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Abstract: It is well known that surface topography plays an important role in cell behavior, including
adhesion, migration, orientation, elongation, proliferation and differentiation. Studying these cell
functions is essential in order to better understand and control specific characteristics of the cells
and thus to enhance their potential in various biomedical applications. This review proposes to
investigate the extent to which various surface relief patterns, imprinted in biopolymer films or in
polymeric films coated with biopolymers, by utilizing specific lithographic techniques, influence cell
behavior and development. We aim to understand how characteristics such as shape, dimension or
chemical functionality of surface relief patterns alter the orientation and elongation of cells, and thus,
finally make their mark on the cell proliferation and differentiation. We infer that such an insight
is a prerequisite for pushing forward the comprehension of the methodologies and technologies
used in tissue engineering applications and products, including skin or bone implants and wound or
fracture healing.

Keywords: biopolymeric films; lithographic methods; surface relief patterns; cell differentiation;
cell proliferation

1. Introduction

The behavior of a cell depends on a variety of internal and external factors, such as
growth factors [1], hormones, adhesion factors [2] and the extracellular matrix [3]. The “des-
tiny” of a cell is controlled by the signals it receives from the other surrounding cells through
the extracellular environment [4]. For instance, when performing in vitro cell cultures,
the substrates onto which cells are grown have to possess some specific properties [4,5],
including topography, elasticity, gradients [6], biocompatibility, and hydrophobicity [7].
Therefore, it is important to understand the impact of the physical and chemical prop-
erties of a substrate on various cells in order to optimize their culture and control their
differentiation and proliferation. Because the cell culture is a highly important process in
domains like tissue engineering, regenerative medicine [8], and biotechnology [9], the cell
culture techniques have rapidly flourished and evolved [10], and can be now performed
in suspensions and on adherent surfaces, including scaffold-based techniques (also called
3D cultures) using hydrogel-based support, polymeric hard material-based support or
hydrophilic glass fibers [11].

There is a significant number of studies related to controlling the cell orientation [12],
proliferation [13], differentiation [6,7] and adhesion [11,14] through the employment of
different types of substrates covered with specific layers of (bio)polymers, eventually
patterned with miniaturized (periodic) surface relief patterns [5,11,15–17]. The latter can be
created by utilizing a variety of simple or more complex lithography methods, ref. [18–21]
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and may include grooves [22], lines [23–25], squares [23,26] and other shapes [13,27–29] of
various dimensions and functions widely used in applications related inclusively to cell
culturing [30–35]. For instance, holes and pillars on gelatin-genipin substrates can be used
for culturing human osteoblastic Saos-2 cells for developing better properties of surface
dental implants [22], and the microgrooves on the chitosan membrane can be employed for
enhancing nerve regeneration using Schwan cell cultures [36].

Considering the need for better strategies to improve the cell growth and development
processes, the use of periodic surface relief structures as support substrates for cell cultures
might be a part of the solution, as relief structures can be made of cell compatible material
and can exhibit cell dimensions. Such novel and improved materials have a significant
potential not only to provide a better understanding of processes of cell proliferation and
differentiation, but also to improve and develop new cell culture techniques. Herein,
we review the most recent approaches that utilize surface relief structures to push the
limits of cell culture, differentiation and proliferation beyond the state-of-the art. A short
description of the most popular methods employed to pattern (bio)polymers is firstly
presented, followed by a general part containing basic information about cell proliferation
and differentiation, a brief enumeration of the main microscopic techniques used to study
the above-mentioned processes, and a last part that exemplifies the role and impact of
surface relief patterns on the cell proliferation and differentiation processes.

2. Common Lithographic Methods Used for Biopolymer Patterning

There is a tremendous amount of periodic surface relief patterns exhibiting a cer-
tain shape, dimension and function [37–43]. Such periodic patterns are mainly obtained
from polymer-based systems (generally, polymers are cheap and yet highly processable
materials) [44–47], through the use of various top-down and bottom-up methodologies [21,48].
Because relief patterns can be filled with multifunctional materials of different size and
shape, a variety of multifunctional platforms can be developed and used in a plethora of
applications [21], including biological ones [42,49,50]. Biopolymeric surface relief patterns
represent an interesting category of relief patterns, as they can be employed to design
puzzling experiments in cell growth [13] or at the biology-electronics interface [43], and
can be obtained by sculpturing biopolymeric films [13,18–20,51,52]. For instance, through
the use of photolithography, porous films of biopolymers such as chitosan, starch and their
blend can be obtained with the aid of light, by inducing specific chemical changes that allow
the (bio)photoresist to be removed later on [13]. The transfer of the surface relief patterns
can be realized either by the direct laser writing (DLW) or through the exposure of the
photoresist to (extreme) UV light and the additional use of a photomask. As a result, precise
shape-defined particles of silk [18] or keratin proteins [19] can be fabricated. Furthermore,
the patterning of silk proteins via photolithography can provide substrates covered with
complex micro spatial morphologies that are highly suitable for many medical applications,
including drug delivery, tissue engineering and degradable implants [53,54].

Electron (EBL) and ion beam (IBL) lithographies can also write high resolution pat-
terns onto biopolymer-based resists by utilizing focused beams of electrons and ions,
respectively [20]. While the electrons change the solubility of the resist and allow selec-
tive removal of exposed or nonexposed regions by subsequent etching in a solvent, ions
might be used to remove parts of biopolymer-based resists. For both techniques, the resist
type and quality are highly important [43,55,56] when beautiful lines/spacing gratings,
moth-eye patterns, or pads are to be fabricated in sugar-based polymers, biotinylated
polyethylene glycol (PEG), DNA oligonucleotides, neutravidin, anti-mouse IgG [41,43,57].
More details on biopolymers-based patterns created using EBL and IBL can be found in the
literature [20].

High-quality biopolymeric patterns of sub-micrometer dimensions [58] can be further
obtained by employing soft lithography. This technique uses soft/elastomeric molds
to replicate various periodic surface relief patterns over relatively large areas [59] ei-
ther by a fast transfer of a model pattern from a master mold to a biopolymeric resist
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through the mechanical deformation upon thermal treatments and UV illumination or
through the conformal contact of specific polymeric surfaces with a master stamp ex-
hibiting model patterns covered with biopolymer-based inks. While the former is called
nanoimprint lithography (NIL), the latter is known as microcontact printing (µCP). As
a result, there is a plethora of miniaturized periodic biopolymeric patterns, of which
the most popular are lines/stripes of various proteins, chitosan, cellulose, silk and other
biomolecules [24,25,27,58,60,61]. Other patterns include pads of biomolecules [27], nanodots
of proteins [62] as well as pillars, grooves and holes sculptured in cellulose, and in gelatins
crosslinked with genipin (Figure 1a–c) or in chitosan [22,24,28,29]. More complex patterns
such as spider web arrays [61] and arrays of nanodots of neutravidin, liposomes and other
proteins [62,63] were also recently reported. Additional relevant information can be found
in the literature [64].
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Figure 1. SEM images of different biopolymer-based patterns: (a–c) Cross-section and top (insets)
SEM images emphasizing grooves (a), pillars (b) and holes (c) of gelatin crosslinked with genipin.
The scale bar in the insets corresponds to 2 µm. (d) AFM topography micrograph depicting high
resolution single-line enzyme patterns made on a copolymer and displaying a width smaller than
10 nm. Adapted with permission from ref. [22] (a–c) and ref. [23] (d).

Highly miniaturized biopolymeric relief patterns can also be developed via mold-free
scanning probe lithography (SPL) through the utilization of extremely sharp scanning
probes capable to exert stimuli such as force, heat, or electric fields, to induce chemical
reactions or to diffuse ink molecules. For example, SPL can generate periodic patterns such
as lines, dots, rectangles or squares of enzymes on specific copolymers [23,65]. Some of
these patterns, such as the sub-10 nm lines, closely match the enzyme molecular dimension
and could be used in the fabrication of various biodevices [23,65] (Figure 1d). Other types
of patterns of biopolymers include protein covered circular patches of a diameter ranging
from 15 nm to 200 nm that can be realized using particle lithography (PL) [66]. This method
is based on the use of a particle mask, which is usually assembled from silica or various
polymeric particles on top of a solid substrate. More details on these patterning techniques
can be found elsewhere [21].

Besides the top-down lithographic methodologies, bottom-up approaches can also be
used to fabricate miniaturized biopolymeric surface relief patterns, especially by taking
advantage of DNA self-assembly (DNASA). With this approach, sub-10 nm patterns [67],
often displaying a wide range of shapes that include squares, rectangles, stars, disks,
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five-pointed stars, or triangles, can be obtained [26,67,68]. When needed, DNA nanostruc-
tures can be further combined with other top-down approaches to create nanopatterns that
exhibit significant potential in biomolecular recognition [68] or in ultrascaled technology
nodes [69]. Combining DNASA with IBL can lead to peculiar 10-nm sized DNA-based
surface relief patterns such as arrays of DNA origami immobilized in IBL patterns [49].
Other shapes of individual DNA within specific surface relief patterns can be obtained
as well [69,70]. For instance, specific DNA bricks can be assembled to form DNA brick
crystal-based periodic nanotrenches displaying a uniform pitch down to nanoscale [69]. For
more detail on the variety of possible biopolymeric relief patterns, readers should consult
Table 1 and reference [21].

Table 1. Summary of various biopolymeric surface relief patterns that can be created using top-down
and bottom-up lithographic methodologies.

Lithography Patterned Material Resulting Pattern Pattern Dimension Ref.

DLW chitosan, starch pores µm size [13]

UV light silk protein non-spherical particles several µm [18]

UV light wool keratin protein

lines
circular patterns

crosses
triangles

2 µm/width
3 µm/diameter

3 µm/width
tens of µm

[19]

EBL sugar-based polymer moth-eye patterns 120 nm/period [43]

EBL biotinylated PEG pads ~10 µm [5]

IBL DNA oligonucleotides neutravidin
anti-mouse IgG

line assays
complex stripes-based patterns

1–2 µm/width
down to 100 nm/width [57]

NIL chitosan lines
circular pillars

10 µm/width
500 nm/diameter

[61]
[29]

NIL proteins lines 700 nm/period [58]

NIL gelatins/genipin
grooves

holes
pillars

500 nm/width
500 nm/diameter
100 nm/diameter

[22]

NIL cellulose

holes
lines

square pillars
rhombus pillars

holes

400 nm/diameter
140 nm/width
1 µm/diameter
600 nm/width

600 nm/diameter

[28]
[24]

µCP protein/Sylgard 527 arrays of nanodots 200 nm × 200 nm [62]

µCP biomolecules/poly(4-aminostyrene) stripes
pads

~2 µm/width
~7 µm/diameter [27]

µCP silk lines hundreds of µm/width [25]

µCP neutravidin/biotin arrays of nanodots ~62 nm/diameter [63]

µCP amyloid spider web arrays hundreds of µm/width [61]

TCSPL enzyme

rectangles
squares

lines
dots

4.5 µm × 1.5 µm
100 nm ×100 nm

8–9 nm/width
8 nm/diameter

[23]

PL streptavidin patches 15 nm/diameter [66]

DNSA DNA

squares
disks

five-point stars
rectangles
triangles

~100 nm/diameter
~100 nm/diameter
~100 nm/diameter
~100 nm/diameter
~100 nm/diameter

[26]
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3. Description of Cell Proliferation and Differentiation Processes
3.1. Basics of Cell Proliferation

Cell proliferation is an essential process with the key role of maintaining the life of
an organism through the healing of wounds, developing the organs and regenerating the
tissues [71]. To accurately perform these tasks, the cells must receive specific signals that
control their division and apoptosis [72]. Otherwise, if the downregulated growth does not
take place, the impact of cell proliferation is harmful and life-threatening (e.g., in patholo-
gies like cancers [71]). Hence, the biochemical, molecular and bioelectric mechanisms that
regulate the cell cycle [71] ensure that cell growth is in accordance with the needs of the
organism [71,73].

Generally, for eukaryotic cells there are two types of cell divisions: mitosis, whereby
each daughter cell is genetically identical to the parent cell, and a reproductive cell division
(meiosis), in which the number of chromosomes in the daughter cells is reduced by half to
produce haploid gametes [74]. A somatic cell divides through the mitosis process that takes
place in four phases: First gap (G1), synthesis (S), second gap (G2) and mitosis (M) [75] (al-
though there are also cases when a cell enters in a non-dividing status, the G0 phase [71,76]).
For each of these phases there are specific mechanisms of cell regulation [77,78]. Thus, de-
pending on different factors such as nutrients or mitogens, a cell can go through G1 phase
and activate a program that consists in next steps of cell division or enter in a quiescent
phase, G0 [78], which is a resting state until new signals are received to stimulate a further
entering into the cell division cycle or not [79]. Relevant details on mechanisms that signal
a cell to enter into the G1 phase with the help of various proteins can be found in the
literature [76,77,80,81].

While in the G1 phase, cells prepare to replicate their DNA and therefore, mRNA and
protein required for DNA development are synthesized [76], in phase S the quantity of the
genetic material DNA is continuing to increase and eventually doubles [75,76,80,81], turn-
ing a 2N complement (i.e., 2 copies of each chromosome) of DNA cells to a 4N complement
of DNA cells. This means that the initial haploid cell turns into a diploid cell towards the
end of the S phase [75]. Instead, the G2 phase is mostly a verification step in the cell cycle,
when a check for any DNA damage that may have occurred in the replication process takes
place [76]. Finally, while the pre-mitosis steps are very important for ensuring the integrity
and health of the resulting cells [76], the mitosis phase is the part of the somatic cellular
division where the duplicated genetic material is equally divided between the two progeny
cells that will separate at the end into two daughter cells [75].

The mitosis phase itself is divided into five phases (Figure 2): prophase, prometaphase,
metaphase, anaphase and telophase [82,83]. In prophase, the chromatin (i.e., DNA that is
wrapped around some proteins named histones) is firstly condensed and then followed by
the ending of the DNA transcription and dispersion of the nucleus envelope. This disper-
sion allows the nucleoplasm to mix with cytoplasm where new, more labile microtubules
(MTs) form [82] along with actin filaments [84] (prometaphase). While some MTs will
structure the division spindle (i.e., the cytoskeletal structure), the actin filaments will be
utilized in the process of cytokinesis (i.e., the formation of a cleavage furrow that divides
the cell membrane into half and separates the two daughter cells). Specific to the metaphase
is the alignment of the chromosomes on the spindle midplane, forming the “metaphase
plate” [75,82]. At the same time, the bonds between chromatids dissolve and allow the next
process of division (the anaphase) to begin. In this phase, each of the two chromatids that
form the chromosomes in the metaphase becomes a chromosome. While the resulting chro-
mosomes will migrate to the extremity poles of the cell (Figure 2) [75,82,85], the connecting
fibers shorten and the spindle elongates causing the separation of the two poles from each
other [85]. Once the chromosomes are reaching the poles, the telophase begins and the
nuclear membranes start to form. They will envelop each of the two sets of chromosomes.
The later start to decondense and the spindle begins to disassemble. The division ends with
the process of karyokinesis when the two daughter cells separate. Both cells are now ready
to enter in the interphase and eventually the G1 phase restarts [82].



Int. J. Mol. Sci. 2022, 23, 7731 6 of 27

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 6 of 28 
 

 

Specific to the metaphase is the alignment of the chromosomes on the spindle midplane, 
forming the “metaphase plate” [75,82]. At the same time, the bonds between chromatids 
dissolve and allow the next process of division (the anaphase) to begin. In this phase, each 
of the two chromatids that form the chromosomes in the metaphase becomes a chromo-
some. While the resulting chromosomes will migrate to the extremity poles of the cell 
(Figure 2) [75,82,85], the connecting fibers shorten and the spindle elongates causing the 
separation of the two poles from each other [85]. Once the chromosomes are reaching the 
poles, the telophase begins and the nuclear membranes start to form. They will envelop 
each of the two sets of chromosomes. The later start to decondense and the spindle begins 
to disassemble. The division ends with the process of karyokinesis when the two daughter 
cells separate. Both cells are now ready to enter in the interphase and eventually the G1 
phase restarts [82]. 

 
Figure 2. Schematics depicting the phases of mitosis. Reproduced with permission from ref. [86]. 

3.2. Basics of Cell Differentiation 
Stem cells are a particular type of cells that have two important properties: self-re-

newal and developing into different specialized functional cells [87–89]. According to 
their potential to differentiate, there are three types of stem cells: totipotent (TSCs), plu-
ripotent (PSCs) and multipotent (MPSCs) [87,90]. There are also unipotent cells (USCs), 
but those have a very low capacity of potency, being able to differentiate only in one type 
of cells, depending on the tissue where they are found [91]. While TSCs are the cells that 
result from the fusion of the sperm cell and the oocyte and by division they form the em-
bryonic and extraembryonic cells [87], PSCs have the ability to form the ectoderm, meso-
derm and endoderm, which are the three germ layers that lately can differentiate into 

Figure 2. Schematics depicting the phases of mitosis. Reproduced with permission from ref. [86].

3.2. Basics of Cell Differentiation

Stem cells are a particular type of cells that have two important properties: self-
renewal and developing into different specialized functional cells [87–89]. According
to their potential to differentiate, there are three types of stem cells: totipotent (TSCs),
pluripotent (PSCs) and multipotent (MPSCs) [87,90]. There are also unipotent cells (USCs),
but those have a very low capacity of potency, being able to differentiate only in one type
of cells, depending on the tissue where they are found [91]. While TSCs are the cells
that result from the fusion of the sperm cell and the oocyte and by division they form
the embryonic and extraembryonic cells [87], PSCs have the ability to form the ectoderm,
mesoderm and endoderm, which are the three germ layers that lately can differentiate
into different categories of functionalized cells [92], giving rise to system organs [87].
Therefore, PSCs can be found only in the early stages of embryonic development [91].
Nonetheless, induced pluripotent stem cells (iPSCs), i.e., reprogrammed multipotent stem
cells that become pluripotent cells, can be obtained via a process described by Takahashi
and Yamanaka [93] and represent an important turning point in stem cells studies and
therapies since 2006 [93,94]. Meanwhile, MPSCs cells give rise to cells with the same
particular properties like hematopoietic stem cells (HSCs), mesenchymal stem cells (MSCs)
and neural stem cells (NSCs). Furthermore, while HSCs can differentiate into all types
of blood cells such as lymphoid cells (natural killer cells, B- and T-lymphocytes) and
myeloid cells (erythrocytes, platelets, neutrophils, basophils, eosinophils, monocytes and
macrophages) [95], MSCs have the capacity to differentiate into connective tissue cell
types [91,96] (osteocytes, adipocytes, chondrogenic cell lineages) (Figure 3) [91].
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Figure 3. Human adipose MSCs undifferentiated cells (a) suffering osteogenic (b), adipogenic (c) and
neurogenic (d) differentiation, respectively. Scale bars in red represent 100 µm. Adapted with
permission from ref. [96].

Furthermore, there are two broad types of stem cells according to their developmental
stage: Embryonic stem cells (ESCs) and adult stem cells (ASCs) [87]. While situated in
the epiblast tissue and the inner wall of the blastocyst, a structure that forms during the
fifth day of human embryo development, ESCs can develop in more than 200 types of
adult cells depending on the specific signaling factors [87]. The most common expanded
stem cells in culture are ESCs, ASCs and iPSCs [97]. Generally, ESCs are able to self-renew
indefinitely under the appropriate conditions, although the possibility of the development
of some karyotypic abnormalities through the culture passages cannot be excluded [98]. In
this context, the type of the cell culture medium that not only feeds the cells, but also works
as an instructor for the cell fate plays a critical role. Moreover, due to the existence of a huge
variety of stem cells, it is difficult to use only a certain type of cell culture medium that
suits the needs of every type of stem cell [97]. In this regard, special attention was given to
the development of a culture medium type that contains specific chemical compounds for
maintaining the undifferentiated form of cells [99], including βTGF and FGF [100], fetal
calf serum [101] or others [102].

4. Microscopic Techniques for Cell Proliferation and Differentiation Assessment
and Observation

The most common microscopic techniques used to follow the processes of cell dif-
ferentiation and proliferation are brightfield/fluorescence microscopy [103] and scanning
electron (SEM) microscopy [104]. Brightfield microscopy is usually sufficient to see the
general outlines of cells, but to achieve detailed, high-contrast images, phase contrast
or differential interference contrast (DIC), which gives a pseudo–three-dimensional (3D)
shaded appearance to cells, is necessary. Regarding fluorescence microscopy, the confocal
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configuration appears to be optimal to follow cells, although the utility of other techniques
such as two-photon excitation microscopy [105], widefield fluorescence microscopy, and
total internal reflection fluorescence microscopy [106] has been also demonstrated.

Confocal microscopy is an optical non-destructive imaging method used to record both
2D and 3D microscopic images of topography and morphology of various biopolymeric
substrates and biological samples [103,107] that focuses a small beam of light in depth of
field by using confocal pinholes [108]. This configuration allows not only the obtaining of
high resolution images of the surroundings of the surface structures, but also to estimate
the thickness of such structures [107]. To increase the contrast of the desired samples,
the fluorescence confocal microscopy system uses fluorochromes such as photocleavable
proteins [52] on protein-based materials and on stromal tissues, neoplastic breast and
ductal carcinoma samples [109]. Moreover, confocal microscopy can be used not only to
identify surface irregularities, roughness or more evident relief patterns [103,107,110,111],
but it can also be employed in cell studies of (i) human umbilical endothelial cells on
interpenetrating polymer network hydrogel [112], (ii) of rat bone marrow MSCs on micro
arrays of poly (ethylene glycol)-poly(ε-caprolactone) [20], (iii) of fibroblasts, keratinocytes
or endothelial cells on a mixture of poly(3-hydroxybutyrate-co-3-hydroxyvalerate and
gelatin-methacryloyl) (PHBV-GelMA) patches [113] (Figure 4).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 8 of 28 
 

 

4. Microscopic Techniques for Cell Proliferation and Differentiation Assessment and 
Observation 

The most common microscopic techniques used to follow the processes of cell differ-
entiation and proliferation are brightfield/fluorescence microscopy [103] and scanning 
electron (SEM) microscopy [104]. Brightfield microscopy is usually sufficient to see the 
general outlines of cells, but to achieve detailed, high-contrast images, phase contrast or 
differential interference contrast (DIC), which gives a pseudo–three-dimensional (3D) 
shaded appearance to cells, is necessary. Regarding fluorescence microscopy, the confocal 
configuration appears to be optimal to follow cells, although the utility of other techniques 
such as two-photon excitation microscopy [105], widefield fluorescence microscopy, and 
total internal reflection fluorescence microscopy [106] has been also demonstrated. 

Confocal microscopy is an optical non-destructive imaging method used to record 
both 2D and 3D microscopic images of topography and morphology of various biopoly-
meric substrates and biological samples [103,107] that focuses a small beam of light in 
depth of field by using confocal pinholes [108]. This configuration allows not only the 
obtaining of high resolution images of the surroundings of the surface structures, but also 
to estimate the thickness of such structures [107]. To increase the contrast of the desired 
samples, the fluorescence confocal microscopy system uses fluorochromes such as photo-
cleavable proteins [52] on protein-based materials and on stromal tissues, neoplastic 
breast and ductal carcinoma samples [109]. Moreover, confocal microscopy can be used 
not only to identify surface irregularities, roughness or more evident relief patterns 
[103,107,110,111], but it can also be employed in cell studies of (i) human umbilical endo-
thelial cells on interpenetrating polymer network hydrogel [112], (ii) of rat bone marrow 
MSCs on micro arrays of poly (ethylene glycol)-poly(ε-caprolactone) [20], (iii) of fibro-
blasts, keratinocytes or endothelial cells on a mixture of poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate and gelatin-methacryloyl) (PHBV-GelMA) patches [113] (Figure 4). 

 
Figure 4. (a–c) Fluorescent micrographs of 3T3 fibroblasts (a), HaCat keratinocytes (b) and EA.hy926 
endothelial (c) cells cultured on PHBV-GelMA patches. Scale bars: 200 μm. Adapted with permis-
sion from ref. [113]. 

Scanning electron microscopy is a technique that uses a focused beam of electrons to 
scan a desired sample while detecting the emitted secondary electrons. Characteristics of 
various types of materials can be identified, including but not limited to surface relief mi-
crostructures developed on chitin-derived biopolymers [114], the surface morphology of 
porous biopolymer nanofibers [107], rough nanostructures [110], as well as many other 
(biodegradable) structures [20,21,52,111,115–121]. With SEM, specimens are observed in a 
vacuum, therefore the studied biological samples are required to be dry and fixed on a 
hard substrate. Examples of SEM employment in the study of biological samples and cells 
include the cell growth of the U-2 OS cell line (immortalized human cell line derived from 
osteosarcoma cells) [122], fibroblasts [123], and hOB cell lines (human osteoblast-like cell) 
on regular periodic structures of polyethersulfone (PES) [122] or on micropillars of 
poly(methyl methacrylate (PMMA) [124]. Moreover, SEM can be employed to study the 
effect of substrate stiffness or biofunctionalization on proliferation and differentiation of 

Figure 4. (a–c) Fluorescent micrographs of 3T3 fibroblasts (a), HaCat keratinocytes (b) and EA.hy926
endothelial (c) cells cultured on PHBV-GelMA patches. Scale bars: 200 µm. Adapted with permission
from ref. [113].

Scanning electron microscopy is a technique that uses a focused beam of electrons
to scan a desired sample while detecting the emitted secondary electrons. Characteristics
of various types of materials can be identified, including but not limited to surface relief
microstructures developed on chitin-derived biopolymers [114], the surface morphology
of porous biopolymer nanofibers [107], rough nanostructures [110], as well as many other
(biodegradable) structures [20,21,52,111,115–121]. With SEM, specimens are observed in
a vacuum, therefore the studied biological samples are required to be dry and fixed on a
hard substrate. Examples of SEM employment in the study of biological samples and cells
include the cell growth of the U-2 OS cell line (immortalized human cell line derived from
osteosarcoma cells) [122], fibroblasts [123], and hOB cell lines (human osteoblast-like cell) on
regular periodic structures of polyethersulfone (PES) [122] or on micropillars of poly(methyl
methacrylate (PMMA) [124]. Moreover, SEM can be employed to study the effect of
substrate stiffness or biofunctionalization on proliferation and differentiation of periodontal
ligament stem cells [125] and adipose-derived stem cells [126]. Furthermore, SEM can be
successfully utilized in in vitro studies that aim to reveal the effects of concentrated growth
factor (CGF) on cytocompatibility, proliferation and the differentiation of human cells such
as dental pulp stem cells (DPSCs; Figure 5a–d) [127] or to evaluate the proliferation and
osteogenic differentiation of human MSCs within 3D gelatin-chitosan hydrogels and in the
presence of human platelet lysate (Figure 5e–h) [128].
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Figure 5. (a,b) SEM images of CGF scaffolds depicting 3D fibrin networks comprised of interwoven
fibers (red arrows), platelets (yellow arrows) and leukocytes (blue arrow). (c) SEM image emphasizing
the interaction of DPSCs with CGF (white arrows). (d) SEM micrograph showing the cellular filopodia
(orange arrow) of fully stretched DPSCs on the scaffold. (e–h) SEM images of scaffold-cells structures
at two days culture depicting the morphology and adhesion of bone marrow human MSCs in gelatin-
based hydrogels containing about 8% (e,f) and almost 15% chitosan (g,h). Images (f,h) represent the
zoom-in of rectangular shapes visible in (e,g), respectively. Adapted with permission from ref. [127]
(a–d) and ref. [128] (e–h).

5. Insight into the Role of the Surface Topography on Cell Proliferation
and Differentiation

Various cellular behaviors such as adhesion, migration, differentiation, cytoskeleton
distortion or even gene expression were shown earlier to clearly depend on the changes in
surface topography [129]. Therefore, in the final part of this work we aim to emphasize the
most recent studies reporting on the relationship between various surface relief patterns
based on biopolymers and the proliferation and differentiation of cells to better understand
how the two cellular responses are affected by the substrate topography.

5.1. The Impact of the Surface Topography on Cell Proliferation

There are many parameters related to the topography of a substrate (e.g., the shape
and dimension of the surface relief patterns, their periodicity or discontinuity, their ar-
rangements, etc.(see Figure 6) that can be controlled in order to induce various, often
highly desired effects, including cell directionality or alignment, and to “force” cells to
take a specific shape and to adhere more or less prominently to signal various pathways,
to migrate and regenerate [129], etc. As will be further described below, the surfaces
used in experiments are displaying surface relief patterns that are either coated with
biopolymers [130–133] or are entirely sculptured in biopolymers [61,134–136].

When learning about cellular behaviors (adhesion, proliferation, orientation, etc.),
it seems like a good strategy to consider the report of Nagata et al. from the 1990s
which was focused on analyzing the directionality of neuroblasts cultured on artificial
microstructures [137]. Specifically, the study outlined that the nervous system’s cells are
puzzling when trying to control their behavior by changing the classic properties of culture
surfaces (for instance, neurons need good adhesion properties with respect to the substrate
to proliferate efficiently [138]). Following this direction, Rangappa et al. Performed one of
the first experiments in the nervous system area by culturing dorsal root ganglion (DRG)
on laminin-coated poly(L-lactide) (PLLA) filaments. Experiments showed that the grown
neurites were longitudinally oriented [130]. Moreover, the laminin coating determined an
increase in the longitudinal dimension of neurites from 2 mm on an uncoated surface to
5.8 mm on laminin coated filaments [130]. Changes in orientation were further observed
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in Schwann cells grown on laminin coated poly (methyl methacrylate) (PMMA) films
sculptured with multi-width lines patterns [139]. Here, the laminin coating increased the
adhesion properties which contributed to a higher proliferation rate and could even lead
to the formation of a monolayer of cells that covered the entire substrate surface, with
cells displaying a high order or orientation. Schwann cells along with neurons from the
DRG explant were further studied by Miller et al. on laminin coated poly (D,L-lactic acid)
(PDLA) substrates displaying a groove-like surface relief pattern, the latter having the role
of providing not only the physical guidance but also favoring the growth of axons [140].
The laminin coating was also used to cover the filament membranes of poly (acrylonitrile-
co-vinyl chloride) (PAN-PVC) along with fibronectin. Both coatings determined the same
cell behavior when different diameter fibers were used as the substrate on which neurons
and Schwann cells originated from dorsal root ganglion of mice were deposited. When
compared to uncoated control fibers, the outgrowth of neurites was increased, and the in-
crease was more pronounced along the laminin and fibronectin coated fibers of subcellular
size (5 µm diameter filament bundles) and along the laminin coated fibers of cellular size
(30 µm diameter filament bundles) than along the fibers of supracellular size [141].
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topographies such as pillars of different shape, size and arrangements can alter the adhesion, survival
and differentiation of neural cells. Adapted with permission from ref. [129].
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Another type of coating frequently used in the cell proliferation research is the collagen
type I. Hsu et al. used silicone as a substrate for a Schwann cells culture that, prior to
coating with collagen type I, was micropatterned with different models. The results
showed that the grooves with larger width/spacing (20/20 µm) and depth led to a more
evident increase of the percentage of aligned cells than any other grooves of smaller
width/spacing (10/10 µm) and depth [142] (the different behavior of cells depending
on the dimensions and types of grooves is schematically represented in Figure 6 [129]).
Nonetheless, the alignment of cells on the laminin coated grooves was shown to increase
to 60%, as compared to a 51% increase on the collagen type I coated grooves and to only
a 41% increase on the uncoated surface [142]. These results indicated that laminin was
better favoring the proliferation process than collagen type I. Other studies showed that
there is a difference in the adhesion rate of Schwann cells on materials coated with laminin,
collagen type I and fibronectin [143], hence the proliferation on collagen type I seems
indeed to be weaker than on laminin [142,143] or fibronectin [143]. Even so, collagen type
I is over excelling when compared to polymers such as poly (lactic acid-co-glycolic acid)
(PLGA). For example, in the bone-area research, osteosarcoma cells (human Saos-2 cell
line) grown on collagen and PLGA, both on pillar-like patterns and on flat surfaces, have
shown that cells spread more on a collagen surface than on a PLGA surface, demonstrating
the superior cell adhesive property of collagen [133]. Moreover, confocal laser scanning
microscopy studies further showed that Saos-2 cell proliferation was sensitive to the type
of collagen coated micropillars (Figure 7a–d), with the actin fibers being stretched along
the cell axis and fine filopodia, and with the abundance of filopodia specifically observed
on the patterned surfaces (Figure 7e–g).
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fibers stretching along the cell axis, and distinct, fine filopodia (indicated by the yellow chevrons
point to filopodia). (f,g) SEM (f) and confocal (g) micrographs of the Saos-2 cells cultured on the plain
collagen. Adapted with permission from ref. [133].
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Other nervous cells include hippocampal neurons. These can be cultured on poly-
mer substrates previously coated with two biopolymeric systems such as polylysine and
laminin (this double coating is being used for enhancing the adhesion of the cells to the
substrates) [144]. Various isotropic patterns defined by their symmetry along both axes
(dots, squares, grids) and anisotropic patterns such as gratings, triangles and others were
designed through soft lithography. These patterns displayed diverse dimensions (with
their width, diameter or space between pattern units ranging between 2 and 20 µm) and
were used to analyze their specific effects on cells when in contact. For example, the axons
grew the longest on the gratings having a width of 5 or 15 µm, compared to the samples
exhibiting the narrowest widths with constant interspacing of 2 µm. Compared with axonal
growth on planar surfaces, the grating patterns showed an average of 60% greater growth.
This percentage was of almost 48% for circular patterns. Moreover, the strongest axon
guided growth was seen on gratings and circles compared to any other type of patterns,
although the axon branching was very reduced [144].

Bacterial cellulose (BC), a biopolymer used in biomedical, food or chemical products
industries, can be produced, purified [145] and further coated with gelatin in order to
provide suitable surfaces for human dermal fibroblasts (HDF) cultures (note here that the
uncoated BC already determines a higher proliferation rate due to its high tensile strength
and a degree of polymerization higher than that of usual cellulose; coating BC with gelatin
is further favoring cell interactions [146]). Moreover, such gelatin coated surfaces can be
further patterned with 1 µm deep grooves exhibiting different widths (2, 10 and 100 µm).
Systematic cell studies revealed that cell migration velocity on substrates with narrower
patterns was significantly reduced as compared to flat surfaces, while the cell alignment
on grooves exhibiting sizes comparable to the size of the cells was more prominent [146].
Moreover, an in vivo experiment showed that the groove patterns on a BC based skin
wound dressing were able to favor the infiltration of fibroblasts and deposition of collagen
necessary for wound healing.

In vivo, macrophages and fibroblasts have the tendency to adhere to implanted ma-
terials and to widely spread, leading to complications [147]. Considering this, there is a
need to find a way to develop antiadhesive topographies for improving their utility in
implant engineering. Antiadhesive properties of surfaces exhibiting relief patterns are
based on the physical interference of the topographic features with the determination and
maturation of focal adhesion. In order to study the behaviors of the HDF and macrophages
on antiadhesive substrates covered with various patterns, the former were cultured on
biocellulose and on polydimethylsiloxane (PDMS) substrates, both coated with fibronectin.
These substrates were then imprinted with patterns such as hexagonal pits with different
diameters (6–20 µm), lateral spacings (6–23 µm distance between pits) and shapes (perfectly
isotropic centered-hexagonal and quasi-isotropic squares) [148]. The adhesion rate-based
results showed that, when compared with flat surfaces, the spread of HDF cultured for 72 h
on fibronectin/PDMS and fibronectin/biocellulose decreased with almost 60% on almost
all patterned surfaces, the only exceptions being represented by the hexagonal or square
arrays with a diameter of 10 µm and a lateral spacing of 13 µm. The highest reduction of
adhesion rate (65%) was seen on hexagonal and square pits having a diameter of 5 µm
and a lateral spacing of 10 µm. Interestingly, after one week of cell culture, the adhesion
decreases further, finally reaching 75% [148]. Moreover, the long-term interaction between
HDF and the antiadhesion biocellulose-based topographies decreased the proliferation rate
to only 10%. Furthermore, a detailed analysis of the circularity of the cells revealed that the
biocellulose pits did not sustain the elongation of the cells seen on PDMS substrates, indi-
cating that biocellulose-based geometries reduced the interactions between the substrate
and the cells [148].

A slightly different approach to study the process of cell proliferation is to replace
the surface relief patterns coated with biopolymers with surface relief patterns entirely
sculptured within biopolymers. For instance, collagen can be used to fabricate films that can
further undergo patterning [149]. Specific patterns can also be obtained from chitosan [61],
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fibronectin, cellulose, various proteins, enzymes, etc. (see Table 1). Additionally, collagen
may be combined with other materials such as glycosaminoglycan to get scaffolds for
tissue engineering [150]. This variety of surfaces has its own use as there are always
advantages and disadvantages to using them in cell studies. For example, in films prepared
from collagen extracted from rat′s tails, the adhesion of cells can be weak and, therefore,
osteoblasts may not grow as expected [149]. For adhesion, osteoblasts prefer fibronectin
to the detriment of type I and IV collagen. Furthermore, while the adhesion is weaker on
laminin and type V collagen, osteoblasts do not adhere to type III collagen [151]. These
observations are highly important when dealing with tissue engineering applications based
on Schwann cells and neurons [141,142,152–154], osteoblasts [149], fibroblasts [155], or
human corneal keratocytes and retinal pigment epithelial cells [156] (see Table 2).

Vrana et al. studied the alteration of properties of collagen-based micropatterned films
by growing keratocytes and epithelial cells with the goal to eventually design a functional
artificial cornea [134]. Here, while the unseeded collagen films suffered a reduction of
strength, the growth of keratocytes improved the mechanical behavior of the films. On the
other hand, the pigment epithelial cell line D407 seeded on the same films deteriorated the
mechanical properties of the latter. Instead, collagen-patterned ridges oriented keratocytes
and gave them an elongated shape. Moreover, after a period of three weeks this behavior
changed, as the keratocytes had the ability to adhere to the inclined walls of the ridges
once they occupied the base of the patterns [134]. Furthermore, relief patterns changed the
cytoskeletal arrangement of keratocytes, the f-actin filaments being aligned with the groove
direction after a period of seven days. Nonetheless, when considering the proliferative
rates, the authors have shown that D407 cells grew better on flat surfaces, as patterns
prevented the formation of cell-to-cell contacts. Instead, keratocytes better conformed to
relief patterns and led to an oriented layer of cells once the relief patterns were degraded
by the enzymes produced by keratocytes. The resulting films seeded with keratocytes
presented better mechanical properties as the proliferation of cells compensated for the loss
of the substrate integrity [134]. A relation between the cell proliferation and the presence of
relief patterns was further demonstrated when investigating the role played by the size of
collagen-glycosaminoglycans pores on the growing of osteoblasts. The results showed that
after a period of seven days, osteoblasts proliferated with a higher rate in larger-sized pores
made in collagen-based scaffolds, as such a size of the pores better favored the migration of
the cells [150].

More recent studies placed neurons or Schwann cells on patterned chitosan surfaces [61]
and on gelatin electro spun fibrous substrates [154]. On chitosan ridge/groove patterns,
Schwann cells exhibited an orientational growth, as such patterns controlled the alignment
of cell growth (Figure 8a). This was not the case for the flat chitosan surfaces where cells
grew isotropically (Figure 8b) [61]. On the other hand, analyzing the effect of the orien-
tation of gelatin fibers on primary Schwann cells and the RT4-D6P2T Schwann cells line,
Gnavi et al. have demonstrated that although the alignment of fibers actually reduced
the adhesion and proliferation rates as compared to random fibers (Figure 8c,d), it still
favored the alignment of actin filaments of Schwann cells [154]. The reported data showed
that Schwann cells were elongated with their longitudinal body along the aligned gelatin
fibers. Similarly, when cultured on gelatin aligned fibers, the B5011 neuron cells were
aligned and exhibited parallel axon growth. The authors concluded that the orientation of
fibers could be used to modulate Schwann cells and axon organization in vitro [154]. Other
interesting examples and aspects of the cell proliferation-biosurface relief pattern relation
can be inferred from the data briefly described in Table 2.

5.2. The Impact of the Surface Topography on Cell Differentiation

As we mentioned above, the culture medium may contain different chemical stimuli
for guiding cells to differentiate into a specific type of cell. Moreover, the process of cell dif-
ferentiation can be also initiated by different biomaterials having specific topographies [157].
For example, the most common stem cells used in the differentiation studies on substrates
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with various topographical features are MSCs [158–162] and iPSCs [163]. Therefore, here-
after we analyze the cell differentiation behavior with respect to specific surface relief
patterns that were either coated with biopolymers or directly sculptured in biopolymer
films [157,160].
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Figure 8. (a,b) Optical micrographs revealing the behavior of Schwann cells on a substrate patterned
with 30 µm wide chitosan grooves (a) and on a flat chitosan control substrate (b). (c,d) Proliferation
of RT4-D6P2T (c) and primary Schwann cells (d) on substrates covered with aligned and random
gelatin fibers, as well as on control poly-L-lysine coated coverslips. Asterisks ** and *** indicated
significant statistical differences with p ≤ 0.01 and p ≤ 0.001, respectively. Adapted with permission
from ref. [61] (a,b) and ref. [154] (c,d).

Following the idea that many tissues have an anisotropic architecture, Lanfer et al. cre-
ated aligned structures out of collagen type I using a microfluidic set-up. Furthermore, they
incorporated glycosaminoglycan heparin for studying multiple extracellular matrix (ECM)
components at once, and researched multiple differentiation lineages of MSCs (osteogenic,
adipogenic, chondrogenic) [158]. The most important impact of the substrate was observed
in the osteogenic differentiation, where the osteogenic medium induced the formation of
mineralized nodules on substrates of aligned collagen structures. In comparison, these
structures were missing on flat glass substrates [158]. Moreover, the substrate comprised
of aligned collagen fibers influenced the osteogenesis of human MSCs by directing the
ordered matrix mineralization. The ability of undifferentiated stem cells to sense the me-
chanical properties of their growing environment and to differentiate accordingly was
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further demonstrated by Park et al. [164]. They have shown that bone marrow MSCs,
which have the ability to differentiate into smooth muscle cells or chondrogenic cells, can
become either one of these types of cells, depending on the stiffness of the matrix there are
growing on. MSCs on soft collagen substrates spread less and showed lower proliferation
rate than MSCs cultured on stiff collagen substrates. Also, the stiff matrix promoted the
differentiation into smooth muscle cells while the soft matrix promoted the differentiation
into chondrogenic and adipogenic cell lines [8].

A new approach to test the relationship between substrate topography and cell differ-
entiation process was developed in 2014 by Younesi et al., who have built a 3D scaffold of
anisotropically oriented collagen fibers (collagen was used for its properties that support the
attachment and growth of some primary cells). This structure mimicked the properties of a
native tendon presenting a porosity of 80%. MSCs cultured on the scaffold faced tenogenic
differentiation without the presence of the growth factors. The differentiation was seen
by the presence of tenomodulin, cartilage oligomeric matrix protein (COMP) and collagen
type I in the synthetized matrix (specific tenogenic markers that were up-regulated), and
represents a promising alternative for repairing tendons and ligaments [160].

Another biopolymer that can be used in bio-coating to improve seeding surfaces is
fibronectin [159,161,165]. For instance, PLGA coated with fibronectin can be patterned
with spatially defined geometries and further used for establishing control over the
morphology of bone marrow derived human MSCs and eventually for altering the cell
differentiation [159]. The results showed that while cells that have been grown on 20 µm
wide strips were highly elongated and exhibited an area coverage of ~2000 µm2, cells
grown on flat, unpatterned surfaces displayed a much larger area coverage of ~ µm2.
Moreover, an ulterior analysis on gene expression indicated that while the elongated cells
exhibited up-regulation of several markers associated with neurogenesis and myogenesis,
the markers associated with osteogenesis were down-regulated or remained at its nominal
level. This demonstrated that the mechanical deformation of cells can be translated into
biochemical response and suggested the idea that cell differentiation can be altered by the
substrate, in absence of other differentiation factors [159].

As technology is advancing, new ways of improving the materials’ properties are
discovered. Substrates coated with rod-shaped turnip mosaic virus (TMV) and spherical
turnip yellow mosaic virus (TYMV) were used for culturing bone marrow derived MSCs.
This represents a new approach in studying osteogenic differentiation. By analyzing
osteogenic markers such as bone morphogenetic protein 2 (BMP-2), an acceleration of
osteogenic differentiation process by seven days in both cases was shown [166]. An exact
explanation for these mechanisms is not yet available, but some studies showed that cells
may use some molecular mechanisms for sensing different topographies which are able to
coordinate the focal adhesion of cells [34].

Also, a small guanosine triphosphatase (GTPase) named RhoA and Rho-associated
kinase (ROCK) are known to have effects on the control of cell fate by cell spreading
through their action on actomyosin contractility [167]. Other studies suggest that some
sort of cell membrane and cytoskeleton stress induce cytoskeletal tension mediated by
the RhoA/ROCK complex, resulting in the beginning of osteogenesis. In this way, it can
be supposed that the virus nanoparticles supply some topographical features that induce
mechanical stress to the cell membrane which enables it to trigger an earlier osteogenic
process [168].

Furthermore, for the onset of fibrosis, the cells not only have to adhere and to prolif-
erate, but they also have to differentiate for the deposition and contraction of the fibrotic
matrix on the surface of implants. To study the differentiation of fibroblasts into contractile
myofibroblasts, the expression of α-Smooth Muscle Actin (α-SMA) of cells on different
dimension pits, on substrates covered with both hexagonal and square patterns, was
analyzed [148]. The most important reduction of α-SMA expression was encountered on
the hexagonal disposition of pits with a diameter of 5 µm and a lateral spacing of 10 µm.
When compared to the cells cultured on TCP (tissue culture plastic) or MED6015 (medical
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grade silicone), results have shown that the biomaterial properties did not support the
activation of the required signals for differentiation, and that the upgrade of the biocellulose
surface with pits-patterns introduced a significant additional inhibition of differentiation,
preventing the fibrosis [148].

An interesting and innovative approach proposed the use of fibronectin coating on
a different substrate. Starting from the fact that cellular functions such as proliferation
and differentiation can be upregulated by enhancing the focal adhesion (FA) between cells,
ECM and intracellular actin polymerization (AP), Seo et al. improved the culture substrate
by patterning it with tailor-made micrometer-sized pits (tMP) coated with fibronectin [161].
Mouse MSCs (C3H10T1/2) were cultured on tMPs substrates and the obtained results
showed that although the cell spreading area was not affected by this topography, the
cells FAs were increased together with AP and traction forces. Therefore, the osteogenic
differentiation increased as well. This was observed by reverse transcription polymerase
chain reaction (RT-PCR) techniques and western blotting that showed upregulation of
specific osteogenic markers such as alkaline phosphatase (ALP), collagen type I, osteocalcin
(OCN) and runt-related transcription factor 2 (Run × 2)/core-binding factor 1 (Cbfa1).
OCN is a late dominant marker of osteogenic differentiation and, as it is emphasized in
Figure 9, its intensity was significantly higher in cells grown on the tMP surfaces than those
on the flat surfaces [161].

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 16 of 28 
 

 

When compared to the cells cultured on TCP (tissue culture plastic) or MED6015 (medical 
grade silicone), results have shown that the biomaterial properties did not support the 
activation of the required signals for differentiation, and that the upgrade of the biocellu-
lose surface with pits-patterns introduced a significant additional inhibition of differenti-
ation, preventing the fibrosis [148]. 

An interesting and innovative approach proposed the use of fibronectin coating on a 
different substrate. Starting from the fact that cellular functions such as proliferation and 
differentiation can be upregulated by enhancing the focal adhesion (FA) between cells, 
ECM and intracellular actin polymerization (AP), Seo et al. improved the culture substrate 
by patterning it with tailor-made micrometer-sized pits (tMP) coated with fibronectin 
[161]. Mouse MSCs (C3H10T1/2) were cultured on tMPs substrates and the obtained re-
sults showed that although the cell spreading area was not affected by this topography, 
the cells FAs were increased together with AP and traction forces. Therefore, the osteo-
genic differentiation increased as well. This was observed by reverse transcription poly-
merase chain reaction (RT-PCR) techniques and western blotting that showed upregula-
tion of specific osteogenic markers such as alkaline phosphatase (ALP), collagen type I, 
osteocalcin (OCN) and runt-related transcription factor 2 (Run × 2)/core-binding factor 1 
(Cbfa1). OCN is a late dominant marker of osteogenic differentiation and, as it is empha-
sized in Figure 9, its intensity was significantly higher in cells grown on the tMP surfaces 
than those on the flat surfaces [161]. 

 
Figure 9. Fluorescence micrographs depicting the staining of OCN cells cultured on substrates pat-
terned with 4 μm sized tMPs (a), on substrates patterned with 2 μm sized tMPs (b) and on flat 
surfaces (c), respectively. Scale bars represent 15 μm. Adapted with permission from ref. [161]. 

Fibronectin was further employed by Shukla et al., who fabricated micropatterned 
fibronectin arrays of biomimetic geometries that replicated the morphology aspect of ma-
ture cells. Adipocytes cultured in 2D were imaged and used to create biomimetic virtual 
masks which were then employed to pattern the fibronectin surfaces via the laser scanning 
lithography. Reported results pointed out a clear influence of the pattern geometry on 
human MSC differentiation (Figure 10). While human MSCs seeded on nonpatterned fi-
bronectin surfaces in differentiation medium showed positive staining for both lipids and 
ALP (~10% of the cells stained positive for lipids, ~20% of the cells stained positive for 
ALP and the remaining cells were not positive for either marker), the MSCs cultured on 
mimetic patterns in the same differentiation medium showed positive staining for lipids 
(45% of the cells) and ALP staining was not present in any of the MSCs [165]. In conclu-
sion, the mimetic geometry determined the human MSCs to differentiate into adipocytes. 

Figure 9. Fluorescence micrographs depicting the staining of OCN cells cultured on substrates
patterned with 4 µm sized tMPs (a), on substrates patterned with 2 µm sized tMPs (b) and on flat
surfaces (c), respectively. Scale bars represent 15 µm. Adapted with permission from ref. [161].

Fibronectin was further employed by Shukla et al., who fabricated micropatterned
fibronectin arrays of biomimetic geometries that replicated the morphology aspect of
mature cells. Adipocytes cultured in 2D were imaged and used to create biomimetic virtual
masks which were then employed to pattern the fibronectin surfaces via the laser scanning
lithography. Reported results pointed out a clear influence of the pattern geometry on
human MSC differentiation (Figure 10). While human MSCs seeded on nonpatterned
fibronectin surfaces in differentiation medium showed positive staining for both lipids and
ALP (~10% of the cells stained positive for lipids, ~20% of the cells stained positive for ALP
and the remaining cells were not positive for either marker), the MSCs cultured on mimetic
patterns in the same differentiation medium showed positive staining for lipids (45% of
the cells) and ALP staining was not present in any of the MSCs [165]. In conclusion, the
mimetic geometry determined the human MSCs to differentiate into adipocytes.
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fied adipocyte fibronectin patterns as well as square and circle fibronectin patterns. Here gold color
stands for F-actin while blue color stands for the nucleus. The scale bar is 25 µm. Reproduced with
permission from ref. [165].

For culturing of human MSCs cells, fibronectin can be also used in combination with
gelatin to coat the PDMS substrates. The latter can be patterned with 10 µm or 20 µm wide
and 3 µm deep grooves (the depth of grooves was chosen to match the few micrometers
sized heart muscle matrix fibers) [169]. After the visualization of the arranged cytoskele-
ton, the changed morphology of the cells, as well as the enhanced expression of GATA4,
troponin I and troponin T on the surface covered with relief patterns, it was concluded
that the 20 µm wide grooves promoted better the cardiomyogenic differentiation of human
MSCs [169]. These results were of significant impact, knowing that the arrangement of the
cytoskeleton, especially of actin filaments, is important in a lot of signaling pathways [168].

Another interesting study was implemented using scaffolds based on loosely packed
silk nanofibers on which the MC3T3-E1 pre-osteoblast mice cell line was cultured. The
physicochemical properties of the cells grown on the aligned fibers were compared to the
properties of the cells cultured on random-structured fibers. Results showed that cells on
the aligned structures not only exhibited an elongated morphology and a more ordered
arrangement, but also presented faster and deeper infiltration. The latter promoted prolifer-
ation and osteogenic differentiation of the pre-osteoblasts, as indicated by the expression of
ALP activity and the presence of the macroscopic mineral nodes after 14 days [170]. Note
that the importance of physicochemical properties of the substrates on cell differentiation
is highly important, especially when a controlled differentiation of cells is desired. This
was exemplified inclusively in a 3D extracellular matrix, when growing human amniotic
mesenchymal stem cells (AMSCs) on fibrin hydrogels loaded or not with gold nanowire,
and exhibiting different elasticity of the substrate. The latter was shown to clearly affect
the osteogenic or chondrogenic differentiation [162].
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Besides MSCs, iPSCs are also used for studying differentiation properties on surface-
modified substrates. For instance, aligned chitosan fibers can mimic the native tendon’s
microstructure and its mechanical properties. Therefore, while human iPSCs could differ-
entiate into MSCs on a smooth surface (with the differentiation process being confirmed by
the presence of characteristic MSC surface markers), iPSCs subsequently cultured on well
aligned fibers differentiated into tenocyte-like cells through the activation of the mechanic-
signal pathway [163]. Further examples that describe the direct linking of the surface relief
patterns to the cell differentiation process are enlisted in Table 2.

Table 2. Characteristics of several topographies that impact cell behavior.

Surface Patterns Material Cell Type Results Ref.

Proliferation

Filaments PLLA/laminin Rat Schwann cells and
neurons from DRG

Neuron’s neurites grown on the
coated filaments were longitudinally

oriented and were longer than
those uncoated

[130]

Ridge
Depth: 30 µm

Top width: 10 µm Base
width: 2 µm

Collagen

Human corneal
keratocytes and retinal
pigment epithelial cells

(D407 line)

Patterns changed the cytoskeletal
arrangement of keratocytes, f-actin

filaments being aligned longitudinally;
D407 cells grow better on flat surfaces

[134]

Lines
Width: 10–50 µm PMMA/laminin Rat Schwann cells

The lines oriented the cells
longitudinally (smaller lines increased

the orientation degree);
laminin-patterned areas increased the

cells adhesion, thus
induced proliferation

[139]

Grooves
Width: 10 µm PDLA/laminin

Rat Schwann cells and
neurons from
sciatic DRG

Grooves provided physical guidance
and laminin assured stronger

adhesion that promotes proliferation
[140]

Filaments
Diameter:

5 µm; 30 µm; 100 µm;
200 µm; 500 µm

PAN-PVC/laminin
PAN-PVC/fibronectin

Rat Schwann cells and
neurons from DRG

Alignment and outgrowth of neurites
were most prominent on filament
bundles with individual filament

diameters between 5 and 30 µm for
laminin and 5 µm for fibronectin

[141]

Grooves
Width: 10/20 µm

Spacing: 10/20 µm
Depth: 0.5/1.5/3 µm

Silicon/laminin and
sillicon/collagen type I Rat Schwann cells

20/20/1.5 µm grooves had the biggest
impact (cells alignment). Laminin

coated grooves increased the
alignment and adhesion of 60% of the

cells; the collagen type I coating
increased the alignment and adhesion

of the 51% of the cells compared to
uncoated substrates

[142]

Anisotropic (gratings)
and isotropic (dots,

grids) patterns

PDMS/polylysine and
laminin coating Hippocampal neurons

Gratings promoted directional axonal
growth and most enhanced

axonal outgrowth
[144]

Grooves
Width: 2 µm (P2); 10 (P10);

100 µm (P100)

PDMS/biocellulose
coating Fibroblasts

P2 and P10 grooves showed reduced
migration of cells; grooves with size

closer to the cell size had stronger
alignment effects

[146]

Pores
Diameter: 85–325 µm

Collagen-
glycosaminoglycan

MC3T3-E1
pre-osteoblast cell line

The highest cell proliferation rate was
on largest pore size [150]
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Table 2. Cont.

Surface Patterns Material Cell Type Results Ref.

Proliferation and differentiation

Pits
Diameter: 6–20 µm
Spacing: 6–23 µm

PDMS/biocellulose
coating

Human dermal
fibroblasts and
macrophages

The most enhanced reduction of
adhesion rate was given by pits with
diameter of 5 µm and 10 µm distance

between pits. Also, pits with same
sizes showed the higher reduction of

cell differentiation

[148]

Differentiation

Aligned fibers Collagen I and heparin Human MSCs; C2C12
myoblasts cell line

The alignment of the collagen fibers
and the addition of heparin didn’t
have any effect on the adipogenic

differentiation of MSCs; instead, the
aligned fibers promoted skeletal

muscle morphogenesis

[158]

Grooves
Width: 10/10 µm;

20/20 µm; 30/30 µm;
50/50 µm

Chitosan
Schwann cells from

lumbar dorsal root and
sciatic nerves of rats

Schwann cells on 30/30 µm patterns
kept orientationally growth and

increased proliferation compared to
cells seeded on the other patterns size

[61]

Spots
Diameter: 500 µm

Fibronectin and
collagen I

(mixture) coating
(+ growth factors)

Mouse embryonic
stem cells

Stem cells cultured on substrate spots
having hepatocyte growth factor

exhibited hepatic differentiation and
loss of pluripotency; co-culture with

non-parenchymal liver cells enhanced
the differentiation rate

[171]

Micropits
Area: 3 × 3 µm2

Height: 2 or 4 µm
Fibronectin coating C3H10T1/2 mouse

MSCs line

4 µm height micropits induced
acceleration of

osteogenic differentiation
[161]

Gold nanowires (AuNWs)
based structures

Fibrin hydrogel/
AuNWs Human amniotic MSCs

AuNWs in stiff substrate promoted
osteogenic differentiation and AuNWs

in soft substrate promoted
chondrogenic differentiation

[162]

Anisotropically
aligned fibers

Diameter: ~891 nm
Chitosan Human-induced

pluripotent stem cells
Tenogenic differentiation through

activating mechanic-signal pathway [163]

Biomimetic geometry Fibronectin coating Human MSCs
Adipocyte mimetic geometries

showed increased MSCs
adipogenesis properties

[165]

Grooves:
Width: 10/20 µm
Spacing: 20 µm

Depth: 3 µm

PDMS/fibronectin and
gelatin coating Human MSCs 20 µm width grooves accelerated

osteogenic differentiation [169]

Aligned/fibrous scaffolds Silk fibroin MC3T3-E1
pre-osteoblasts

Aligned scaffold promoted cell
proliferation and

osteogenic differentiation
[170]

6. Outlook and Future Perspectives

In this review we emphasize that various surface relief patterns of specific dimension
and function can have a significant impact on many aspects of cell behavior and devel-
opment. Firstly, coating the usual substrates made by common materials such as glass or
PDMS with biopolymers, mostly enhances the adhesion of cells. Biopolymers that help
increase the adhesion properties of the cells are mainly the adhesion proteins that can be
found in the ECM, such as collagen, fibronectin, laminin or fibronectin. As many studies
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show, patterns that can increase the cell adhesion are those having sizes close to the cell size
that permit the cell to spread entirely on the pattern surface. The mechanisms by which
cells recognize the limits of their environment, in this case, the limits of the pattern they
grow on, are still rather unknown and many studies have to be developed for explaining
the phenomenon. Relief patterns such as grooves of chitosan can elongate the cells, and
for neurons, they can promote the axon guidance or outgrowth of dendrites. Also, relief
patterns can promote the aligned growth of cells by downregulating the expression lev-
els of N-cadherin. Moreover, the patterns functionalized with collagen can decrease the
deformation of the nucleus, this effect being clearly visible when comparing it on other
substrates such as the stiff PLGA. Furthermore, analyzing the properties of the cells such
as adhesion, migration, elongation, and growth of the neural extensions gives valuable
information related to the changes in cell proliferation. For example, cells like Schwann
cells that need to strongly adhere to a substrate for proliferation, will certainly increase
spreading and growing once that adhesion rate is enhanced.

We also highlight that the relief patterns with different dimensions sculptured in
biopolymer films have an impact on the differentiation of the cells via some genetic expres-
sion changing and signaling pathways such as BMP pathway that intervene in osteogenic
differentiation. Once the cell is spreading and some contractile tension appears, the sig-
naling pathway determines the differentiation line. Of course, these processes are very
complex and more and more signaling pathways activate one after the other. The substrate
stiffness can drive the differentiation to one direction or another, the same as other growth
factors in the culture, or other cells being present as co-culture, etc. Therefore, we can
conclude that the process of culturing different types of cells on various types of substrates
(coated or integrally made of biopolymers) exhibiting surface relief patterns of specific
shapes and dimensions can tailor the evolution of cells. Mechanisms that stay behind all of
the cellular changes are very complex and strongly depend on the chemical and physical
properties of the materials the cells grow on. Moreover, the most important observation
that can be drawn is the fact that by developing functionalized patterned materials made of
biopolymers, the bone regeneration can be accelerated, the implants can be easier accepted
by the host organism and the acquisition of specialized cells can be facilitated by controlling
the cell differentiation faith.

Lastly, there is a question of how to translate pattern-based materials from preclinical
models to clinical use. The starting point, and the basis for regulatory Food and Drug
Administration (FDA) approval, is to control the design of such platforms, taking into
consideration the heterogeneity of most of the biopolymer-based approaches, the variation,
anisotropy, material voids and other challenges encountered in the fabrication process [172].
A validation from the experiment to the industry might be achieved by involving new
technologies, such as 3D printing, which could provide the means for the large-scale use
and essentially contribute to the improvement of reproducibility and quality of the final
products [173]. Moreover, by using 3D printing, the customization of the device can be
rapidly achieved in an economically feasible manner, which is not a negligible factor
considering the high costs imposed by the long-term treatments such as those used for
bone regeneration, wound healing or the general recovery of the patient [174]. It is also
likely to facilitate and better interface the manufacturing sector with the clinical one with
regard to the testing and validation of such products, which is still a critical point for
future translation. Therefore, adding to such novel technologies new patterned materials
as are those provided by nanolithography, with obvious advantages over their microscale
counterparts and capability to influence biology at the nanoscale, seems to be a rational
approach that might improve the way forward to the clinic.
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