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Abstract During the last decade biomaterial sciences

and tissue engineering have become new scientific

fields supplying rising demand of regenerative therapy.

Tissue engineering requires consolidation of a broad

knowledge of cell biology and modern biotechnology

investigating biocompatibility of materials and their

application for the reconstruction of damaged organs

and tissues. Stem cell-based tissue regeneration started

from the direct cell transplantation into damaged tissues

or blood vessels. However, it is difficult to track

transplanted cells and keep them in one particular place

of diseased organ. Recently, new technologies such as

cultivation of stem cell on the scaffolds and subse-

quently their implantation into injured tissue have been

extensively developed. Successful tissue regeneration

requires scaffolds with particular mechanical stability

or biodegradability, appropriate size, surface roughness

and porosity to provide a suitablemicroenvironment for

the sufficient cell–cell interaction, cell migration,

proliferation and differentiation. Further functioning

of implanted cells highly depends on the scaffold pore

sizes that play an essential role in nutrient and oxygen

diffusion and waste removal. In addition, pore sizes

strongly influence cell adhesion, cell–cell interaction

and cell transmigration across themembrane depending

on the various purposes of tissue regeneration. There-

fore, this review will highlight contemporary tenden-

cies in application of non-degradable scaffolds and

stem cells in regenerative medicine with a particular

focus on the pore sizes significantly affecting final

recover of diseased organs.
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Introduction

The successful application of scaffold in tissue engi-

neering depends on many features such as biocompat-

ibility, biodegradability or resistance, mechanical and

chemical properties, scaffold architecture and manu-

facturing technologies (O’Brien 2011). Cell attach-

ment and migration along and/or across the membrane

is a fundamental part of tissue formation or regener-

ation and is influenced by many factors such as

intracellular signals, intercellular and extracellular

integrin–integrin and -ligand connections regulating

cell–cell and cell-extracellular matrix (ECM) interac-

tions (Palecek et al. 1997). The focal cell adhesion to

the various surfaces of scaffold is important for the
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initiation of various signals further stimulating cell

proliferation and differentiation (Lee et al. 2004).

Therefore, the proper regulation of cell–cell and cell-

scaffold interaction can fulfill many aims of multi-

functional tissue engineering.

Generally, the main three groups of biomaterials—

ceramics, synthetic polymers and natural polymers are

used in the fabrication of scaffold for tissue regener-

ation. Ceramic scaffolds such as hydroxyapatite and

tri-calcium phosphate were mainly used to regenerate

impaired bones. Numerous synthetic polymers such as

polystyrene, poly-lactic acid (PLLA), polyglycolic

acid (PGA) and poly-dl-lactic-co-glycolic acid

(PLGA), as scaffold materials for the engineering of

various tissues, have also been highly investigated

(O’Brien 2011). Natural biological materials such as

collagen (and its combinations with other materials),

proteoglycans, alginate-based substrates and chitosan

are also promising in cell-based therapy due to their

higher biocompatibility compared to the synthetic

ones (O’Brien 2011). However, all of the previously

mentioned biomaterials have some drawbacks: ceram-

ics are too stiff, synthetic polymers—not degradable

and natural polymers might possess poor mechanical

properties (O’Brien 2011). Therefore, finding the best

combinations of biomaterials of various origins sub-

sequently improving scaffold biocompatibility is one

of the main goals of contemporary tissue engineering.

Another very important factor of applied scaffolds

influencing cell adhesion, migration, proliferation

and differentiation is the pore size (Harley et al.

2008). The pore sizes can be divided into nano size

(nano-roughness,\100 nm), micro pore size (micro-

roughness, 100 nm–100 lm) and macro-roughness

(100 lm–millimeters) (Vagaska et al. 2010). Differ-

ent pore sizes might influence different cell pro-

cesses: the nano pore size membranes was shown to

be important for the formation of collagen fibers and

ECM, whereas macropores play an important role in

cell seeding, distribution, migration and further neo-

vascularization in vivo (Liu and Ma 2004; Smith

et al. 2009). It was also shown that cell migration

linearly depended (up to certain level) on the pore

size and that cell-secreted proteolytic MMPs sup-

ported cell migration (Fitton et al. 1998; Wolf et al.

2013). However, the instability of pore size is not

always a desirable issue, especially for the tissue

regeneration through the paracrine or anchorage-

dependent cell–cell stimulation. Considering the

impact of the ECM on cell behavior, tissue engineer-

ing has recently shifted towards the development of

biomimetic 3D cell culture systems that more natu-

rally accorded the native environment (Owen and

Shoichet 2010). In this review we will overlook the

processes that can be regulated just by varying the

pore sizes of scaffold and how their purposeful

application might promote tissue engineering.

Requirements for an ideal scaffold

After the injection of suspended stem cells into

human tissue or blood stream, it is almost impossible

to control further cell location in the body and their

functioning. An ideal scaffold should provide a frame

that helps injected stem cells to attach, proliferate

and differentiate into required tissue cells leading to a

full recovery of injured organ (Fig. 1). First of all,

the scaffold biomaterials have to be non-toxic to

human, resistant to the quick degradation and with

the corresponding pore size or porosity. Scaffolds

should also allow formation of functional gap

junctions and appropriate interaction with other cells

and/or ECM. For the indirect cell–cell interaction

across scaffold, pore size should be large enough to

ensure cellular nutrition but not too large to prevent

cell migration. On the other hand, for the transmi-

gration of transplanted cells out of the scaffold to

damaged tissue, the ratio between the cell and pore

size is also an important factor. All together, the

combination of scaffold features such as surface

topography and chemistry (wettability, softness,

stiffness and roughness), microstructure (porosity,

pore size, pore shape and interconnectivity) together

with mechanical properties might have a significant

influence to the total cell bioactivity and effective

organ regeneration in vivo.

Scaffolds and nanotechnologies

The investigation and application of new types of

nanofibers in scaffold-based tissue regeneration is

rapidly expanding. Fiber scaffolds with inner pore

diameters\1 lm are termed as nanofibers. They are

produced using a variety of nano-techniques such as

drawing (Nain et al. 2006), template synthesis (Tao
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and Desai 2007) temperature-induced phase separa-

tion (Liu et al. 2005), molecular self-assembly (Para-

monov et al. 2006) and electrospinning (Lim and Mao

2009). Among these, electrospinning seems to be the

most popular technique generating polymeric nanofi-

bers from a variety of polymer solutions and melts.

Electrospinning technique is simple, elegant, repro-

ducible, continuous and scalable (McHugh et al.

2013). By this technique, it is possible to make fibers

of various diameters ranging from 3 nm to 6 lm and

up to several meters in length (Kumbar et al. 2008;

McHugh et al. 2013). Although the electrospun

scaffolds were able to prevent stem cells migration

and are the most popular porous scaffolds known

today, their pore size varies.

The electrospun scaffolds are generally comprised

of hundreds of nanometers in diameter nonwoven

fibers that can further interconnect and make pores

larger than 10 lm (Liang et al. 2007). The silk fibroin

scaffolds with pore sizes ranging from 50 to 300 lm
were made using a freezing-drying technique (Zhang

et al. 2001). The high ratio of fibrous surface area

versus its volume ensures abundant area for the cell

attachment, which permits cell cultivation at high

density similar to that of a two-dimensional surface.

Additionally, the high morphological resemblance of

electrospun nanofibers to the native ECM suggests

their broad application in the scaffold construction as a

supportive matrix for the proper stem cell functioning.

Many studies investigating the electrospun fibrous

scaffolds were focused on the biocompatibility of

scaffolds which is especially actual for the generation

of tissue-like constructs in vitro (Lim and Mao 2009).

However, regardless of all technical problems of

scaffold manufacturing, the stem cells and their

functioning on the scaffold surface is another critical

step for the development of bioactive scaffold (Atala

2012; Chang and Wangs 2011).

Stem cells for tissue regeneration

As aforementioned, the most important strategies for

successful tissue engineering are: finding of an

Fig. 1 The application of

scaffolds and stem cells in

regeneration medicine.

Tissue regeneration by

autologous stem cells

includes: isolation of adult

stem cells, characterization

and selection of required

stem cell population,

multiplication of stem cells

in vitro, seeding on selected

scaffold and transplantation

into damaged tissue. Tissue

regeneration by iPS

requires: isolation and

characterization of adult

somatic cells and

subsequent induction of

pluripotent cells (iPS).

Further procedures are the

same as with the stem cells.

The pore size regulates the

final functioning and

adaptation of implanted

stem cells in injured tissue

leading to its successful

regeneration
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appropriate biomaterial and pore sizes for the manu-

facturing of scaffold and choosing the cell type

properly functioning on the scaffold and successfully

regenerating injured tissue. Cell-based regenerative

technologies are mainly related to the direct cell

injection into damaged tissue or blood vessel and

paracrine cell–cell and cell-ECM-based stimulation.

However, terminally differentiated cell types of native

organ have limited regenerative application due to

their limited growth in vitro. Therefore, the applica-

tion of various types of stem cells for tissue engineer-

ing is a big step forward improving cell-based therapy.

Starting from the discovery of hematopoietic stem

cells (Becker et al. 1963), a particular attention in the

field of cell-based therapy has been paid to the adult

human mesenchymal stem cells (MSCs) due to their

pluripotency (Pittenger et al. 1999). Later studies

showed that the MSCs can be isolated from almost

every tissue in the body, such as amniotic and synovial

fluids, adipose, dental tissues, umbilical cord, periph-

eral bloods, dermis, brain, muscle and even tumors

(Reynolds and Weiss 1992; Erices et al. 2000; Seale

and Rudnicki 2000; Zuk et al. 2001; Roufosse et al.

2004; De Coppi et al. 2007; Haniffa et al. 2007; Huang

et al. 2009; Yan et al. 2012; de Sousa et al. 2014).

Although the MSCs have a big therapeutic potential,

there are still many problems related to the sudden

death of transplanted cells, migration out of trans-

planted organ, sedimentation into other organs causing

unwanted differentiation, inflammation or even sec-

ondary cancers. Not less important requirement for the

transplanted MSCs is their full adaptation and pur-

poseful functioning in transplanted organ in order to

restore injured organ. The embryonic cells (ESc) are

also very promising due to their totipotency, however,

they cause many ethical problems, form teratomas and

might be rejected and destroyed by the host immune

system (Boyd et al. 2012).

These problems could be avoided by reprogram-

ming/de-differentiation of somatic cells into pluripo-

tent state whereby cells adopt features of ESc. Since

new stem cell technologies such as cloning or use of

viral vectors have been shown to have some limita-

tions, production of induced pluripotent stem cells can

be done through the various reprogramming tech-

niques such as somatic nuclear transfer, somatic cell

hybrids and production of induced pluripotent cells

(iPS) (Wenceslau et al. 2013). The activation of

essential stemness genes by combination of different

reprogramming factors trough a cascade of transcrip-

tional activity has been suggested (Takahashi and

Yamanaka 2006). Recently many other reprogram-

ming strategies based on genes, proteins, iRNR and

different chemicals are also available for the repro-

gramming of somatic cells (Yu et al. 2007; Nakagawa

et al. 2008). The de-differentiation method induce the

expression of genes that are not normally expressed in

fibroblasts or other adult cells, change their morphol-

ogy, mode of growth and differentiation potential, and

is a very attractive tool for tissue regeneration.

However, the search for new somatic cell reprogram-

ming strategies omitting harmful viral technologies of

the gene delivery is still of future challenge.

Nanometric pore sizes for cell attachment

and functioning

Cell proliferation, differentiation and migration are

mainly cell-anchorage-dependent processes that inhi-

bit cell apoptosis and activate cytoskeleton reorgani-

zation (Wozniak et al. 2004). Therefore, the initial cell

adhesion is important for the further cell functioning.

The dependence of cell attachment and differentiation

on the pore size of polycarbonate (PC) surfaces was

nicely shown by Lee et al. (2004). The authors

investigated attachment of MG63 human osteoblasts

on the membrane with 0.2–8 lm pores and showed

that the cells were fully adhered and spread on the

surface with 0.2–1 lm pores, whereas cells became

spherical with few fillopodia and lamellapodia on the

membrane with the larger micropores (3.0–8.0 lm in

diameter). Additionally, the cells growing on the

5.0–8.0 lm pore size membrane showed increasing

osteogenic differentiation with the highest differenti-

ation reached on 8 lm pores (Lee et al. 2004). It was

also shown that nano-fibrous (50–500 nm) PLLA

scaffolds enhance protein adsorption contributing to

cell attachment (Woo et al. 2003). It was also shown

that the osteoblasts attached and proliferated more

effectively on the rough surface (0.81 lm pore size) in

comparison with the smooth one (Hatano et al. 1999).

Additionally, the proliferation of osteoblast-like

MG63 cells decreased with increasing pore size from

200 nm to 8 lm, whereas their osteogenic differen-

tiation improved (Lee et al. 2004). Other studies also

showed that nano-fibrous scaffolds stimulated neuro-

genic, osteogenic, chondrogenic and other types of
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cell differentiation (Li et al. 2003; Yang et al. 2004;

Woo et al. 2007). Additionally, the main ECM

component collagen I was shown to be important for

the cell attachment: it can be enhanced by 1.7-fold

mimicking collagen on nano-fibers (Grinnell 1982;

Woo et al. 2003). All together, nano pore sizes

improve cell attachment and further cell functioning.

Though, the nano pores should be of proper nanometer

size: cells on too smooth scaffold surface start to make

clamps around the scaffold edges disturbing diffusion

of nutrients, removal of cell waste and impairing

further cell functioning, whereas too big pores disor-

ganize cell attachment (Yannas 1992).

Micrometric pores for cell–cell interaction

Heterotypic cell–cell interactions might control the

development of various tissues. However, the direct

cell–cell contacts are not always desirable in tissue

engineering. For example, it was shown that co-

culturing of endothelial cells together with smooth

muscle cells led to the inhibition of endothelial cell

growth (Saunders and D’Amore 1992). This problem

can be solved by co-culturing of heterogeneous cell

populations across the porous membrane. The

authors showed that pore size of 0.02, 0.4, 0.6 and

0.8 microns was optimal for the cultivation of

endothelial and smooth muscle cells as homogenous

populations, whereas smooth muscle cells started to

migrate across the membrane with pores size of 2.0

microns (Saunders and D’Amore 1992). Moreover,

fibroblasts grown on one side of a membrane with

1.2 lm pore size were capable of reaching and

contacting other cells grown on the opposite side of

the same membrane (Kim et al. 2014). The human

embryonic stem cells (hESCs) (CHA3 and H9) and

feeder (STO and MEF) cells were grown on opposite

sides of a membrane with 1, 3 and 8 lm pore size for

5 days (Kim et al. 2007). Data showed that attach-

ment of hESCs on a membrane with 3 and 8 lm pore

size was better compared to that of 1 lm pores.

Moreover, the scaffold membrane with[3 lm pore

size allowed feeder cells to migrate upwards,

whereas 1 lm pore size was optimal for the growth

of hESCs without contacting feeder cells. Even if

hESC and feeder cells were not cross-contaminated

during co-culture on the opposite sides of membrane

with 3 lm pore size, they were able to have an

anchorage-dependent contact with the feeder cells.

Even 1 lm pores showed some protrusion of cellular

bodies such as lamellipodium and filopodia permit-

ting slight cell–cell contact. Additionally, the 3 lm
pores, but not the 1 lm pores, were able to prolong

growth of hESC in vitro from 15 to 25 passages (Kim

et al. 2007).

Similarly to the above findings, it was shown that

scaffolds with 0.45 lm pores were able to separate

hematopoietic progenitors from stromal cells, which

was essential for the production of mature blood

elements, prevention of differentiation and preserva-

tion of hematopoietic progenitors (Verfaillie 1992).

The initiation of differentiation of bladder smooth

muscle cell by epithelium cell was also changed from

indirect to direct by changing the range of pore size

from 1 to 10 lm, respectively (Liu et al. 2000). In

summary, data of various studies demonstrate that

smaller cells require smaller pore size to prevent cell

migration across the 2D scaffold. However, it should

be taken into account that the other factors such as

level of membrane porosity and pore inter-connectiv-

ity are also important factors for the sufficient cell

supply by nutrition and oxygen improving further cell

functioning (Chang and Wangs 2011).

Threshold of pore size for cell migration

across the membrane

Cell migration across the membrane requires balance

between cell size, attachment, scaffold pore size and

surface topography. It was shown that the migration of

human umbilical cord-derived mesenchymal stem

cells (hUCMSCs) through the polycarbonate (PC)

membrane with 0.4, 3.0 and 8.0 lm pores was 0, 1.8

and 8.0 %, respectively (Li et al. 2011). Migration of

NIH 3T3 fibroblasts and human embryonic cells was

also blocked if the membrane pore diameter was

\1 lm (Kim et al. 2014). Migration of MSCs across

scaffold membranes made from poly(ethylene glycol)

(PEG) with pore sizes of 7, 12 and 17 lm, surpris-

ingly, was the best through the intermediate (12 lm)

pores (Peyton et al. 2011). On the other hand, the

glioma cell migration through the collagen gel was

hindered by the small pores (5–12 lm), whereas cell

invasion distance was not a pore size-depended

process (Yang et al. 2010). Additionally, it was shown

that migration of polymorphonuclear cells (PMN) was
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reduced by 90 and 99 % through the polycarbonate

membrane pores of 1.49–1.78 and 1.26–1.38 lm in

diameter, respectively (Wolf et al. 2013).

Migration of stem cells through the 2D scaffold can

be artificially stimulated independently of the pore

size. It was shown that hMSCs migration through the

membrane pores of 8 lm in diameter was more

efficient when the normal dermal fibroblasts were

replaced by the keloid-derived ones on the bottom of a

dual-modified Boyden chamber. The hMSCs were

able to migrate across the membrane with 3 lm pores

only when the same keloid-derived fibroblasts were

placed on the bottom of the plates (Akino et al. 2008).

Similarly, the migration of hMSCs trough the 3 lm
transwell membrane made from polyethylene tereph-

thalate was effective and used for the wound healing

test of human type II alveolar epithelial cell line on the

opposite side of the same membrane (Akram et al.

2013). Noteworthy, cell migration through the matrix

metalloproteinase (MMP)-degradable scaffolds such

as collagen strongly depends upon MMP-depended

ECM cleavage (Wolf et al. 2013). In summary, data

mentioned in this paragraph show that cell migration

across the membrane is optimal when the pore size is

higher than 3 lm. It should be taken into account that

cell migration trough the critical pore size might

change depending on the cell type and growth

conditions. The impact of pore size on the regulation

of cell transmigration is shown in (Table 1).

Macroporous 3D scaffolds for cell functioning

As highlighted in the previous section, scaffold mem-

branes with pore sizes ranging approximately from

50 nm to 12 lm regulate cellular attachment, cell–cell

interaction and migration across the membrane. How-

ever, the 3D scaffolds with large pore size (around

100 lm or more) have higher amount of functional

units necessary for the regeneration of various tissues. It

was shown that attachment of MSCs to the island-

patterned PLLA scaffold was better if pore diameter

was 100 lm instead of 60 lm (Lee et al. 2009). In

addition, the attachment and growth of MSC on PLLA

was improved after the precoating of island-patterned

scaffold with collagen and fibronectin (Lee et al. 2009).

The collagen-glucosaminoglycan scaffolds with 85,

120, and 325 lm pore sizes were also investigated for

the adhesion and differentiation of osteoblasts (Murphy

et al. 2010). Surprisingly, the cell adhesion and

proliferation during 48 h of culturing was better on

the scaffold with 120 lm pores, whereas in 7 days the

number of osteoblasts was higher on the scaffold with

325 lm pore sizes. The same study showed that pore

size around 100 lmwas important for the cell adhesion

and proliferation, whereas cells migration was faster

trough the scaffolds with 325 lm pore size. The

membranes with smallest pore size (85 lm) showed

lowest intensity of cell adhesion and migration (Mur-

phy et al. 2010). In agreement with these results, it was

shown that cell adhesion surface on scaffold was

decreasing with increased pore size and had inverse

linear dependence in the range of 90–151 lm (O’Brien

et al. 2007). However, when the pore size increased

from 85 to 325 lm the inverse linear relationship

between cell adhesion and pore size was disrupted.

Additionally, the poly(lactic co-glycolic acid) (PLGA)

electrospun scaffold with the pore size around 100 lm
also showed better cell–matrix and cell–cell interaction

compared to the other pore sizes (Li et al. 2002).

Summarized impact of pore size on cell functioning

on 2D and 3D scaffolds is presented in Fig. 2. However,

individual goals of regenerative therapy require indi-

vidual experimental conditions and best cell-scaffold

interaction model. Some cell-scaffold interaction-based

tissue regeneration models with particular role of pore

size in it will be discussed below.

Impact of pore sizes in tissue engineering

Pore sizes regulating bone regeneration

The application of scaffolds, especially biodegrad-

able, for the musculoskeletal regeneration has been

intensively investigated (Agrawal and Ray 2001).

Based on various studies, the minimum requirement

for pore size in 3D bone regeneration is considered to

range from 100 lm to more than 300 lm (Karageor-

giou and Kaplan 2005). Moreover, the pore size

around 100 lm favored hypoxic conditions inducing

osteochondral formation before osteogenesis, whereas

larger pore size ([300 lm) directly initiated osteoge-

nesis (Karageorgiou and Kaplan 2005). It was also

shown that bone regeneration in ceramic scaffolds

with pore sizes smaller than 350 lm varied: pore sizes

between 100 and 300 lm initiated bone formation,

while pore sizes between 10 and 100 lm conditioned

360 Cytotechnology (2016) 68:355–369
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fibrous tissue or unmineralized osteoids (Hulbert et al.

1970). Similar data were observed in osteogenic

differentiation of BMP7 gene-transfected MSCs: the

differentiation was better on the silk fibroin protein

scaffold with pore size between 100 and 300 lm
compared to 50–100 lm (Zhang et al. 2010). Another

study showed that the bone ingrowths predominated in

porous poly(methyl methacrylate) (PMMA) scaffold

with pore size around 450 lm (Ashman and Moss

1977). Similarly, the osteoblast migration was faster

inside microcellular porous polymers derived from the

high internal phase emulsions (polyHIPEs) scaffolds

with 100 lm pore size compared to 40 and 60 lm
ones (Akay et al. 2004). The same study showed that

modification of polymer with hydroxyapatite

increased osteogenesis; however, the larger pores

Fig. 2 Schematic

presentation how pore sizes

regulate cell attachment,

interaction and migration.

a 2D scaffold membrane

with pore size\1 lm for the

better cell attachment. b 2D

scaffold membrane with the

pore size ranging from 1 to

3 lm for the anchorage-

dependent cell–cell

interaction. c 2D scaffold

membrane with the pore

sizes of 3–12 lm for the

direct cell–cell contacts,

migration and/or invasion.

d 3D scaffold with the

surface pore sizes of 1–3 lm
and porous internal structure

for the indirect cell–cell or

cell-ECM interaction. e Cell

migration in and out of 3D

scaffold through the pore

size ranging from 100 to

800 lm which depends on

the aim of tissue

regeneration
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increased rate of osteoblasts migration into the scaf-

fold but not the depth—maximum was 1.4 mm for all

pore sizes (Akay et al. 2004).

It should be noted that the level of porosity is not

less important than the pore size for the bone

regeneration (Zhang et al. 2001). The osteogenesis

of skeletal stem cells was especially effective on the

new type of biphasic hydroxyapatite/tricalcium (HA/

TCP) scaffolds with high porosity (45 pores per inch)

(Aarvold et al. 2013). Microporous polycaprolactone

(PCL) matrice with various pore sizes might be used to

stimulate osteogenesis by delivery of various protein

such as lysozyme (100–200 lm), collagenases

(80–200 lm), catalase (100–250 lm), lactose

(45–90, 90–125 lm) and gelatin (125–250 lm) into

damaged tissue (Wang et al. 2007, 2009). Corre-

spondingly, osteoblasts proliferation and bone forma-

tion on the PLGA scaffold was the best with the pore-

size ranging from 150 to 300 lm (Peter et al. 1998).

Parallelly, it was shown that PLGA scaffolds with pore

size ranging from 150 to 710 lm had no impact on the

osteoblasts attachment and proliferation, whereas

tissue mineralization was the best on the scaffolds

with 300–500 lm pores (Ishaug et al. 1997).

Pore sizes for the regeneration of other connective

tissues

Cartilage loss is the most prominent feature of arthritis,

whereas cartilage regeneration is a difficult and time-

consuming process. Recent biotechnological achieve-

ments in tissue engineering were able to suggest broad

variety of scaffolds and diverse MSC sources for the

regeneration of connective tissue, particularly cartilage.

The scaffolds with pore sizes ranging from 200 to

400 lm and with an oval to round pore shape was

shown to be important not only for the functioning of

osteoblasts but also for the differentiation of chondro-

cytes (Boyan et al. 1996). Implants consisting of

biodegradable Estane polymers comprisingmacropores

of 150–355 lm that are highly interconnected with

micropores (\50 lm) have been found to be conducive

to ingrowth into fibrocartilaginous tissue preventing

degeneration of the articular cartilage (Tienen et al.

2006). Recent investigation of MSC chondrogenesis on

collagen-hyaluronic acid (CHyA) scaffolds with pore-

sizes of 94, 130, and 300 lm in diameter showed that

scaffolds with the largest (300 lm) pores significantly

stimulated expression of chondrogenic genes (Matsiko

et al. 2015). Additional precoating of PLGA scaffolds

(90–180 lm of pore size) with fibrin increased chon-

drogenesis and deposition of cartilage-specific ECM

(Sha’ban et al. 2008). The successful application of iPS

for the regeneration and restoration of cartilage defects

on 3D nanofibrous scaffolds with similar pore size has

been also recently shown (Liu et al. 2014).

The ECM is a heterogeneous complex providing

structural support for cell growth, migration and signal-

ing. During cell migration and spreading, focal adhesion

is basically an integrin-mediated process, whereas

adhesion of cells to fibrillar ECMgenerates extracellular

fibrils and fibronectin (Pankov et al. 2000). Fibroblasts,

as main ECM generators, have slightly different adhe-

sion properties to the 3D structures compared to the 2D

and require high cell density for the ECMgeneration and

better attachment (Cukierman et al. 2001). It was shown

that the poly(lactic acid) (Karageorgiou and Kaplan

2005) and PLGA scaffolds produced by salt leaching

with pores smaller than 160 lm were optimal for

attachment and growth of human skin fibroblasts (Yang

et al. 2002). The invasion of human endothelial cells into

PLGA scaffolds was even better under the sheared stress

conditions (Koo et al. 2014). The generation of connec-

tive tissue by fibroblasts seeded on the molded/salt

leached poly(lactic-co-glycolic acid)/polybutylene

terephthalate (PEGT/PBT) copolymer scaffolds was

efficient with an average of interconnecting pores of

160 ± 56 lm (Wang et al. 2005). On the other hand, it

was shown that the canine dermal fibroblasts were the

least selective for pore size and showed similar cell

proliferation and ECM formation on the poly(L-lactic

acid) (L-PLA) scaffold with pores ranging from 38 to

150 lm (Zeltinger et al. 2001). Additionally, it was

shown that the sphere-template polymers (poly(2-hy-

droxyethylmethacrylate); poly(pHEMA)) with 40 lm
pores were able to recapitulate key elements of both

dermal and epidermal layers of skin, whereas migration

of keratinocytes into pores was limited (Fukano et al.

2010). Data presented in this section show that the

impact of pore size in successful regeneration of various

connecting tissues depends not only on the origin of

scaffold’s biomaterial and fabrication techniques but

also on the geometry of pores.

Pore sizes for the regeneration of nerve system

The brain and nervous systems have limited capacity

to regenerate, which is very often a reason of
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neurodegenerative diseases. The golden standard for

the nerve reconstruction is autologous nerve grafting

but with limited natural sources. Therefore, the

successful application of apropos cells and scaffolds

could extend endogenous regeneration and/or replace-

ment of defective neural cells. It was shown that

Schwann cells seeded on the fibrin precoated poly-

urethane scaffolds with uniaxially-oriented pore struc-

ture in the range of 2 lm (the pore wall) and

75 9 750 lm (elongated pores) could significantly

regenerate peripheral axons (Hausner et al. 2007). In

parallel, the axon regeneration on poly(dimethyl

siloxane) scaffold precoated with poly-L-lysine and

laminin required the neurite bridging and was aug-

mented with increasing groove width from 50 to

200 lm (Goldner et al. 2006). It was also shown that

the axon outgrowth along the longitudinal direction of

3D hydrogel alginate increased with increasing cap-

illary diameter displaying the highest axon density

within the scaffold capillary diameter of 71–86 lm
(Pawar et al. 2011). Similarly, neurites of PC12 cells

also displayed an increasing parallel orientation on the

surface with groove width ranging from 20 to 60 lm
(Mahoney et al. 2005). Pore width of collagen I

scaffold ranging from 20 to 50 lm was also better

compared to the 50–100 lm for the glial and axonal

growth (Bozkurt et al. 2009). The laminin-coated

cryogel scaffolds with pore sizes of 80–100 microns

were successfully used for the regeneration of brain

neurons (Jurga et al. 2011). Similarly to the previous

results, it was shown that collagen membrane with

100-lm-diameter pores were proper for the transplan-

tation and further differentiation of neural stem cells

(Yuan et al. 2014).

As highlighted in this paragraph, the regeneration

of long-size peripheral axons requires long pores

ranging from 200 up to 750 lm and even millimeters,

whereas their ingrowth and/or outgrowth needs much

smaller pores (20–70 lm) depending on the origin of

biomaterial. Scaffolds with pore sizes around 100 lm
seem to be more suitable for the regeneration of

neurons.

Pore sizes for the regeneration of cardiovascular

system

Cardiovascular diseases remain the leading cause of

mortality in the world very often requiring vascular

replacement as one of the ways to treat ischemic heart

and peripheral vascular diseases (Isenberg et al. 2006).

Limited source of autologous vessels, similarly to

autologous nerves, encouraged looking for new ways

to vascular regeneration including application of

biodegradable scaffolds (Niklason et al. 1999). It

was shown that vascular smooth muscle cells culti-

vated on 38–150 lm pore size L-PLA scaffold

displayed equivalent cell proliferation and matrix

deposition (Zeltinger et al. 2001). Similarly, other

authors also found that growth of smooth muscle cells

on PLGA scaffold with pore size ranging from 50 to

200 lm was not significantly affected during 14 days

of cell culturing (Lee et al. 2008). Additionally,

similar pore size (60–150 lm) of PLLA scaffold was

successfully applied to generate smooth muscle cells

(SMCs) from human iPS cells (Wang et al. 2014).

Subcutaneous implantation of the last-mentioned

SMC-scaffold construct in nude mice demonstrated

formation of vascular tissue. However, the microvas-

cular epithelial cells showed sparse extracellular

matrix on the L-PLA scaffolds with pore size from

38 to 150 lm, while multilayered lining was formed

on the scaffolds with pore size \38 lm (Zeltinger

et al. 2001). It was also shown that the depth of

invasion (160 lm after 4 h) of endothelial progenitor

cells into electrospun fibrous scaffold and their further

colonization was increased with increasing pore size

([45 lm) (Hong et al. 2015). Another study showed

only 100 lm infiltration of the endothelial progenitors

into electrospun fibrous scaffolds with pore size

\20 lm after 7 days of culturing (Blakeney et al.

2011). It showed that higher ratio between pore and an

endothelial cell size (endothelial cell diameter is

around 20 lm) leads to more successful cell migration

and invasion. On the other hand, the decellularized

vascular matrices could be also a perfect scaffold

supporting growth and invasion of endothelial cells

(Lu et al. 2004).

Pore sizes for the regeneration of heart tissue

Heart failure is the leading cause of death in the world

and occurs due to the loss of cardiomyocytes (Braun-

wald and Pfeffer 1991). To date, most of stem-cell-

based strategies for cardiac repair were related to the

injection of cell suspension directly into injured

myocardium. Various types of stem cells and their

ability to differentiate into cardiomyocytes have been

intensively investigated. Recently, iPS cells have been
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also considered as therapeutic tool for heart regener-

ation (Takahashi and Yamanaka 2006). However, it

was shown that iPS or ES cells-derived cardiomy-

ocytes had different contractile properties compared to

native cardiac tissue (Xi et al. 2010). Additionally, it

was shown that around 90 % of transplanted cells die

within 1 week and 50–90 % are extruded out of the

myocardium (Zhang et al. 2001; Muller-Ehmsen et al.

2002). Therefore, the new direction in heart regener-

ation is related to the application of scaffold delivering

stem cells into heart and/or scaffold-regulated direct

cardiomyocyte stimulation. It was shown that bimodal

poly(2-hydroxyethylmethacrylate-co-methacrylic

acid) (pHEMA-co-MAA) hydrogel scaffolds with

parallel channels of 60 lm in diameter were required

to seed and promote aggregation of cardiomyocytes

(Madden et al. 2010). Additionally, sphere-template

material (pHEMA-co-MAA) with 40 and 80 lm pores

showed formation of functional vessels within

implants without complication of tricell (cardiomy-

ocyte, endothelial and fibroblast) functioning. It was

also shown that the same type of sphere-template

material with larger pores (*90–160 lm) led to more

fibrosis and less vascularity (Marshall et al. 2004). On

the other hand, the enhanced survival of cardiomy-

ocytes after the paracrine stimulation trough 0.22 lm
pores was also shown (Kawaguchi et al. 2010).

Scientists now are developing biological pacemak-

ers as an alternative to the electrical pacemakers with

the hope to mimic the natural pacemaker and to

overcome some limitations of the electronic ones.

Using MSCs, as the best suited stem cell type for

making a biological pacemaker, it is expected to create

an appropriate cardiac response to exercise and

emotions. MSCs from the biological pacemaker

should respond to the physiological changes of the

body and influence functioning of cardiomyocytes

(Rosen et al. 2004). However, how to make the best

cell-scaffold model for the biological pacemaker

efficiently stimulating heart contraction is still an

open issue. The pore sizes for the biological pace-

maker should allow some contact of implanted MSC

with cardiomyocytes but prevent their transmigration.

Recently, our group is investigating non-degradable

scaffolds made from various materials and with

different pore sizes and their biocompatibility with

bone marrow-derived MSC in order to generate the

functional biological pacemaker for heart stimulation.

In light of data presented in this review, the pore size

of biopacemaker membrane should be around 3 lm
preventing cell transmigration but providing slight

MSC-cardiomyocyte interaction. Additionally, the

biopacemaker should be of apropos mechanical

stability and biocompatibility. So far this field is full

of unsolved questions. Hopefully, in the nearest future

we will be able to answer at least part of the questions

concerning the application of biopacemakers/bioscaf-

folds in heart stimulation.

Conclusions

All aforementioned studies and data have verified that

regulation of pore size is one of the most critical issues

for the successful scaffold application in regenerative

therapy. Summarizing data of various studies we can

conclude that nano-pored scaffolds with pores\1 lm
can be applied to improve cell-surface interaction,

whereas the anchorage-dependent cell–cell commu-

nication requires larger pore size (around 1–3 lm).

Cell migration through the scaffold surface pores

needs larger pores ranging from 3 to 12 lm. Addi-

tionally, cell transfer through the pore size below 3 lm
may need an additional stimulation. Finally, cell

attachment was the best on 3D scaffolds with 100 lm
pores, whereas pore sizes required for the regeneration

of various tissues varied depending on the size and the

origin of transplanted cell and regenerating tissue: the

regeneration of long peripheral axons required longi-

tudinally-oriented pores (200–750 lm); chondrogenic

and osteogenic MSC differentiation demanded scaf-

folds with 200–400 lm pores; growth of smooth

muscle endothelial, nerve cells and fibroblasts was the

best on 50–160 lm pores, while microvascular

epithelial cells required small pores (\38 lm).

Overall, successful application of scaffolds in

regenerative medicine is a complex of pore-size and

cell-type-dependent processes and needs an individual

experimental optimization considering regenerative

and therapeutic aims. However, this review shows that

pore size and geometry plays a significant and very

often limiting role in tissue regeneration. The large

quantity of investigations performed up to these days

will shorten ways for the future discoveries in the field

of tissue engineering.
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