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Surface morphology and chemistry of polymers used as biomaterials, such as tissue engineering 

scaffolds, have a strong influence on the adhesion and behavior of human mesenchymal stem 

cells. Here we studied semicrystalline poly(ε-caprolactone) (PCL) substrate scaffolds, which 

exhibited a variation of surface morphologies and roughness originating from different 

spherulitic superstructures. Substrates were obtained by varying the parameters of the thermal 

processing, i.e. crystallization conditions. The cells attached to these polymer substrates adopted 

different morphologies responding to variations in spherulite density and size. In order to 

decouple substrate topology effects on the cells, sub-100 nm bio-adhesive polymer brush 

coatings of oligo(ethylene glycol) methacrylates were grafted from PCL and functionalized with 

fibronectin. On surfaces featuring different surface textures, dense and sub-100 nm thick brush 

coatings determined the response of cells, irrespective to the underlying topology. Thus, polymer 

brushes decouple substrate micro-/Nanoscale surface topology and the adhesion of stem cells. 

 

Introduction 

Cell-biomaterial interactions have been increasingly studied in the last decade aiming to shed 

light on the mechanisms which govern cellular attachment and proliferation. Thus, increasing 

efforts have been dedicated to replicate the characteristics of natural tissues by engineering 

synthetic extra-cellular matrix (ECM) environments. Hereby particular attention has been paid to 

structural details, bulk physical properties and cytocompatibility of the synthetic substrates. 

Morphological and chemical structuring of surfaces have been demonstrated to influence the 

behavior of adhering cells, with differences depending on cell type. Similar ECM manipulations 

have been demonstrated to trigger a cascade of biomolecular events which eventually contribute 

to determining cells’ fate.
1-2

 In this respect, particular interest was devoted to stem cells, and 
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specifically to human mesenchymal stem cells (hMSCs), as starting platforms for possible new 

tissue regeneration strategies.
3-4

 These are adult cells of easy accessibility, which possess the 

capability to differentiate in various lineages such as neuronal
5
, myotic

6
 or osteoblast-like cells

7
.  

Different environmental parameters were recently demonstrated to control hMSCs activity, and 

thus stability, morphology, proliferation and differentiation. Among these, ECM elasticity,
8
 

micro-/nano-topology,
9-10

 and availability of ligands
11

 represented the main determining factors. 

As a general approach, all the fabrication methods aiming at directing particular stem cells’ 

lineage specification have been centered on mimicking the corresponding natural tissue 

environments.
2, 12

 Additionally, a direct consequence of hMSCs behavior was related to artificial 

ECM-driven changes in cell shape.   

In particular, different biomaterials’ surface roughness
13-14

 and micro/nano-patterned topology
15-

17
 have been demonstrated to determine hMSCs adhesion and behavior. Namely, cells incubated 

on different patterned substrates could preferentially differentiate into neuronal, osteogenic or 

adipogenic lineages
18-19

. In these experiments, controlled structuring of the topology at the 

scaffold interface translated into a morphological response by the adhered cells, which 

subsequently lead to a preferential differentiation towards a defined cell tissue type.  

Increasing attention has, thus, been devoted to the physico-chemical properties of cell-

biomaterial interfaces, which determine the performance of the matrix i.e. cells-biomaterial 

adhesion and scaffold integration in the natural tissue environment. Among the engineering 

methods used to tune all the characteristics relevant for biomaterial surfaces, polymer grafting 

represents one of the most attracting and promising strategies. Densely surface-grafted polymers, 

also termed brushes, proved to be versatile coatings featuring tailorable chemistries, 

multifunctionalities and responsive behavior.
20-21

 Their application as coatings allow one to tune 
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interfacial properties, which are highly relevant for biological systems, such as swelling (directly 

determining bio-adhesion),
22-24

 stiffness, and controlled exposure of biological cues.
25-26

 

Specifically, adhesive biomolecules such as arginine-glycine-aspartic acid sequences (RGD), 

fibronectin (FN), or collagen have been immobilized on brush films obtaining multilayered 

architectures which strongly enhanced the cell-substrate affinity.
27-28

 

Polymer brushes have been broadly applied as surface modifiers for biomaterials. Specifically 

the multi-functional and morphological characteristics of densely grafted films have been 

exploited to design bio-passive and bio-functional films regulating the interaction between 

biomaterials and cells, proteins or bacteria.
20-21

 In particular the highly hydrated nature of 

poly(ethylene glycol) (PEGs)-based brushes (or analogues)
29-31

 provided biopassivity to organic 

and inorganic surfaces.
32-34

 On the contrary, high density of functions on bio-adhesive brushes 

allowed an enhanced surface-loading of ECM proteins during cell culturing thus triggering 

biological adhesion.
26-27, 33

 

In this work, we particularly focus on the decoupling effect by cell-adhesive brushes between 

different surface topologies and hMSCs adhesion. To this aim, we employed surface-initiated 

atom transfer radical polymerization (SI-ATRP)
21, 35

 of oligo(ethylene glycol) (OEG) 

methacrylates
34, 36-37

 to generate functionalizable sub-100 nm brush layers which, following FN 

immobilization, were finally applied as study platforms for the adhesion of hMSCs.  

Poly(ε-caprolactone) (PCL) films were used as substrates for brush growth. This thermoplastic 

biodegradable polymer has been extensively used for the fabrication of scaffolds as supports for 

cells culturing, due to its excellent biocompatibility.
38-40

 In particular, PCL is attractive due to its 

long term degradation, good solubility in different solvents and high permeability to drugs.
41

 In 

order to produce different surface topologies on PCL surfaces, spin-coated films were subjected 
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to different thermal treatments from melts, resulting in alternatively fast and slow crystallization. 

Thus, tuning of the assembly kinetics of polymer chains into lamellar structures determined the 

density and size of PCL spherulites, which in-turn influenced the substrate micro-/nano-

topologies. This method represented an effective and costless strategy to introduce different 

topologies with diverse orders of periodicities and pattern types (Scheme 1a-c). 

 

 

Scheme 1: Preparation of PCL surfaces by different thermal processing to obtain Q-PCL (a), A-

PCL (b) and S-PCL (c). Subsequent POEGMA grafting by SI-ATRP on the different PCL 

topologies and FN coupling on tethered polymer’s side chains (d). 

    

These different PCL films were treated with FN and subsequently incubated with hMSCs to 

investigate the effect of different topologic parameters on cell adhesion. Alternatively, they were 
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used as precursor surfaces for the fabrication of sub-100 nm POEGMA cell-adhesive brushes. 

The interfacial effect of uniform brush coatings on different semicrystalline topologies was 

finally studied by assessing the morphological response of adhered hMSCs. An in-depth focus 

was furthermore given to the capability of POEGMA brushes to efficiently tune cell adhesion 

irrespective to the underlying substrate characteristics (roughness and surface morphology). 

Brush coatings for scaffolds and tissue engineering supports would additionally confer function 

and tunable surface properties to these biomaterials. 

 

Materials and Methods 

Materials: Oligo(ethylene glycol) methacrylate (OEGMA, Aldrich, Mn = 526 g/mol) was 

purified from hydrochinone inhibitors by passing it through a basic alumina column using 

dichloromethane (DCM, Biosolve) as an eluent. Afterwards DCM was removed under vacuum. 

Copper(I) chloride (CuCl, Aldrich, 98%) was purified by stirring in glacial acetic acid, filtering, 

and washing with ethanol three times, followed by drying in vacuum at room temperature 

overnight. Copper(II) bromide (Sigma-Aldrich, ≥99%), methanol (Biosolve, absolute), 

isopropanol (iPA, Biosolve), ethylenediamine (EDA, Sigma-Aldrich, ≥99%), dry hexane (Acros, 

Extra Dry over Molecular Sieve, 97%), N,N-Dimethylformamide (DMF) (Acros, Extra Dry over 

Molecular Sieve, 99,8%), pyridine (Sigma-Aldrich, anhydrous, 99,8%), 2,2’-bipyridil (BiPy) 

(Sigma-Aldrich, ≥99%), 2-bromoisobutyryl bromide (BIBB) (Aldrich, 98%), 

Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA) (Sigma, 99%), 4-

dimethylaminopyridine (DMAP) (Sigma-Aldrich, ≥99%), N,N´-disuccinimidyl carbonate 

(Sigma-Aldrich, 98%), triethylamine (Sigma-Aldrich, ≥99%), and FN (Invitrogen) were used as 

received. All water used in the experiments was Millipore Milli-Q grade. Basic cell culture 

media was prepared by adding to a α-MEM cell medium (Invitrogen), 10 v/v% of Fetal Bovine 
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Serum (FBS), 2 mM of L-Glutamine, 100 U/mL of penicillin, 100 µg/mL of streptomycine, and 

0.2 mM of ascorbic acid. All the mentioned components were obtained from Invitrogen. 

Furthermore, Invitrogen provided phosphate buffered saline (PBS), bovine serum albumin 

(BSA), trypsin, 4',6-diamidino-2-phenylindole (DAPI), fluorescein isothiocyanate (FITC). 

Formalin (neutral buffered, 10%) and triton x-100 were both purchased from Sigma-Aldrich. 

Activation of the polymer films: Silicon or glass substrates were first cleaned with Piranha 

solution, then rinsed extensively with water and ethanol. Caution: Piranha solution reacts 

violently with many organic materials and should be handled with great care! PCL films were 

spin coated (2000 rpm for 1 minute) onto the cleaned substrates from a chloroform solution 

(1 wt%). Subsequently, the PCL films were annealed at 70 °C for 1 hour and cooled down by 

either quenching the films in liquid nitrogen (Q-PCL), removing the films from the oven and 

cooling to ambient temperature (A-PCL), or by slow cooling at 0.5 °C/min (S-PCL). The 

differently treated PCL films were subsequently immersed into a solution of 5 mM 

ethylenediamine (EDA) in isopropanol (iPA). The reaction was allowed to proceed for 10 

minutes under room temperature conditions. Samples were then rinsed with ice-cold water and 

subsequently rinsed with water at room temperature, then dried in a stream of nitrogen. (2) The 

aminated PCL films were immersed into 10 ml of dry hexane and 100 µL of dry pyridine, to 

which 100 µL of 2-bromoisobutyryl bromide (BIBB) was added dropwise. The reaction mixture 

was gently stirred for 1 hours at room temperature to produce the 2-bromoisobutyryl-

immobilized PCL surface (the PCL-Br surface). The PCL-Br substrate was then washed 

repeatedly with a methanol/water (1/1, v/v) mixture and dried under a stream of nitrogen. 

Atom transfer radical polymerization (ATRP) of OEGMA brushes: Purified OEGMA monomer 

(5 g, 9.5 mmol) and 2,2’bipyridine (81.7 mg, 0.52 mmol) were added to a water (5ml) and 
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methanol (1,26ml) mixture. The solution was purged with nitrogen for 30 min. CuCl (18.75 mg, 

0.19 mmol) and CuBr2 (2 mg, 0.009 mmol) were added into another reaction flask and also 

flushed with nitrogen. Monomer, ligand and catalyst were then combined and stirred for another 

30 minutes to facilitate the formation of the organometallic complex. This solution was then 

transferred into the flasks containing the activated PCL substrates. The flasks were sealed with 

rubber septa and kept at room temperature under nitrogen. After reaching the desired reaction 

time of 60 minutes, the substrates were removed from the polymerization solution, exhaustively 

rinsed with water to remove any unreacted and not surface tethered substances and subsequently 

dried in a stream of nitrogen. Afterwards the samples were washed with a 0.1M EDTA solution 

overnight to extract the copper from the polymer brushes. 

Fibronectin functionalization: The samples were placed in a dry DMF solution containing 100 

mM of DSC, DMAP and TEA. Subsequently the samples were incubated in a 0,1 mM FN 

solution overnight in order to covalently couple the FN to the polymer brush. On the contrary, 

pure PCL substrates were incubated in a 0,01 mM FN solution overnight to ensure a final surface 

concentration of FN comparable to the brush-coated corresponding samples (SI for supporting 

XPS data) 

Cell culture and cell image analysis: Human mesenchymal stem cells were cultured at 37°C in a 

humidified atmosphere of 5% carbon dioxide, using as culture medium α-MEM supplemented 

with 10 v/v % FBS, 2 mM L-Glutamine, 1 mM sodium pyruvate, 100 U/mL of penicillin and 

100 µg/mL of streptomycin. The cells were seeded at a density of 2,000 cells/cm
2
 on PCL 

substrates, unmodified and modified with POEGMA brushes. After 4 hours, the substrates were 

washed twice with PBS and fixed with a 3.7 v/v % formaldehyde solution in PBS for 10 minutes 

at room temperature. Next, the samples were washed two or more times with PBS containing 1 
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w/v % bovine serum albumin (BSA). Cell membrane was permeabilized by treating the samples 

with 0.1 v/v % Triton X-100 solution in PBS-BSA after which the specimens were washed again 

with PBS-BSA. Cell nuclei were stained with DAPI diluted 1:100 and cell cytoskeleton was 

stained with a phalloidin-rhodamine FITC solution diluted 1:50 in a PBS-BSA for 30 minutes at 

room temperature. Pictures were taken using a Nikon fluorescent microscope Eclipse E600. In 

order to use the samples for optical and AFM imaging, the substrates were dehydrated by 

submerging the samples into a solution for 10 minutes containing an increasing amount of 

ethanol. Optical imaging was performed on a BX60 optical microscope (Olympus, Tokyo, 

Japan). For determining the cell shape parameters area and perimeter, Cell^D software (Olympus 

Soft Imaging Solutions, Münster, Germany) was used. The Roundness (RN) was subsequently 

calculated using: RN=Perimeter/(4π x Area)
0.5

.
42

 To test the statistical significance of the 

difference in the cell shape parameters, a one-way ANOVA test followed by a Tukey’s post-hoc 

test was performed. Statistical significance was set at a p value of 0.05. 

AFM Imaging: A Dimension D3100 AFM equipped with a hybrid scanner and a NanoScope IVa 

controller (Digital Instruments, Veeco-Bruker, Santa Barbara, CA) was operated in tapping mode 

using commercially available silicon cantilevers (PointProbe® Plus silicon probes, PPP-NCH, 

Nanosensors, Neuchatel, Switzerland) to obtain the surface morphology of the PCL substrates. 

 

Results and Discussion 

Three different semi-crystalline topologies were obtained on 100 nm thick spin-coated PCL films 

by first annealing the films at 75°C and subsequently applying different cooling rates, namely (i) 

quenching of crystallization by dipping the samples in liquid N2, (ii) fast cooling at room 

temperature and (iii) slow cooling at 0.5 °C/min. These different thermal treatments determined 

PCL crystallization and, consequently, the topology of the exposed interfaces, as can be seen in 
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the atomic force microscopy (AFM) micrographs reported in Schemes 1a-c. Quenched PCL 

films showed sub-micron sized spherulitic structures (up to 1 µm) (Scheme 1a, samples labelled 

as Q-PCL) uniformly and densely covering the whole film. On the contrary, slower cooling rates 

triggered the formation of larger spherulites ranging from sub-50 µm (Scheme 1b, samples 

labeled as A-PCL) to several hundred µm (Scheme 1c, samples labeled as S-PCL). In the two 

last cases, lamellar aggregates expand from the center of nucleation to the edges of the 

spherulites. This coarsens film topology with radial aggregates displaying typical thickness of 

50-100 nm and depth of 5-10 nm (Scheme 1c). A-PCL topologies presented denser coverages of 

sub-50 µm, thus smaller features compared to typical hMSCs projected areas (Figure 1), while S-

PCL samples displayed much larger spherulites presenting uniform lamellar expansions. These 

spanned over several hundreds of µm and, thus, function as homogeneously patterned areas for 

several adhering cells. All the so-formed PCL films were subsequently functionalized by FN 

through physical adsorption of the protein (functionalization steps reported in Scheme 1d and 

described in SI) in order to favor the adhesion of hMSCs. It is noteworthy to mention that all the 

obtained topologies showed similar values of roughness (Rq= 11.1±0.5, 6.5±0.3 and 9.4±1.7 nm 

for Q-, A- and S-PCL, respectively) as measured with AFM (sampling areas = 20 x 20 µm
2
, n = 

12). In addition, in all the series of different PCL samples the surface concentration of FN was 

kept constant as measured by XPS (XPS survey scans and data interpretation were reported in 

SI). Namely, ~4 * 10
-5

 and ~8 * 10
-5

 nmol/cm
2
 for the pure PCL and the PCL with POEGMA 

brush samples.
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Figure 1: HMSC’s adhering on Q-PCL (a), A-PCL (b) and S-PCL structures (c). Three 

representative images are reported for each set of samples (i, ii and iii). The insets in iii (b) and 

iii (c) are highly contrasted OM areas on the corresponding samples and highlight the PCL 

topologies at the surface. The scale bars for all the OM micrographs are 50 µm. 

 

The morphology of hMSCs following 4 hours of incubation on the different PCL topologies was 

evaluated by optical (OM) and immunofluorescent microscopies concentrating on the effect of 

film micro-/nano-structure i.e. spherulites organization and size. Generally, hMSCs morphology 

responded to differences in semicrystalline topologies of PCL. This can be seen in Figures 1 and 

2. hMSCs adhering on sub-micron Q-PCL and small spherulites typical of A-PCL showed 

Page 11 of 30

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



branching and irregular shapes (Figure 1a and b), also confirmed by immunofluorescence 

imaging (Figure 2).  

 

 

Figure 2: Immunofluorescence images of hMSCs adhered on a) Q-PCL, b) A-PCL and c) S-PCL 

topologies following 4 hours of incubation. The scale bars for all the fluorescent images are 100 

µm. 

 

On the contrary hMSCs incubated on large spherulitic organizations (S-PCL) displayed more 

regular and symmetric shapes with limited branching (Figures 1c and 2c). Evaluation of cell 

parameters calculated from OM and immunofluorescence images corroborated the qualitative 

analysis of hMSCs morphology upon adhesion on the different PCL topologies. In Figure 3 

average values of cells area, perimeter (P) and roundness (RN) are reported for all the PCL 

samples studied. hMSCs projected areas increased with the size of the spherulitic patterns 

(P<0.05 between Q-/A-PCL and S-PCL). Simultaneously, both P and RN decremented for cells 

adhering on S-PCL compared to Q- and A-PCL samples (P<0.05).  
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In summary, dense assemblies of sub-50 µm spherulites (shown in Q- and A-PCL) induced cells 

to adapt to irregular and disperse features presenting lamellar aggregates which expand in all 

directions and across variable surface radii. On these samples hMSCs’ projection covered several 

spherulites and cells were thus shown to respond to these disconnected features by an irregular 

spreading and a more pronounced branching.  
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Figure 3: Projected area a), perimeter b) and roundness values c) of cell adhering on PCL with 

different topologies (Q-PCL, A-PCL and S-PCL). * denotes statistical significant differences 

between the assigned and the non-assigned topologies (p < 0.05). 

 

Conversely, when incubated on extended lamellar patterns developing over hundreds of µm, 

cells adopted more symmetrical and regular shapes with larger projected areas (Figure 1 and 2). 

In these cases the increase of symmetry and regularity by cells’ morphology were also recorded 

as a decrease in the average values of P and RN (Figure 3).  

The roles played by surface roughness and pattern type on the adhesion and the behavior of 

hMSCs have been studied during the last decade.
5, 43-45

 Namely, different patterns induced 
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specific cell orientation and stretching by contact guidance, which in some cases also affected 

their differentiation.
5, 43

 In addition, different roughness on inorganic and polymeric supports was 

shown to affect the density of adhering hMSCs.
46-47

 In this context, the simple processing 

method proposed here represents an effective and low-cost strategy to introduce different 

topologieswith diverse orders of periodicities and different resolutions (from nano- to micro-

scale) on semicrystalline supports (Scheme 1a-c). A simple control over the thermal processing 

conditions, often eluded during biomaterial preparations, turned into tuning over surface features 

and hMSCs adhesion. 

Having established the dependence of hMSCs morphology on substrate features (type and 

extension), we subsequently investigated the activity by a thin brush coating on cell-topology 

interactions. In order to accomplish this, the different PCL supports were coated with a sub-100 

nm POEGMA brush by PCL chemical activation, following SI-ATRP.
24, 27

  

All POEGMA brushes grafted from PCL samples present thickness values included between 60 

and 70 nm, a constant swelling ratio of around 1.1 and an average grafting density of 0.35 

chains/nm
2
 (measured by ellipsometry in air and aqueous environments, as reported in the 

experimental section and in SI). The brush coating formed thus uniformly, covering all the 

different PCL topological features as shown in Figure S8. POEGMA-brushes were later on “bio-

activated” with FN. In POEGMA-coated PCL surfaces the protein concentration was found to be 

around 40 ng/cm
2
 if compared to the “pure” PCL surfaces (20 ± 5 ng/cm

2
 for all the different 

PCL topologies studied). This was due to multiple binding by POEGMA side-chains along the 

brush structure.
25

 After 4h seeding, hMSCs morphology on brush-coated PCL topologies (named 

as Q-PCL-, A-PCL- and S-PCL-brush in the case of coated Q-PCL, A-PCL and S-PCL 
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topologies, respectively) was investigated by both OM and immunofluorescence imaging (Figure 

4 and 5).  

 

 

Figure 4: Optical images of cells adhering on Q-PCL (a), A-PCL (b) and S-PCL (c) with the 

supporting POEGMA brush. The insets in ii(b) and ii(c) are highly contrasted OM areas on the 

corresponding samples and highlight the brush-coated PCL topologies at the surface. The scale 

bars for all the OM micrographs are 50 µm. 
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Figure 5: Immunofluorescence images of hMSCs adhered on a) Q-PCL-, b) A-PCL- and c) S-

PCL-brush films following 4 hours of incubation. The scale bars for all the fluorescent pictures 

are 100 µm. 

 

The same cell shape parameters were subsequently calculated from these micrographs and 

compared to cells adhered on the corresponding uncoated PCL samples (Figure 6). 

 

 

Figure 6: Perimeter a) and roundness b) plotted versus the projected area of each individual cell 

adhering either on a pure PCL (O) or on the PCL-POEGMA system (∆). 

 

Page 16 of 30

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



As shown in Figure 4 and 5, hMSCs cultured on all PCL-brush surfaces showed very similar 

morphologies despite the underlying PCL topology. Specifically, cells were characterized by a 

stellate shape, a higher degree of branching and smaller projected areas if compared to cells 

adhered on the starting PCL samples. 

Despite the higher surface concentration of FN found on the POEGMA brush, the average 

number of adhered cells did not increase substantially compared to uncoated PCL morphologies. 

Thus, given the sampling depth of XPS (around 10 nm, performed on dry POEGMA brush), we 

believe that the higher concentration of FN refers also to proteins within the swollen brush that 

are not accessible to cells. The surface density of cell-ligands was found to determine cell 

adhesion and spreading.
48-49

 In addition, we recently reported that cell adhesion on ligand-

functionalized brushes was dominated by the composition of the outer polymer brush interface.
25

  

Hence, assuming a comparable interfacial FN concentration between PCL and POEGMA-coated 

PCL, proteins exposition at the interface
50-51

 together with the different physico-chemical 

properties of the substrates are determining factors for the different hMSCs adhesion. 

In order to shed light on cell spreading mechanism onto PCL-brush in comparison to PCL 

uncoated films, we plotted P and RN versus projected area for each individual cell.
52

 In Figure 6, 

the distributions of P and RN values (Figure 6a and b, respectively) for all the cells analyzed on 

bare PCL (black circle markers) and on the corresponding PCL-brush films (pink triangle 

markers) are reported. These were highlighted as colored ellipses centered on the average values 

and presenting semi-axes equal to the calculated standard deviations of each parameter. Thus, the 

difference in cell behavior between the two series of substrates could be also visualized as a 

degree of overlying ellipses on each graph.  

Page 17 of 30

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



The behavior of adhered hMSCs was markedly influenced by the physico-chemical nature of the 

polymeric supports used. The dispersion of data points reported in Figure 6a for cells attaching 

on brush-coated surfaces concentrated at higher P values with increasing areas, if compared to 

bare PCL samples. A similar trend was observed in the case of RN values in Figure 6b, where 

cell behavior upon spreading (towards larger areas) was characterized by RN concentrated at 

higher values when the substrates presented POEGMA brushes at interfaces. Thus, on PCL-

brush surfaces cells generally protruded by branching and spread independently from the 

underlying PCL topology. On the contrary, on bare PCL hMSCs responded to the different 

semicrystalline features alternatively branching on small and diffused aggregates or covering 

larger areas and uniformly spreading on extended spherulitic organizations. The behavior of 

hMSCs on these surfaces was thus found substrate topology-dependent. The presence of a very 

thin, sub-100 nm POEGMA brush establishes the physical and chemical characteristics of the 

PCL interface. The interplay of amplified water content,
22-24

 control exposure of protein cues,
26, 

48
 and film compliance,

8, 53-54
 peculiar to a dense and uniform brush coating, dominates the 

biological response at the brush-medium interface. Hence, for all the PCL-brush samples the 

behavior of hMSCs was demonstrated as substrate topology-independent. From this result, we 

can deduce that even a very thin polymer brush significantly influences cell behavior irrespective 

of the underlying support characteristics in such a way that it decouples substrate nano-/micro-

topology and cell response. This is particularly interesting for stem cells, as the brush-modified 

substrates can be proposed as a universal system to culture cells in a standardized manner 

without influencing their differentiation state. 

The influence of a polymer brush architecture on cell adhesion has been recently investigated by 

us and others.
25-26

 In these reports, protein ligands exposure and anchoring by densely grafted 
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polymer spacers were found to affect the adhesion and morphology of different cell types. In this 

context, the present study clarifies the fundamental activity of biomaterial-tethered brushes, 

which interpose flexible attachment sites for cells capable of re-organize in response to cell 

adhesion.
25

 

POEGMA brush decoupling effect was further clarified by analyzing the behavior of hMSCs on 

each PCL topology before and after brush coating (Figure 7). Also in this case, we concentrated 

on the dispersions of P and RN values recorded for each cell adhering on the three different types 

of PCL surfaces as a function of the corresponding cell projected area. As it can be noticed 

moving from Figure 7a to 7c, i.e. following the increase of spherulite extension from Q- to S-

PCL, both P and RN distributions increasingly dissociated between uncoated and coated PCL 

films. Hence, POEGMA brush decoupling activity was demonstrated to become more 

pronounced with increasing pattern extension. In conclusion, on platforms presenting topologies 

ranging from sub-micron aggregates to several hundred µm-extended lamellar organizations, the 

morphology of hMSCs was “normalized” by a dense and thin brush coating. This representation 

of polymer brush activity justifies their application and function as biomaterial surface-modifiers. 

Dense assemblies of bio-activated brushes applied to synthetic ECMs are capable of tuning the 

performance of the matrix by their peculiar physical properties. The exquisite combination of 

swelling, compliance and flexibility by tethered chains determines their function, i.e. the 

exposure and reception of cell cues and decoupling of substrate morphology towards cell 

adhesion. Particularly in the cases where contact guidance
5-7, 55-57

 and roughness effects
58-60

 are 

driving the behavior of adhering cells, brush adlayers are capable of tuning the properties of 

biomaterial surfaces. 
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Figure 7: Perimeter (a,b,c) and roundness (d,e,f) plotted versus the projected area of each 

individual cell adhering either on a pure PCL (o) or on the PCL-POEGMA system (□). Q-PCL 

a,d), A-PCL b,e) and S-PCL c,f). 

 

Conclusions 

We describe the effects on adult bone marrow-derived mesenchymal stem cell adhesion by 

semicrystalline topologies of PCL supports and thin polymer brush films grafted on such 

substrates. Micro-/nano-topologies induced by simple thermal processing are shown to alter the 

behavior of hMSCs upon attachment and spreading. Cells adopt different morphologies 

responding to spherulite density and size. Following the coarsening and the extension of the 

lamellar organizations hMSCs spread more uniformly, covering increasing areas. On the 

contrary on sub-µm and densely dispersed semicrystalline features cells branch and adopt more 

irregular shapes. On these differently patterned surfaces dense and sub-100 nm thick POEGMA 

brush coatings are capable of determining the response of cells, irrespective to the underlying 
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topology. Thus, polymer brushes decouple substrate micro-/nano-topology and the adhesion of 

stem cells. Brush film compliance, chain flexibility and controlled ligand exposure 

simultaneously act to determine the interfacial phenomena between biological medium and the 

biomaterial. These results emphasize the role of thin brushes as ECM-cell mediating layers, to 

decouple cells-topology interactions and to effectively mask any contact guidance or roughness 

effect. Due to their intrinsic robustness, high density and tunable configuration, polymer brushes 

have been demonstrated as effective components for the design of next-generation artificial ECM 

for homogenous stem cell preparations. 
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Thin Polymer Brush Decouples Biomaterial’s Micro-/Nano-topology and Stem Cell 

Adhesion 

 

 

Brush decoupling effect

PCL

Brush

 

 

POEGMA polymer brushes are proven to decouple the interaction between a rough surface and 

adhering human Mesenchymal Stem Cells (hMSCs). On PCL surfaces, hMSCs are spreading and 

elongating differently depending on the PCL feature (spherulite) size. After growing POEGMA 

polymer brushes from the surface, the cells are behaving uniformly, independent on the 

underlying surface structure. 
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