws, hooves, and in the outer (cornified) layer of 
epidermis [125, 126]. Keratin protects epithelial cells from damage and stress and is 
insoluble in water and organic solvents.

In most studies dealing with keratin-containing nanofibers, keratin was 
combined with other natural or synthetic polymers in order to improve the spin-
nability of keratin, or to improve the bioactivity of the co-electrospun polymer. For 
example, in a study by Cruz-Maya et al. [127], blending keratin with PCL improved 
the stability of the electrospinning process, promoted the formation of nanofibers 
without defects, such as beads and ribbons, typically observed in the fabrication of 
keratin nanofibers. At the same time, keratin markedly increases the fiber hydro-
philicity compared with pure PCL, which improved the adhesion and proliferation 
of human mesenchymal stem cells [127]. Similarly, co-electrospinning of keratose 
(i.e., oxidative keratin) with PVA resulted in nanofibers with uniform fibrous struc-
ture, suitable hydrophilicity and mechanical properties [125]. Properties of elec-
trospun keratin nanofibers were also improved by incorporation of hydrotalcites, 
intended for delivery of diclofenac. These nanofibers displayed a reduced swelling 

Figure 2. 
Developing a bilayer construct of keratinocytes and fibroblasts on a PLLA nanofibrous membrane with fibrin 
and collagen hydrogel. Left: schematic design; right: real construct.
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ratio and a slower degradation profile compared to keratin-based non-woven 
nanofibrous mats containing free diclofenac [126]. Keratin was also a component 
of core-shell nanofibers, prepared by coaxial electrospinning of chitosan, PCL and 
keratin with Aloe vera extracts encapsulated inside the polymer nanofibers. This 
construct increased the adhesion and growth of L929 fibroblasts and was intended 
for wound healing applications [128]. Importantly, keratin was a component of 
bilayer scaffolds for skin tissue engineering, composed of human hair keratin/
chitosan nanofiber mat and gelatin methacrylate (GelMA) hydrogel. Human dermal 
fibroblasts were encapsulated and grown in the hydrogel matrix, while human 
HaCaT keratinocytes formed a layer on the top of the scaffolds, mimicking dermis 
and epidermis of skin tissue [116]. Another bilayer scaffolds was constructed using 
polyurethane wound dressing as an outer layer, and electrospun gelatin/keratin 
nanofibrous mat as an inner layer [109].

Hyaluronic acid, also called hyaluronan, is an anionic, non-sulfated linear 
glycosaminoglycan. It is distributed widely throughout connective, neural, and 
epithelial tissues, including skin, where it is a major component of ECM. Therefore, 
hyaluronic acid has been widely used for skin tissue engineering and wound heal-
ing, and it is approved for clinical application [33].

Hyaluronic acid stimulated infiltration of nanofibrous scaffold composed of 
hyaluronan, silk fibroin and PCL [75], and can help to promote cell proliferation 
[129]. Electrospinning of pure hyaluronic acid is not simple because of solubility 
characteristics of this polymer. Hyaluronic acid is well-soluble in water but less-
soluble in most organic solvents, which can be solved by mixtures of solvents as 
water/ethanol or water/dimethylformamide [130]. Increasing of evaporation and 
decreasing of solution surface tension by the solvent mixing helps to electrospin-
ning process. Another possibility is electrospinning of hyaluronic acid together with 
a suitable water-soluble polymer such as PVA [131] or PEO. The solution of pure 
hyaluronic acid [132] or with relatively small amount of carrier PEO was successfully 
spun into nanofibrous material by air-assisted electrospinning technology, that is, 
electroblowing [133]. For creation of nanofibrous scaffolds, hyaluronic acid was also 
used in combination with PCL [134], PLA [135] or gelatin, chondroitin sulfate and 
sericin [86].

Sulfated glycosaminoglycans have been relatively rarely used as compo-
nents of nanofibers for skin tissue engineering and wound healing in com-
parison with hyaluronic acid. This group of polysaccharides include heparin, 
heparan sulfate, chondroitin sulfate, dermatan sulfate, and keratan sulfate (for 
a review, see [33]). From these polysaccharides, only heparin, heparan sulfate, 
and chondroitin sulfate were used as components of nanofibers for skin regen-
erative therapies. For example, heparin coatings on PLLA nanofibers increased 
the infiltration of the scaffolds with endothelial cells in vitro, and enhanced 
epidermal skin cell migration across the wound in a full-thickness dermal 
wound model in rats in vivo [136]. In a recent study by Yergoz et al. [137], a 
heparin-like nanofibrous hydrogel promoted regeneration of full thickness 
burn injury in mice. Chondroitin sulfate was used as a component of electros-
pun gelatin/PVA/chondroitin sulfate nanofibrous scaffolds, which supported 
the proliferation of human dermal fibroblasts [138], of electrospun nanofi-
brous composite scaffolds made of cationic gelatin/hyaluronan/chondroitin 
sulfate loaded with sericin, which promoted the differentiation of human 
mesenchymal stem cells toward epithelial lineage [86], and of electrospun 
gelatin/chondroitin sulfate nanofibrous scaffolds, which accelerated healing of 
full-thickness skin excision wounds in rats [139].

Chitosan is a linear polysaccharide composed of randomly distributed 
β-(1 → 4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine 
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(acetylated unit). It can be prepared by alkali treatment from chitin, a poly-N-
acetyl-D-glucosamine polysaccharide, the major structural component of the 
exoskeleton of crustaceans (crab, shrimp), and of the cell wall of fungi and yeast 
[140]. Chitosan is known as biocompatible, antimicrobial, and biodegradable. In 
the human organism, it can be degraded by lysozyme, a hydrolytic enzyme present 
in various secretions such as saliva, tears, mucus, and human milk, and also in cyto-
plasmic granules of macrophages and polymorphonuclear neutrophils. Chitosan 
breakdown by lysozymes happens via the removal of glycosidic bonds between 
polysaccharide units in the polymer. Glucosamine and saccharide are the products 
of this process, which can be metabolized or stored as proteoglycans in the body.

However, electrospinning of chitosan is difficult due to its polycationic charac-
ters. Due to the presence of amine groups in the chitosan molecule, acidic aqueous 
solutions are the best solvents for this polymer. The best candidates for solvent 
system seem to be mixture of acetic acid (AA) and formic acid (FA) or trifluoro-
acetic acid (TFA); however, TFA is highly toxic. Electrospinning of pure chitosan 
has very low productivity because it requires very concentrated polymeric solutions 
[141]. Therefore, for creation of nanofibrous scaffolds for skin tissue engineering, 
chitosan has been mixed with other natural or synthetic polymers, such as col-
lagen [142], gelatin [143], keratin [116], cellulose [144], pectin [54, 55], silk fibroin 
[69], PHBV [145], PCL [142], PLA [146], PLGA [147], PEO, [148], and also with 
PVA, which was used in our studies (Figure 3). Chitosan has also been mixed with 
various nanoparticles, such as halloysite nanotubes [149], graphene oxide [150] or 
nanodiamonds [144]. The reason of all these mixtures was to improve the stability, 
spinnability, wettability, mechanical properties, and biofunctionality of chitosan-
containing scaffolds for skin tissue engineering. Combination of chitosan with 
various polymers also enabled creation of bilayer scaffolds for reconstruction of two 
main skin layers, that is, epidermis containing keratinocytes and dermis containing 
fibroblasts [116, 142]. In order to enhance the antimicrobial and wound healing 
activity of chitosan, this polymer was electrospun together with extract from 
Henna leaves [151]. In addition, chitosan nanoparticles have been incorporated in 
nanofibrous scaffolds as carriers for controlled drug delivery, for example, delivery 
of growth factors, cytokines and angiogenic factors, such as platelet-derived growth 
factor [152], granulocyte colony-stimulating factor [153] or angiogenin [147]. 

Figure 3. 
Scanning electron microscopy of nanofibrous layers produced by needle electrospinning from PVA/chitosan 
solution.
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Nanofibrous scaffolds promising for skin tissue engineering and wound heal-
ing were also prepared directly from chitin, which was electrospun either alone 
with further modifications with fibronectin, laminin and particularly with type I 
 collagen [154], or in combination with silk fibroin [70].

Gellan gum is a water-soluble anionic polysaccharide produced by the bacterium 
Sphingomonas elodea (formerly Pseudomonas elodea). The repeating unit of the poly-
mer is a tetrasaccharide, which consists of two residues of D-glucose, one of residue 
of L-rhamnose and one residue of D-glucuronic acid. For skin tissue engineering 
and wound healing, gellan gum was electrospun with PVA in order to decrease its 
viscosity and repulsive forces between the polyanions along the polymer chains and 
to increase the stability, uniformity, and structural consistency of the nanofibers 
in aqueous environment. The nanofibrous scaffolds were further stabilized by 
crosslinking with various physical, chemical, and ionic methods, such as by heat, 
UV irradiation, methanol, glutaraldehyde, and by calcium chloride [155]. These 
scaffolds supported the adhesion and growth of human dermal 3T3-L1 fibroblasts 
[155, 156] and human HaCaT keratinocytes [157] and provided a better support for 
these cells than conventionally proposed gellan-based hydrogels and dry films. In 
addition, these scaffolds were endowed with antimicrobial activity by incorporation 
with amoxicillin, and accelerated healing of full-thickness skin excision wound in 
rats in comparison with non-treated wounds [157]. Similarly as chitosan, gellan gum 
has been reported to be degradable by lysozyme [158]. Three-dimensional printed 
gellan gum scaffolds also showed degradation in vitro in phosphate-buffered saline 
(PBS) or in simulated body fluid, and the degradation rate could be modulated by 
changing the ratio of surface area per mass of the scaffolds [159].

Zein is the major storage protein of corn, composed of amino acids such as 
leucine, glutamic acid, alanine and proline, and showing good biocompatibility, 
flexibility, microbial resistance, and antioxidant activity [61]. Zein has been shown 
to degradable in vitro in PBS and also in vivo when implanted subcutaneously in 
rats in the form of rod-like implants [160]. However, similarly as in many other 
natural polymers, the application of pure zein nanofibers is limited because of 
poor mechanical properties of these fibers. Therefore, for skin tissue engineering 
and wound dressing applications, zein has been mixed with various synthetic and 
nature-derived polymers, such as polyurethane [161], PLA [162], PCL, hyaluronic 
acid, chitosan [163], and polydopamine [164], and impregnated with TiO2 nanopar-
ticles [164] or Ag nanoparticles [161] in order to enhance the antimicrobial activity 
of the scaffolds.

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), is a polymer pro-
duced naturally by bacteria as a storage compound under growth-limiting condi-
tions. It is a thermoplastic linear aliphatic polyester of polyhydroxyalkanoate type. 
PHBV is approved by the FDA for medical use. PHBV is biodegradable by bacterial 
enzymes, but it is also susceptible to hydrolytic degradation in water environment, 
although this degradation is relatively slow. When degradation of porous PHBV 
scaffolds for tissue engineering was simulated in vitro in PBS at 37°C, it lasted 
several months [165]. In the human body, however, the degradation of PHBV can 
be accelerated by nonspecific esterase and lysozyme enzymes, both present in cells 
of the immune system (for a review, see [165]). For biomedical application, PHBV 
is often used as an alternative to synthetic polymers, but it has several drawbacks, 
such as relatively high cost, brittleness, relatively difficult processing, and also 
hydrophobicity, which can hamper the cell adhesion and growth. However, PHBV 
is piezoelectric, which can stimulate the adhesion, growth, and phenotypic matura-
tion of cells. Pure electrospun PHBV meshes supported the adhesion, growth, and 
epidermal differentiation of bone marrow mesenchymal stem cells, which was 
induced by an appropriate composition of cell culture media, containing epidermal 
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growth factor, insulin, 3,3′,5-triiodo-L-thyronine (T3), hydrocortisone, and 1α, 
25-dihydroxyvitamin (D3), and manifested by expression of genes for keratin, 
filaggrin, and involucrin, that is, an early, intermediate and late marker of kerati-
nocyte differentiation, respectively [166]. In order to increase the attractiveness of 
electrospun PHBV nanofibers for the cell adhesion and growth, they were coated 
with collagen [167] blended with collagen [168], blended with chitosan [145] or 
blended with keratin [169]. Collagen-coated PHBV nanofibers alone or seeded with 
unrestricted somatic stem cells, isolated from umbilical cord, accelerated closure 
of excision wounds in rats in vivo compared to unmodified PHBV nanofibers [167]. 
Similar wound healing effect was also obtained with PHBV nanofibers blended 
with keratin [169]. Mechanical properties of PHBV nanofibers were improved by 
addition of graphene oxide nanoparticles in the electrospinning solution, which 
also endowed these fibers with and antimicrobial activity [167].

4. Conclusions

Nanofibrous scaffolds made of nature-derived polymers hold a great promise for 
skin tissue engineering and wound healing. These scaffolds are created from biologi-
cal matrices, and from this point of view, they resemble the extracellular matrix 
more closely than synthetic polymers. Some of these polymers, such as collagen, 
gelatin, elastin, keratin, nonsulfated and sulfated glycosaminoglycans, and also 
nonmulberry silk fibroin, contain motifs that are recognized and bound by cell adhe-
sion receptors. Therefore, nature-derived polymers can increase the bioactivity of 
synthetic polymers, when combined with them in nanofibrous scaffolds. Conversely, 
synthetic polymers can improve the electrospinnability and mechanical properties 
of the natural polymers. Similarly as synthetic polymers, nature-derived polymers 
can be more or less degradable in human tissues. Degradable polymers include colla-
gen, gelatin, elastin, keratin, glycosaminoglycans, but also chitosan, gellan gum and 
PHBV, that is, polymers produced by other than mammalian organisms. Polymers 
produced by other organisms, such as bacteria, fungi, algae, plants or insects, are 
usually nondegradable in human tissues, or their degradability is limited due to 
lack of appropriate enzymes. These polymers include glucans, such as cellulose or 
dextran, and other polysaccharides and proteins, such as pullulan, alginate, pectin, 
and silk fibroin. Well-degradable polymers are recommended as direct scaffolds 
for tissue engineering, while less-degradable polymers are suitable for “intelligent” 
wound dressing for drug delivery and cell delivery.
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Chapter

Microfluidic Device for Single Cell 
Impedance Characterization
Muhammad Asraf Mansor and Mohd Ridzuan Ahmad

Abstract

Detection of single particle has emerged as a noninvasive technique for 
 diagnostic and prognostic patients with cancer suspected. Microfluidic imped-
ance cytometry has been utilized to detect and measure the electrical impedance 
of single biological particles at high speed. The detailed information of single cells 
such as cell size, membrane capacitance, and cytoplasm conductivity also can be 
obtained by impedance measurement over a wide frequency range. In this work, we 
developed an integrated microneedle microfluidic device to detect and discriminate 
9- and 16-μm microbeads. Two microneedles were utilized as measuring electrodes 
at the half height of the microfluidic device to perform measurement of electrical 
impedance under a presence of cells at the sensing area. Furthermore, this device 
was able to distinguish the cell concentration in the suspension fluid. The reus-
able microneedles were easy to be inserted and withdrawn from the disposable 
 microfluidic. The ultrasonic cleaning machine has been used to clean the reusable 
microneedle with a simple cleaning process. Despite of the low-cost device, its 
capability to detect single particles at the sensing area was preserved. Therefore, this 
device is suitable for cost-efficient medical and food safety screening and testing 
process in developing countries.

Keywords: impedance, flow cytometry, microfluidics, microneedle, single cell

1. Introduction

The single cell analysis (SCA) has been emphasized to provide biologists and 
scientists to peer into the molecular machinery of individual cells. For the applica-
tion of medical diagnosis, detection of cancer cells and pathogenic bacteria cells in 
blood is utilized as a diagnosing infectious disease. It is reported that detection of 
circulating tumor cells (CTCs) in the blood has shown to be clinically important for 
early stage metastasis or recurrence of cancer. The presence of rare CTCs in blood 
is ranging from only 1–100 CTCs/ml blood [1]. Plasmodium falciparum malaria, 
which kills mainly children in developing countries infected the blood sample of 
patients at concentration of ~1/50 μl of blood [2]. Nowadays, the analysis of single 
cell in biological measurements and medical research has emerged as a distinct new 
field and acknowledged to be one of the fundamental building blocks of life [3]. 
Amongst of various single cell analysis, cell impedance measurement has become an 
effective method of biological measurement [4]. The physiological behavior of the 
cells and their corresponding molecular expressions have significant effect on the 
cell membrane and cytoplasm conductivity and dielectric constant, which in turn 
affects the overall impedance characteristics [5]. For that reason, the impedance 
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measurements on single cells can provide relevant information about its functional 
status and may be a simple and significantly less complex alternative to detailed 
molecular expression studies.

The classical method for cell detection in suspension is using flow cytometry, 
which is rapid and highly accurate measurement technique. Impedance flow 
cytometry is an indirect signal extraction from the single cells on microchannel 
sensing area without having direct access into intracellular region of the cells [6]. 
These techniques were first reported by Coulter [7] has emerged in the microfabri-
cation device in order to analyze microscale particle with high sensitivity. However, 
flow cytometry involves expensive manufacturing and labelling of the cells with 
fluorescent antibodies [8]. Recently, the impedance flow cytometry (IFC) has 
gained attention for the significant promising techniques to replace and overcome 
the limitations associated with flow cytometry. The IFC is preferable because of 
fast, real-time, and non-invasive methods for biological detection. This technique 
is capable to be utilized as cell counting [8], cancer cell detection [9] and bacteria 
detection [10]. Some groups have demonstrated detection and counting of cells by 
using a microfluidic integrated with electrode for various electrical measurement 
methods in an application of food safety [11] and real-time monitoring bio-threat 
[12]. This measurement technique is based on the alteration of impedance across 
a measurement electrode due to the blocking of ionic current passing between 
electrodes when a presence of the cells.

The IFC is capable to distinguish and count lymphocytes, monocytes and 
neutrophils in human whole blood [8]. Other studies reported that IFC can detect 
the presence of cells based on probing the impedance inside the cell at frequency 
greater than 1 MHz [13]. Fabricated nanoneedles probe inside microfluidic was 
utilized for measuring the presence of cells at sensor surface and making it sensi-
tive to the dielectric properties of solution [14]. However, this device requires 
patterning of electrode or probe on the substrate resulting in higher cost of the 
fabrication process. Another limitation also needs to consider is time-consuming 
cleaning process of the device. Several groups have demonstrated the technique 
to reduce the cost of microfabrication of electrodes by using printed circuit board 
(PCB) as a measurement electrode. They demonstrated contactless conductivity 
detection in capillary electrophoresis manners [15] and cell manipulation using 
dielectophoresis [16]. Recently, the contactless impedance cytometry was devel-
oped to reduce the fabrication cost of impedance cytometry device [17, 18]. The 
electrode was fabricated on the PCB substrate (reusable component) and the thin 
bare dielectric substrate bonded to a PDMS microchannel (disposable component) 
was placed onto PCB substrate. The sensitivity of this device is the limitation since 
the electric field was buried in dielectric substrate and not reaches the electrolyte. 
Several designs and method in IFC in order to detect and analyze a cell have been 
reported [19, 20].

This chapter discusses a novel integrated microneedles-microfluidic system for 
detecting yeast cell concentration in suspension as well as detecting a single particle 
based on the impedance measurement. The development of the device focuses 
on reducing the fabrication cost while preserving the main functionality, that is, 
cell detection. The significant fabrication cost reduction in this work is by replac-
ing the microfabrication of electrodes by the microneedles. This device utilized a 
Tungsten microneedle as a measurement electrode which can be reused and easily 
to be cleaned. The two microneedles were placed at half height disposable micro-
channel to detect and enable impedance measurement of passing cells through the 
applied electric field. Figure 1(a) illustrated the schematic diagram of the proposed 
microfluidic chip which consists of two microneedles integrated at both sides of the 
microchannel. The main sensing area microchannel length, width and thickness are 
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100, 25 and 25 μm respectively. The device is suitable for early cancer cell detection 
application in developing countries since it significantly reduces the fabrication 
cost, that is, not required the fabrication of micro electrode.

1.1 Principle

Ohm’s Law has been use as the basic principle of detecting suspended biological 
cells in the media. The passing cells across the sensing area have been measure by 
an AC current with a frequency sweep to determine the changing impedance value 
of media. Figure 1(b) illustrated the equivalent circuit model for obtain the all 
parameter involved in order to characterize the electrical properties of cell between 
two microneedles in the suspension media. The sensing area of mirofluidic chip 
can be modeled electrically as cell impedance of resistance Rp and cell capacitance 
Cp in parallel with the impedance contributed by all materials between the two 

Figure 1. 
(a) 3D schematic diagram of the microfluidic device structure integrated with microneedle and top view of 
sensing area which the impedance measurement of single particle be measured. (b) Microfluidic sensing area 
equivalent circuit model.



Current and Future Aspects of Nanomedicine

4

electrodes, which consist solution resistor Rm in parallel with solution capacitance 
Cm. Both impedance in series with a pair of electrodes capacitance double layer Cdl. 
ZT is overall impedance of the measurement system given [21].

    Z  T   =   2 _ 
j𝜔  C  dl  

   +   
 R  m    R  p  

  _____________________  
 R  m   +  R  p   + j𝜔  R  m    R  p   ( C  m   +  C  p  ) 

     (1)

where ω is the angular frequency of the electrical signal. As a result, the ZT 
is changing according the present of cell in the sensing area. The impedance 
between electrode (microneedle) and electrolyte (solution medium) is our main 
focus in this work.

1.2 Experimental works

1.2.1 Cell culture

In this work, Sacharomycesceresiae cells and microparticle are used as a model 
for proof of concepts. Sacharomycesceresiae were cultivated in a petri dish contain-
ing 10 ml of YPD broth (Yeast extract Peptone Dextrose). The YPD broth contained 
1% yeast extract, 2% peptone and 2% glucose. The YPD dishes were incubated at 
37°C for 24 hours. The cells were washed with deioinsed (DI) water three times by 
centrifugation, then they were suspended in sterilized deioinsed water at various 
dilutions (1:10) concentration. The cells were incubated on agar plates at 37°C for 
24 hours for determining the number of cells. The diameter of yeast cells varies from 
4 to 7 μm. The number of cells was 1.3 × 109 colony forming units per milliliter (cfu/
ml). The conductivity of DI water is 6 mS/m. The non-fluorescent polystyrene (PS) 
microbeads with diameter 15 and 9 μm (Polysciences. Inc.) suspended in Phosphate-
buffered saline (PBS) solution were diluted to a final concentration of 1000 beads 
per ml. Polystyrene beads have a known size and electrical properties [22] and have 
constant impedance across the frequency range used in these experiments.

1.2.2 Device fabrication

The photolithography technique was utilized to fabricate the microfluidic device. 
The fabrication begins by designing the masks using layout editor software. The 
laser lithography system (μPG501, Heidelberg Instruments, Germany) has been used 
to write the two masks (top and bottom) on the chromium (Cr) masks. Two-step 
photolithography using SU-82025 negative photoresist (MicroChem, USA) was uti-
lized to fabricate the top layer mold. The first layer has a thickness of 25 μm and was 
spin coated onto a silicon substrate. After pre-baking, the top layer of Cr mask was 
place onto the first layer of photoresist for pattern transfer by using a mask aligner 
(SussMicroTech MA-6), then post-baking with development. Next, the second layer 
with 60 μm thickness was spin coated on the first photoresist layer and pre-baking. 
Then, the second layer of photoresist substrate was exposed with the bottom layer Cr 
mask by UV light. After exposed, the top mold master was obtaining by post-bake 
and developed process. Meanwhile the bottom mold master with 60 μm thickness 
was fabricated by following the SU-8 microchannel photolithography technique. 
PDMS pre-polymers (SYLGARD184A) was thoroughly mixing with curing agents 
(SYLGARD 184B) in a ratio of 10:1 by weigh for fabricate the PDMS microfluidic 
chip. The mixing PDMS was poured on an SU-8 mold master (top and bottom mold 
master) and left for whole night cured at room temperature to obtain the PDMS 
microfluidic chip. To increase the bonding strength between the top side and bottom 
side of PDMS microfluidic chip, they were cleaned with Isopropyl alcohol (IPA) and 
treated by Oxygen plasma (Plasma Etch PE-25) for 25 seconds [23]. The bonding 
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process of both side PDMS microfluidic chip was completed in less than 2 minutes 
to prevent loss of Oxygen plasma effectiveness. Finally, the right and left sides of the 
microchannel chip were cut and leaving a square (60 μm × 120 μm) hole for insert-
ing a microneedle. For measuring electrode, two Tungsten microneedle (Signatone) 
coated by parylene with tip diameter, shank diameter and length of tungsten needle 
are 25, 250 and 31.7 mm, respectively, was utilized.

1.2.3 Device operation

The microscope (Olympus Inverted Microscopes IX71) was utilized to moni-
tor the sensing area of microfluidic chip system. The micromanipulator (EB-700, 
Everbeing) was utilized to insert the two microneedles into microchannel chip 
through the square hole at right and left side of the chip. For this experiment, the 
gap between microneedles was fixed at 20 μm. Figure 2 illustrated the experimental 
setup of impedance measurement. The two microneedles were connected to imped-
ance analyzer (Hioki IM3570) for input measuring and the result was displayed 
on the computer. Then, by controlling the syringe pumps (KDS LEGATO 111, KD 
Scientific, and USA), the 3-ml syringes of the sample solution and yeast concentra-
tion was introduced into microfluidic chip via two tygon flexible tubes.

1.2.4 Impedance measurement procedure

Standard short and open self-calibration procedure has been used for imped-
ance analyzer in order to perform the impedance measurement. Furthermore, to 
calibrate the chip, impedance of 1xPBS solution was measured at the 20 μm of 
electrode gap. Three microfluidic devices were utilized for reproducibility testing 
and the experiments were conducted at room temperature. To validate the equiva-
lent circuit model, impedance of the medium between microneedle was measured. 
The solutions were sterilized DI water and PBS (Photosphate-buffered saline) with 
conductivities 6 and 1.4 S/m respectively.

Initially, 1 ml of PBS with concentrations of 1500 mOsm was prepared for the 
chip cleaning process. The sample was loaded into a syringe and driven through 
the microchannel using a syringe pump with the flow rate of syringe pump was 
kept constant (60 μl/min). After flushing with PBS solution, yeast cell of 1 ml of 
each seven different concentrations of sample from 102 to 109cfu/ml were driven 

Figure 2. 
The experimental set-up diagram.
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through the microchannel at a flow rate of 6 μl/min. The impedance of each 
solution was measure by connecting the microneedles with impedance analyzer. 
Then, an AC signal frequency range from 100 Hz to 5 MHz with an applied 
voltage of 1 V was apply to determine the impedance spectra (impedance and 
phase vs. frequency) in order to differentiate the variations of solution samples. 
Between each sample measurement, the microchannel chip was flushed by DI 
and PBS water for 1 and 2 minutes respectively. The impedance analyzer (Hioki 
IM3570) GUI and post-processed in MATLAB (MathWorksInc, USA) was utilized 
to record the data. The impedance change during the passage yeast cells at sens-
ing area was measured. In order to monitor the behavior of impedance for each 
sample, the impedance value at three frequencies (100 kHz, 500 kHz and 1 MHz) 
was measured.

Single cell detection and measurement was conducted based on impedance mea-
surement with or without single cell at the sensing area. Two sample of microbeads 
with diameter 15 and 9 μm suspended in 1 ml of PBS with concentration of 103 per 
ml were utilized to perform this measurement and detection. Each sample were 
driven through the microchannel at a flow rate of 6 μl/min and measured using an 
AC signal frequency range from 100 Hz to 5 MHz.

1.3 Result and discussion

As a proof of concepts, the dependencies of the impedance on the various 
concentrations of yeast cells and a single microbead in the suspension medium 
by using this microfluidic device are studied. Figure 3 presents the measured 
impedance spectra and fitting spectra (on a log scale) of the system for two of 
microchannel filled with sterilized DI water and PBS at frequency range 1 kHz to 
1 MHz. For simulation, 100 data points on the impedance measured spectrum were 
used as input to the equivalent circuit [see Figure 1(b)] and generating the fitting 
impedance spectrum by using MATLAB. For high conductivity fluid (PBS), the 
result shows two domains which were an electrical double layer (EDL) region and 
a resistive region [24]. The EDL occurred in the low frequency range from 1 kHz to 
approximately 300 kHz, whereas the resistive region occurred in high frequency 
from 300 kHz to 1 MHz. The agreement between the measured and fitting spectra 
result indicated that our developed circuit model for this system is feasible to 
determine the impedance characteristics of solution medium.

Figure 3. 
Impedance spectra of sample solution together with their fitting spectra: (a) DI water (b) PBS.
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To illustrate the cell detection capability of the device, yeast cell and microbeads 
with different concentration was utilized. Yeast cells concentration ranging from 
102 to 109 cfu/ml were infused inside microchannel with fixed flow rate 6 μl/min 
and fixed electrode gap (25 μm). A sweep frequency (100 kHz to 5 MHz) AC signal 
(1 V) was applied to the one side of the microneedle and the current entering at 
another side of microneedle was measured to calculate the impedance of concentra-
tion of yeast cells in DI water. Initially, 109 cfu/ml was injected resulting in a drop-in 
impedance by referring the impedance of DI water as a control. Afterward, the 
microchannel chip was washed by the PBS followed by DI water at maximum flow 
rate.

The maximum flow rate of the liquid can flow inside microchannel without 
leaking is 300 μl/min. Figure 4(a) shows the impedance spectra of yeast cell in DI 
water with the different cell concentration in the range 104–109cfu/ml, along with 
DI water as a reference. After washing the microchannel, 108cfu/ml was infused to 
the microchannel resulting in an increase in impedance. It can be seen the imped-
ance spectra of yeast cell in DI water across the sensing area (two microneedles) 

Figure 4. 
(a) Impedance spectra of yeast cells in water with cell concentrations ranging from 102 to 109cfu/ml, along with 
DI water as controls; (b) the logarithmic value of the concentration of yeast cells and the impedance measured 
at 1 MHz with linear relationship.
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increase with decreasing the cell concentration of cells [14]. According to the 
observation result, it can be said that cell suspension with high concentrations is 
more conductive than those with lower concentrations.

The conductivity of solution varies proportionally to the number of cell con-
centration at fixed volume of solution [25]. In some studies, the relative dielectric 
permittivity and charged polyelectrolytes inside the cell also may affect the imped-
ance of solution [14]. The optimum region for sensing microneedle to differentiate 
the cell concentration in DI water occurs between 500 kHz to 5 MHz. The imped-
ance values of the suspensions in this frequency region were significantly different 
from each other. The experiment was repeated two times measurement cycle and 
showed the similar result.

In cell detection experiment, frequency lower than 100 kHz are not considered, 
as the EDL started to influence the measurement at frequency below 300 kHz 
[17, 26]. In order to investigate the relationship between impedance value and cell 
concentration, we selected 1 MHz as the best representative frequency. Figure 4(b) 
illustrates the impedance responses of the sample containing different yeast cell 
concentrations and DI water at frequency measurement 1 MHz. The impedance 
of the solution was significantly increased from 207.63 to 225.42, 247.61, 284.48, 
314.64, and 348.51 kΩ when the yeast concentration decreasing from 109 to 108, 107, 
10, 10 and 104 cfu/ml respectively. After the cell concentrations were lower than 
104 cfu/ml, impedance value shows no significant changing between each other or 
DI water. In additions, the pattern of the result shows a linear relationship between 
the impedance and the logarithmic value of the cell concentration at cell concentra-
tion from 104 to 109 cfu/ml (see Figure 4). The linear regression equation of this 
result is Z (kΩ) = 58.3 log X (cells/ml) + 175.4 with R2 = 0.986. The detection limit 
was calculated to be 1.2 × 104 cfu/ml. Error bars are standard deviations of five 
measurements cycle.

In order to measure the cell concentration in DI water suspensions, the linear 
regression equation of the impedance of the yeast suspensions was used. This device 
can be utilized to quantify cells in suspensions other than impedance microbiol-
ogy and impedance biosensors for bacteria detection since the detection limit of 
this method is comparable with another sensor. The reported sensor for detection 
of pathogenic bacteria are QCM immunosensors for detection of Salmonella with 
detection limits of 9.9 × 105 cfu/ml [27], surface plasmon resonance (SPR) sensor 
for detection of E. coli O157:H7 with a detection limit of 107 cfu/ml [28] and SPR 
immounosensors for detection of Salmonella enteritidis and Listeria monocytogens 
with detection limits of 106 cfu/ml [29].

In order to demonstrate the capability of this device in detecting the present 
of single cell, two size of micro bead have been flowing inside the microfluidic 
device. The impedance of PBS solution as a control was initially infused inside the 
microfluidic device. Then two samples of microbeads in PBS solution were infused 
inside the microchannel with the same flow rate and electrode gap of yeast cell 
concentration measurement. Figure 5(a) shows the 15-μm microbead flow through 
the sensing area and a sweep frequency ranging from 100 kHz to 3 MHz AC signal 
(1 V) was applied to the electrode. As the result, the impedance spectrum is plotted 
over the field frequency, as shown in Figure 5(b). The figure shows the average 
electrical impedance data for two size of beads and PBS solution without present of 
beads. From this average data, it is expected that the electrical impedance spectrum 
can be used to differentiate between the sizes of beads. The beads (9 and 15 μm 
in diameter) are clearly discriminated by impedance spectrum. The impedance 
increases with the increasing of the size of particle. Due to the presence of a single 
bead that can be regarded as an insulating object, the electrical resistance of the 
sensing channel was slightly increased.
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As the result, we conclude this device can detect the cell concentrations in 
solution medium and the single microbead at the high frequency range between 
100 kHz and 5 MHz. In this experiment, we did not determine the detection capa-
bility at the frequency lower than 100 kHz. For the future work, we will focus on 
the measurement and detection to the human cell (normal and cancer cell) the size 
of microneedle, single cell detection and utilize a non-polarizable electrode, that is, 
Ag/AgCl (to eliminate the EDL), in order to improve the performance of the device.

Figure 5. 
(a)The single microbead with diameter of 15 μm flows through the sensing area. (b) Impedance spectrum of 
two different sizes of beads in PBS solution and PBS solution (without bead).
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2. Conclusions

For conclusion, a simple, low-cost and label-free microfluidic device has devel-
oped to detect the cell concentration and single cell in the suspension medium. This 
device contains a disposable PDMS microchannel which allow a reusable micronee-
dle insert into microchannel. The result demonstrated the increase of cell concen-
tration in the solution medium were decrease the impedance value. The capability 
of this device to differentiate the concentration of cell from 109 to 104 cfu/ml shows 
the core functionality of the proposed sensor even though the manufacturing 
cost was significantly lower. In addition, the microfluidic device capable to detect 
single cell and decimate the size of single cell. As a proof of concept, yeast cell and 
microbeads were used in this study and we emphasize this sensing technique can 
be applied to a variety of cell types with diameter size in a range from 5 to 25 μm. It 
is recommended to perform only one measurement time for each PDMS microchip 
in order to avoid the potential spread of contamination to samples. The fabrication 
cost of this device is significantly reduces (≈ 30% fabrication cost was reduced 
based on facility rental and raw material usage) which is suitable for early cancer 
cell detection and water contamination application in developing countries.
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Chapter

Assessing the Vascular 
Deformability of Erythrocytes and 
Leukocytes: From Micropipettes to 
Microfluidics
Mark D. Scott, Kerryn Matthews and Hongshen Ma

Abstract

Among the most crucial rheological characteristics of blood cells within the 
vasculature is their ability to undergo the shape change (i.e., deform). The signifi-
cance of cellular deformability is readily apparent based solely on the disparate 
mean size of human erythrocytes (~8 μm) and leukocytes (10–25 μm) compared to 
the minimum luminal size of capillaries (4–5 μm) and splenic interendothelial clefts 
(0.5–1.0 μm) they must transit. Changes in the deformability of either cell will 
result in their premature mechanical clearance as well as an enhanced possibility of 
intravascular lysis. In this chapter, we will demonstrate how microfluidic devices 
can be used to examine the vascular deformability of erythrocytes and agranular 
leukocytes. Moreover, we will compare microfluidic assays with previous studies 
utilizing micropipettes, ektacytometry and micropore cell transit times. As will be 
discussed, microfluidics-based devices offer a low-cost, high throughput alternative 
to these previous, and now rather ancient, technologies.

Keywords: deformability, hemorheology, red blood cells, white blood cells, 
micropipette assay, ektacytometry, cell transit analysis, microfluidic analysis, 
transfusion medicine

1. Introduction

The circulating cellular elements of blood consist of erythrocytes (red blood 
cells; RBC), leukocytes (white blood cells; WBC) and platelets. The hemorheology 
of these blood cells is unique in that these cells exist in a fluid phase subjected to 
variable, and often extreme, rheological shear stress, viscosity changes and bio-
mechanical obstacles (e.g., capillaries and splenic filtration). Hemodynamically, 
shear stress is induced by the highly variable flow rate of blood within the ~100,000 
kilometers of the human vasculature bed which encompasses both large arteries and 
veins to the capillary beds (Figure 1A) [1]. With an average resting cardiac output 
of approximately 5 L/min, blood flow in the largest artery (i.e., aorta) is approxi-
mately 50 cm/s while flow rates drop to only about 0.03 cm/s in the smallest capil-
laries and return to about 15–40 cm/s in the largest veins (e.g., superior and inferior 
vena cava) [1, 2]. In high flow conditions, RBC reside in the fast flowing central 
axial column of the vessel while WBC (and platelets) are located more peripherally 



Current and Future Aspects of Nanomedicine

2

and prone to mechanical interaction with the endothelial cells lining the blood 
vessels. WBC also have adhesion molecules on their membrane and, if appropriate 
signals (e.g., inflammation) are present, they actively roll on the endothelial cells 
prior to attachment and extravasation (Figure 1A,B). Moreover, the viscosity of 
blood is also variable and is a function of, primarily, red blood cell (RBC) number 
and flow rate. At high RBC counts and high flow rates, blood is highly viscous 
while at low RBC counts and low flow rates (capillaries), blood viscosity is greatly 
reduced. Moreover, as shown in Figure 1C, the rheological stress is further exac-
erbated by the biomechanical stresses induced by the extreme disparity in the size 
of RBC (~8 μm) and WBC (10–25 μm) to the minimum diameter of the vascular 

Figure 1. 
The physiology and morphology of the vascular bed and blood cells imparts unique rheological 
stress on circulating blood cells. Panel A: the vascular bed is composed of blood vessels of various sizes 
which create significant disparity in blood (fluid and cellular) velocity consequent to vessel diameter. The 
fluid flow induces rheological sheer stress while the vessel size can create biomechanical deformation of 
cellular elements. Panel B: shown are the general physical parameters of human RBC and WBC. Note that 
the biconcave RBC is a anuclear while within the WBC, the nucleus:cytoplasm (N:C) ratio of monocytes 
and lymphocytes are quite divergent. RBC cytoplasmic viscosity is primarily defined by hemoglobin while in 
WBC, in addition to the nucleus, the presence of granules and vacuoles also impact intracellular viscosity and 
the aggregate cellular deformability. Panel C: blood cell deformability is crucial during vascular flow due to 
the size disparity between red blood cells and various leukocytes (e.g., monocytes and lymphocytes) and the 
capillary (4–58 μm) and splenic interendothelial clefts (0.5 μm). Panels B,C are drawn approximately to scale.
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capillary beds (4–5 μm) and splenic interendothelial clefts (0.5–1.0 μm) [3, 4]. 
Hence, consequent to both the shear forces, viscosity and biomechanical stresses 
placed on blood cells, a key biologic/physiologic requirement of both RBC and WBC 
within the vascular space is rheological deformability. Biomechanically, the intra-
cellular viscosity and membrane rigidity of the RBC and WBC are the key factors in 
imparting their vascular rheological deformability.

For the anuclear RBC, intracellular viscosity is primarily determined by hemo-
globin content (both absolute content and hemoglobin structure (Figure 1B)). 
RBC membrane deformability/flexibility is primarily imparted by the cytoskeletal 
structure of the cells and, to a lesser extent, the composition of the bilayer itself 
(lipid species, protein content, integral versus peripheral membrane proteins, and 
carbohydrates). For normal RBC the intra- and inter-individual variability of both 
intracellular viscosity is relatively invariant; however, genetic mutations affect-
ing hemoglobin structure (e.g., HbS, α and β thalassemia, HbE mutations) will 
dramatically affect both hemoglobin content and the viscosity of the hemoglobin 
itself. Similarly, the cytoskeletal structure of normal red blood cells is both well 
characterized and consistent within humans. But, as with hemoglobin variants, 
mutations in any component of the cytoskeleton can dramatically affect the discoid 
shape of the RBC and result in size changes and/or altered rigidity or stability of 
the cytoskeleton and cell itself. Indeed, numerous studies have documented that 
changes in either the hemoglobin content or structure (the major determinant of 
viscosity) or mutations to cytoskeletal components (the major determinant of 
membrane rigidity) can exert significant effects on RBC deformability, biologic 
function and in vivo circulation. In evidence of this, both biological conditions and 
pharmacologic agents that affect hemoglobin content and/or viscosity or the RBC 
cytoskeleton alter cellular deformability and have profound in vivo and in vitro 
effects on RBC function and survival [5–16]. Indeed, RBC deformability can be a 
diagnostic indicator of RBC abnormalities and the quality of stored RBC prior to 
transfusion [17–28].

Intracellular viscosity and membrane structure are similarly key to the rheo-
logical deformability of WBC. However, in contrast to RBC, WBC intracellular 
viscosity is more complex and affected by multiple components including the: 
nuclear to cytoplasm (N:C) ratio; intracellular granule composition; presence of 
cytoplasmic vacuoles; as well as the activation state of the immune cell (Figure 1B) 
[28–30]. Similarly, membrane rigidity is also more complex due to: abundance of 
membrane proteins and protein rafts; changes in protein structure and polymeriza-
tion consequent to immune activation; and the variability of the membrane and 
cytoskeletal protein composition of immune cell populations (e.g., monocytes, 
lymphocytes, granulocytes) and subsets (e.g., T cells versus B cells; CD4+ versus 
CD8+ T cells; NK cells) [30–35]. Perhaps surprisingly, despite the biologic impor-
tance of its rheological deformability within the vasculature, WBC deformability is 
both poorly defined and much less understood. Indeed, previous studies on WBC 
have most commonly defined “deformability” as cellular shape change or spreading 
under extrinsic suction (e.g., micropipette aspiration), compression pressure (e.g., 
centrifugation and cell poker/probe), or upon activation induced motility [30–32, 
34–36]. However, vascular deformability is vastly different from cellular shape 
change or spreading which are most commonly induced by immune cell activation 
and, importantly, the actual loss of vascular rheologically-mediated (i.e., fluid 
motion and spatial confinement) deformability. The paucity of data relating to vas-
cular deformability of WBC has, in large part, been due to the absence of suitable 
tools for measuring deformability across the broad range of cell types encompassed 
within leukocyte population. However, the complexity of the leukocyte population 
and resultant changes in rheological deformability upon activation (e.g., granule 
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release) potentially arising in peripheral blood WBC may be of clinical importance 
as a biomarker of acute or chronic immune activation.

2. Measuring the vascular (rheological) deformability of blood cells

Because of the crucial role that cellular deformability plays in vascular circula-
tion of RBC, methods to quantitate this biomechanical-aspect of normal and 
abnormal RBC has been of interest to hematologists since the 1960s [3, 5–7, 9, 10, 
37–40]. Historically, multiple technological tools have been employed to study RBC 
(but rarely WBC) deformability including: micropipette aspiration; ektacytometry; 
cell transit times; and, most recently, microfluidic analysis.

2.1 Micropipette aspiration

Perhaps the earliest experimental approach to measure RBC deformability 
was the micropipette aspiration (Figure 2). Initial studies examined the abil-
ity of normal and stored RBC to traverse the length of a micropipette of known 
diameter [38]. This early “microfluidic” single cell analytical approach, while very 
low throughput and time consuming, did demonstrate that damaged or stored 
RBC were less deformable than fresh normal RBC. Subsequent variations of these 
micropipette studies further examined the localized elasticity of the membrane 
in both intact cells and RBC ghosts using ever smaller micropipettes to deform a 
small segment of the membrane to characterize static deformability via membrane 
extensional rigidity and bending rigidity. To further characterize dynamic deform-
ability of the cells, the time constants for rapid elastic recovery from extensional 
and bending deformations were also quantitated [41–47]. However, micropipette, 
single-cell aspiration, measurements did not adequately reflect the biomechanical 
heterogeneity of even a relatively homogenous cell population (e.g., normal RBC), 
much less, the highly divergent population of cells encompassed within the WBC 
population. Hence newer methods were devised in an attempt to study large num-
ber of RBC under flow-like conditions. In contrast to RBC, micropipette studies are 
still commonly used to examine leukocytes; though these approaches tend not to be 
focused on rheological deformability [22, 35, 48–53].

2.2 Ektacytometry

Perhaps the most glaring flaw of the various micropipette aspiration approaches 
were their limitation to single cell analyses. To overcome this limitation, ektacytometry 

Figure 2. 
Overview of micropipette aspiration analysis of blood cells. Micropipette-based analyses were first used to 
explore the crucial role of cellular deformability in the circulation of red blood cells. As noted, these single cell 
analyses were low throughput and time consuming. Multiple variation of this technique have been developed 
ranging from whole cell aspiration to localized membrane deformation. Studies could be done on intact cells or 
membrane ghosts.
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was developed. Ektacytometry measures deformability by suspending RBC in a 
viscous solution and applying rotational shear stress such that the normal discoid cells 
form ellipsoids which is measured by laser diffraction (Figure 3) [13, 14, 54–57]. The 
extent of ellipsoid formation is dependent on the deformability of the sample popula-
tion. Abnormal RBC can be detected by shifts relative to the scatter intensity pattern 
of normal cells. Abnormal (i.e., non-deformable) cells can result in any combinations 
of left or right shifts in response to hypo- or hypertonicity, and/or a decrease in the 
maximum deformation observed under isotonic conditions. Relative to micropipette 
studies, ektacytometry provided a relative rapid assay to examine RBC. Numerous 
ektacytometry studies have elucidated the profound influence that mean corpuscular 
hemoglobin concentration (hence intracellular viscosity), abnormal hemoglobins, 
cytoskeletal aberrations, drugs and oxidant challenge exert on the cellular deform-
ability [13, 14, 18, 54–64]. Importantly, ektacytometry only measures the “average 
deformability” of a cell population and cannot accurately and efficiently quantify the 
abundance of rigid cells in a bimodal population where both normal and abnormal 
cells are present [57, 65]. In the context of blood banking, ektacytometry has been used 
for assessing RBC following blood bank storage [66–68]. Of note, ektacytometry has 
been used exclusively in the context of erythrocytes; with no known studies examin-
ing the shear-induced deformability of lymphocytes, neutrophils, monocytes or other 
leukocytes. Thus, despite some promising data regarding its clinical use in transfusion 
medicine, ektacytometry has not become commonly used in transfusion medicine due 
to both the cost of instrumentation and the relatively low throughput of the existing 
testing protocols. Moreover, ektacytometry does have some significant drawbacks as 
it cannot, without experimental manipulations (e.g., density separation), provide any 
information on subsets of cells within the larger population—the results obtained are 
simply the “average” of the population. This limitation is, perhaps, the critical failure 
of ektacytometry because, in many pathologic states, abnormal RBC represent a minor 
(<10%) fraction of the overall RBC mass hence subtle changes will not be clearly 
obvious. Moreover, it is difficult to recover RBC subsequent to ektacytometric analysis 
for further biologic testing due to the viscous media utilized and, using traditional 
ektacytometry, the fact that the RBC are irreversibly (in most cases) altered by the 
osmotic gradient employed during the assay.

2.3 Cell transit analysis

In contrast to micropipette analysis and ektacytometry, cell transit analysis 
provides information at both the single cell and populational level (Figure 4). 

Figure 3. 
Overview of ektacytometric analysis of blood cells. To overcome the single cell limitations inherent to 
micropipette aspiration, the ektacytometer can analyze the shear-induced deformability of a much larger 
population of RBC; though at the expense of information of single cell data acquisition. Ektacytometry 
measures deformability by subjecting RBC suspended in a viscous solution to rotational shear stress such that 
the normal cells form ellipsoids. The scatter intensity pattern from laser diffraction produces isointensity 
curves and deformability indices. Additionally, the most common approach of ektacytometry examines RBC 
deformability over a broad osmotic gradient (hypotonic → isotonic → hypertonic). Deformability is measured 
via laser diffraction as the shear stress forces the RBC to assume an elongated shape.
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To accomplish this, cell transit analysis combines features of both the traditional 
micropore filtration assay and the micropipette aspiration methodology, in that 
deformability of each RBC constitutes a single data point and can be used to then 
generate a populational distribution curve. In a cell transit analyzer, a single RBC 
passes through a micropore of fixed diameter and length with the transit time (in 
milliseconds; ms) of the cell calculated using the electrical resistance generated by 
the RBC within the channel as detected via a conductometer. However, the sensitiv-
ity of this method varies with cell size. Smaller cells, even if less deformable, pass 
through the pores with less resistance. In contrast, abnormally large or rigid cells, 
which are clinically important, are also be problematic as they block the micropore 
and are excluded from analysis [17, 69, 70]. Despite these limitations, cell transit 
analysis is very useful in that it provides subset/heterogeneity analysis via binning 
of the cells based on the transit time thus providing a continuous measure of the 
deformability profile of a sample and/or the severity of the deformability defect. 
The comparative utility of ektacytometry and cell transit analysis of RBC can be 
seen in normal and model ß thalassemic RBC in which purified alpha-hemoglobin 
chains are entrapped within normal RBC (Figure 5) [17, 19, 61–63]. While the 
ektacytometry and cell transit analysis have proven very useful as research tools, 
they have not been used to any great extent clinically. This is in large part due to 
the expense and complexity of the devices as well as their slow throughput making 
them impractical for clinical laboratories. Moreover, these in vitro studies often 
lack biological validation to the very low throughput of the assay (e.g., micropipette 
aspiration studies), overly small cell numbers, difficulty/impossibility of cell 
recovery post assessment, or more importantly, an inability to either identify or col-
lect specific sample subsets (e.g., low versus high deformability) following analysis 
(e.g., Ektacytometry and Cell Transit Analysis studies).

2.4 Microfluidics

As noted in the preceding discussion, multiple micro/macro fluidic approaches 
have been used to model hemorheology of circulating blood cells; albeit almost 
exclusively RBC. Despite their valuable contributions to our understanding of blood 
cell deformability, these methods are inherently low throughput and dependent on 
relatively expensive instrumentation. But perhaps one of the biggest issues chal-
lenging these previous methodologies is the inability to recover substantial, or any, 
subpopulations (e.g., highly versus poorly deformable cells) from the analyzed 
sample. This weakness precludes additional in vitro or in vivo studies to tease out 
biological variations leading to the differential deformability profiles. Microfluidics 
approaches (Figure 6) potentially offers a cost-effective, high throughput, 

Figure 4. 
Overview of cell transit analysis of blood cells. In contrast to micropipette analysis and ektacytometry, cell 
transit analysis provides information at both the single cell and populational level. Cellular deformability is 
indirectly measured via transit time (ms) of RBC through pores of defined diameter and length. Transit time is 
measured by the change in electrical resistance as an RBC passes through a micropore. Cell transit analysis is, in 
essence, an early micro (macro) fluidics approach.
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alternative to assessing blood cell deformability relative to these previous, and now 
rather ancient (as reflected by the key research papers relating to these approaches) 
technologies [22–25, 27, 28, 71–78]. Deformability measurement using microfluidics 
uses minute amounts of a whole blood or purified RBC/WBC in suspension flowing 
through a funnel-shaped micro-constriction(s) in a disposable plate. As demon-
strated in our previous publications, and discussed in the following section, micro-
fluidics devices are capable of providing reproducible intra- and inter-individual 
data, detecting oxidatively damaged RBC, identifying changes in RBC deformabil-
ity consequent to storage, and identifying leukocytes [20–28].

3. Utility of microfluidics in transfusion medicine

As evidenced by the number of publications and patents being generated annu-
ally, the promise of microfluidic devices in medicine is seemingly unbounded. One 
area of particular interest to our laboratories has been in the field of transfusion 
medicine [20–28]. Annually over 100,000,000 units of blood are collected world-
wide for transfusion purposes. Despite the volume collected, our tools for assessing 
the quality of the stored blood products remains primarily centered on 1950–80s 
technology. Upon collection of whole blood in Canada the blood is processed to 
produce 3 major components: RBC, platelets and plasma. The RBC component for 

Figure 5. 
Comparative data of normal versus model ß thalassemic RBC as assessed by ektacytometry and cell transit 
analysis. Panel A: as shown, ektacytometry provides the mean diffraction profile of a population of cells over 
a broad osmotic gradient; however, it does not provide any information as to the deformability distribution 
of the cells within the total population. Panel B: cell transit analysis gives information regarding both the 
deformability profile of the entire population and the individual cells within the tested population. Data 
derived from Refs. [17, 63].

Figure 6. 
Overview of microfluidic analysis of blood cells. Recent advances in microscale fabrication technologies have 
allowed for the development of an exceedingly broad array of microfluidic devices that may have utility in 
assessing the deformability of blood cells. These approaches range from single to multi-channel devices with 
channels of single or variable lengths and diameters. In addition, some designs incorporate collection ports 
so that cell exhibiting differential deformability profiles can be collected for further in vitro or in vivo study. 
Device shown is adapted from Guo et al. and Kang et al. [26, 28].
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use in blood transfusion therapy are stored at 4°C for up to 42 days. The maximum 
storage window for RBC is based on studies dating from the 1950s on that defined 
a ≥ 75% recovery rate at 24 hours post-transfusion as the clinical “quality control” 
standard for stored donor RBC [79, 80]. Despite decades of research into RBC 
biology and advances in other aspects of transfusion medicine, the 24 hour survival 
rule remains the current gold standard for determining acceptable donor RBC qual-
ity in transfusion medicine. Currently there are no other established biomarkers 
by which blood services can discriminate “good” versus “bad” units. Note however, 
that ultimately the survival of the donor RBC is consequent to their vascular 
deformability (which is in turn governed by a multitude of biologic/metabolic fac-
tors). Hence, cost effectively assessing the deformability of stored RBC could serve 
as an excellent biomarker for the quality of stored donor RBC. Intriguingly, RBC 
deformability may also be a potent pre-screening tool that could be used to exclude 
potential donors from RBC donations. RBC which demonstrate poor initial deform-
ability upon collection do not store well and may lead to adverse events in patients 
who receive these units. Poor deformability of potential donor RBC may arise from 
a broad range of issues including: undiagnosed RBC abnormalities (e.g., cytoskel-
etal, hemoglobin or metabolic aberrations); vascular inflammation; or dietary or 
drug-mediated alterations of the RBC.

To assess the deformability of blood cells, our laboratories have utilized a variety 
of microfluidic devices ranging from a simple, low throughput, funnel chain 
(prone to clogging) to a much more advanced and robust high throughput ratchet 
device. The ratchet microfluidic approach has proved better at assessing vascular 
deformability as blood cells are pushed laterally and vertically through tapered 
microchannels of decreasing size thus modeling the process of cellular deforma-
tion in microvasculature (Figure 7). Vertical movement is done via an oscillatory 
vertical pressure deferential that allows both a net vertical filtration flow and a 
downward declogging flow to minimize microchannel obstruction by blood cells 
as they reach their deformability limit. Importantly, this design also incorporates 
collection outlets allowing for recovery, and further testing, of cell populations with 
differential deformability profiles. Our research to date has demonstrated that this 
microfluidic microfiltration device is capable of isolating circulating tumor cells 

Figure 7. 
General schematic of a ratchet microfluidic device. Panel A: shown is a photograph of the ratchet microfluidic 
device infused with different color dyes to highlight the design features: cross flow inlet (a), sample inlet (b), 
upward (c) and downward (d) oscillatory flow inlets, sorting region (dashed blue box) and outlets 1–8. In this 
design, outlets 8–1 corresponds to blocking pore sizes of ≥6.5, 5.5, 4.5, 4.0, 3.5, 3.0, 2.5 and 2.0 μm, respectively. 
Panel B: schematic of the sorting region showing the decreasing size of the tapered microchannels as well as 
the deformability of normal and oxidized RBC through these microchannels. Poorly deformable cells (e.g., 
oxidized RBC) are collected in outlets 8 and 7 while highly deformable cells are collected in outlets 3 thru 1. 
The downward oscillatory pressure minimizes channel obstruction by poorly deformable cells which are pushed 
horizontally into the collection outlets by the cross flow pressure. This device is suitable for use for both human 
RBC and WBC.
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from leukocytes, malaria-infected and oxidized RBC from normal cells, granulo-
cytes and lymphocytes from whole blood, and detecting early immune cell activa-
tion consequent to degranulation [26–28, 81].

Key to the use of microfluidic devices in RBC blood banking is documenting 
the ability of the device(s) to discriminate between “normal” and abnormal cel-
lular deformability and document that the loss of deformability is associated with 
diminished in vivo circulation. Loss of cellular deformability can arise from a 
host of causes, most of which, due to the iron and oxygen rich environment of the 
RBC, leads to cellular oxidation [17–19, 23, 57, 61, 63, 82]. As shown in Figure 8, 
human or murine RBC oxidized by exposure to 50 μM phenazine methosulfate 
(PMS) were readily discriminated from normal RBC as measured by the cortical 
tension required to push the RBC through a funnel shaped micropore However, 
as noted by the differences between the human and murine RBC, the microchan-
nel size (2–2.5 μm in this experiment) relative to the mean diameter of the RBC 
itself (~8 versus 6.7 μm for human and mouse RBC, respectively) will also play a 
role. Most importantly however, the loss of murine deformability in the oxidized 
RBC sample, as noted in the microfluidic device, correlated closely with the loss of 
in vivo survival. These findings suggest that microfluidic devices could prove useful 
for both diagnostic purposes (e.g., hemoglobinopathies such as sickle cell disease 
and thalassemia) as well as in evaluating the quality of stored human RBC prior to 
transfusion into a patient.

Indeed, microfluidics analysis of stored human RBC suggests that deformability 
is affected by storage time. As demonstrated by Matthews et al., using a microflu-
idic device, there is a significant loss of RBC deformability as early as 2 weeks into 
storage [25]. This finding confirms single-cell deformability studies that similarly 

Figure 8. 
Analysis of human and murine RBC deformability using a conical microfluidic array. The width of the 
funnel shaped micropore constriction used to measure RBC deformability was approximately 2–2.5 μm in 
size at its minimum. (a) and (b) equals peak count for oxidized and normal RBC respectively. Human blood 
was obtained via a finger prick while mouse blood was obtained by saphenous bleed. Also noted is the 50% 
in vivo survival point for oxidized (~5 days) and normal (~26 days) murine RBC. Data derived from Kwan 
et al. [23].
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indicated that RBC deformability remained fairly constant in the first 2–3 weeks of 
storage and then rapidly decreased [83, 84]. However, in contrast to these single cell 
studies, our high throughput device can rapidly assess the proportion of individual 
RBCs that are too rigid to transit the microconstrictions and may, upon transfusion 
into an individual, be cleared by the spleen. Indeed, by day 42 of storage, 30% of 
all donor RBCs were too rigid to transit the device. Interestingly, a small subset of 
donors had RBC that demonstrated poor storage in that >50% of their RBC were too 
rigid to passage the microconstriction. These research findings suggest that the RBC 
quality of individual donors are, not unexpectedly, variable. The source of inter-
individual variability causing the poor storage could be either inherent to the donor 
RBC itself (e.g., metabolic, structural or hemoglobin abnormalities) or transient 
(e.g., inflammation, food or drug induced).

The prescreening questionnaire completed by both new and repeat blood donors 
is focused, in part, on identifying factors that could adversely affect the quality of 
the blood product(s) produced from a donation. While most biologically-mediated 
RBC defects are likely to have been previously detected during normal medical sur-
veillance of the prospective donor, transient inflammatory-mediated effects, such 
as those arising from viral, bacterial, drug or autoimmune events, are most likely 
to impact blood component quality. To address these potential risks, at the time of 
blood donation, all donors are asked if they feel ill or have had a recent fever. While 
the primary purpose of these self-reporting questions is to avoid transfusion of 
blood-borne infective agents or plasma that may contain potent immunomodula-
tory chemokines and cytokines, systemic inflammatory events may also result in 
bystander injury to the RBC that may compromise RBC storage and safety. The 
described microfluidics ratchet device may also provide a means of assessing both 
the WBC population and activation state of an individual [26, 28]. As shown in 
Figure 9, the ratchet microfluidic device described in Figure 7, is capable of dif-
ferentially sorting monocytes from lymphocytes. The same device can also differ-
entiate between resting (granule containing) from activated (degranulated) CD8+ 
T lymphocytes. Further refinement of the microchannel geometry will be capable 
of improving cell separation making it possible to readily prescreen individuals for 
evidence of immune activation thus improving blood component safety consequent 
to empirical donor evaluation versus self-reporting. Finally, microfluidic devices 

Figure 9. 
Analysis of human monocyte and lymphocyte populations showing differential sorting on the ratchet 
microfluidic device. Note that the prototype device can also detect degranulation of lymphocytes (shown are 
CD8+ T cells) which occurs upon inflammatory activation. The vertical dashed line separates cells based on 
less deformable (collection outlets 8–6) and more deformable (collection outlets 5–3). Data derived from Kang 
et al. [28].
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could also be used during the blood collection process, as well as in the field, to 
screen individuals who have reported recent travel to malarial endemic areas, for 
actual malaria infection [27, 85–88]. Currently, individuals traveling to malarial 
endemic regions are deferred from blood donation; an action that often results in 
their permanent loss from the blood donor pool.

4. Conclusions

Microfluidics devices have the potential to dramatically, and cost-effectively, 
change the practice of transfusion medicine. As illustrated, purpose-specific 
development of ratchet microfluidics devices will make it possible, via a finger 
prick (e.g., as shown in Figure 8), to prescreen donors at the time of pre-donation 
testing (i.e., simultaneously with determining the donor’s hematocrit prior to unit 
donation) to select donors whose RBC show normal deformability profiles prior 
to storage. Donors with RBC deformability profiles outside of the normal range 
would be deferred from RBC donation, though potentially, still donating plasma 
for fractionation into plasma protein components. Moreover, the same microfluidic 
approach could improve the detection of patients with recent/current systemic 
immune activation that could result in the presence of undesirable cytokines/
chemokines within the donated blood or that might have adversely affected normal 
RBC deformability. Hence, the cost-effective microfluidic-based prescreening 
process would potentially diminish the risk to patient safety that accompanies 
ineffectual RBC transfusion and/or the presence of inflammatory mediators in 
blood products. Not inconsequentially, prescreening for good donors would reduce 
the expense to the blood operator associated with the production and distribution 
of a potentially ineffectual, or unsafe, blood unit. Beyond prescreening donors, 
patient safety would also be enhanced by doing point-of-care deformability analysis 
of stored RBC prior to transfusion. Such analysis would enhance patient safety by 
reducing the aggregate transfusion needs of a patient by preventing the transfusion 
of RBC which would have poor in vivo survivability. Such an approach would be of 
particular value in the chronically transfused patient (e.g., sickle cell, thalassemic 
and myelodysplastic) populations.
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