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Thermoplastic semi-crystalline polymers are excellent candidates for tissue engineering scaffolds thanks 
to facile processing and tunable properties, employed in melt-based additive manufacturing. Control 
of crystallization and ultimate crystallinity during processing affect properties like surface stiffness and 
roughness. These in turn influence cell attachment, proliferation and differentiation. Surface stiffness and 
roughness are intertwined via crystallinity, but never studied independently. The targeted stiffness range 
is besides difficult to realize for a single thermoplastic. Via correlation of thermal history, crystallization 
and ultimate crystallinity of vitamin E plasticized poly(lactide), surface stiffness and roughness are 
decoupled, disclosing a range of surface mechanics of biological interest. In osteogenic environment, 
human mesenchymal stromal cells were more responsive to surface roughness than to surface stiffness. 
Cells were particularly influenced by overall crystal size distribution, not by average roughness. 
Absence of mold-imposed boundary constrains makes additive manufacturing ideal to spatially control 
crystallization and henceforward surface roughness of semi-crystalline thermoplastics.

Introduction
Additive manufacturing (AM) has emerged as a successful set 
of techniques in tissue engineering and regenerative medicine 
(TERM) for scaffold production as it gives full control over 
scaffold morphology. This feature is extremely important when 
manufacturing scaffolds for load bearing tissues, such as bone 
and cartilage, where the architecture plays an essential role in 
determining their mechanical performances [1, 2].

Melt-extrusion based techniques are a subset of AM meth-
ods that have become one of the most investigated strategies 
to produce scaffolds with thermoplastic polymers. This success 
is due to the relatively simple equipment needed and the lack 
of many requirements for the materials to be used, which only 

need to be thermoplastic in nature. The material, in the shape 
of a filament or pellets, is melted and extruded, by the applica-
tion of pressure, through a nozzle. The AM unit moves in the 
x–y plane to deposit a layer according to the desired pattern. 
By then shifting along the vertical axis, the following layers are 
deposited in the typical layer-by-layer manner, realizing scaf-
folds with tailored geometries [3].

In the framework of TERM, the flexibility in scaffold design 
and fabrication offered by AM is often coupled to the multipo-
tency of human mesenchymal stromal cells (hMSCs). hMSCs 
have in fact gained a lot of interest in TERM thanks to their 
ability to differentiate, among others, towards the osteogenic 
and chondrogenic lineages. They can be cultured on scaffolds 
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and their differentiation can be driven by several differentiation 
cues, to produce the tissue of interest. Cues can be nutrients and 
oxygen, soluble factors or substrate physico-chemical properties 
[4]. The choice of physical cues (e.g. material stiffness, surface 
roughness and topography) to instruct cellular behavior presents 
major benefits when compared to the use of biochemical stimuli 
alone, such as manufacturing costs, stability and a lower regula-
tory load when translated to the clinic [5].

For hard tissues, synthetic polymers represent a widespread 
choice when selecting the material for scaffold production. They 
can be designed and synthesized so that they can cause minimal 
or mild foreign body reaction, and they can be easily modified 
in terms of their physico-chemical properties when compared to 
natural-based counterparts. Additionally, many properties such 
as biodegradation rate, wettability and mechanical performances 
can be tailored by varying their chemical structure, architec-
ture and molecular weight. In case of copolymers, swelling and 
protein adsorption can be influenced as well, by changing the 
copolymer ratio [6, 7].

Semi-crystalline polymers are often the materials of choice, 
because crystallization is known to enhance the mechanical 
performance of the final product. The crystalline phase tends 
to increase the stiffness and the strength of the material thanks 
to the strong interactions between adjacent chain segments. 
The amorphous regions are instead more effective in absorb-
ing impact energy [8–11]. This is most evident at temperatures 
above the glass transition (Tg), where chain segments of the 
amorphous regions possesses conformational and translational 
motion, are more mobile and the modulus is affected mainly by 
the crystalline fraction [12].

However, the interest of tissue engineers for stiffness is not 
limited only to scaffold mechanical performances at the macro 
scale, i.e. product level. In fact, it has been shown that cell fate is 
influenced by the mechanics of the surrounding environment, 
beyond only soft hydrogels [13–16]. The link between substrate 
stiffness and cell fate has been revealed to be cell shape [17]: 
cells adhering on stiffer (i.e. with a Young’s Modulus E larger 
than 100 kPa) substrates tend to adopt a more spread conforma-
tion compared to those growing on softer (i.e. with E < 100 kPa) 
surfaces. In the case of stem cells, their shape affects their phe-
notype [18, 19]. In particular, Chatterjee et al. [20] showed that 
hMSCs tend to secrete osteogenic markers when cultured on 
stiff substrates, while softer materials seem to induce a chondro-
genic response [21]. Di Luca et al. [22] investigated the possibil-
ity of driving hMSCs fate with material properties in 3D scaffold 
fabricated by melt-based AM with no further post-processing. 
Scaffolds with a discrete gradient in surface stiffness were manu-
factured using three different materials in the attempt to mimic 
the osteochondral region, where the tissue stiffness ranges from 
100 MPa to beyond 1 GPa for the bone compartment [23–25]. 
Besides being a promising approach from a TERM perspective, 

this strategy presents some limitations. From an engineering 
perspective, multi-material gradients require the use of multiple 
printheads or several loading and unloading cycles of different 
materials when a single printhead is used, making the process 
complicated and laborious. Additionally, variations in materi-
als inherently imply variations in the chemistry of the materials 
used, which might further affect cell response but also hinder 
interdiffusion at the material interfaces that is based on miscibil-
ity and thus type of chemistry. Weak interfaces could result in 
poor mechanical properties once the whole scaffold is stressed 
macroscopically, in particular under shear, leading to implant 
premature failure.

The role of crystallinity in defining the final scaffold prop-
erties is not limited to affecting macroscopic stiffness. In the 
case of AM, the circumferential wall of the nozzle may template 
surface roughness, but volumetric constrains imposed by the 
surface roughness of molds do not exist. The crystals forming 
in proximity and at the surface will generate roughness, which 
is influenced by crystal size and density [26, 27]. In the past, it 
has been reported that hMSCs fate could be driven by culturing 
the cells on substrates with different levels of roughness [28]. In 
particular, Faia-Torres et al. [29] found the existence of an opti-
mal range of roughness for hMSCs osteogenic differentiation 
when cultured on poly(ε-caprolactone) (PCL) membranes in 
dexamethasone-deprived osteogenic induction medium. Chen 
et al. [30] demonstrated that electrospun fibers with induced 
surface roughness supported osteogenic differentiation at high 
values (roughness average (Ra) = 71 ± 11 nm) while promoted 
chondrogenesis at lower ones (Ra = 14 ± 2 nm). The mecha-
nism by which cell fate is influenced seems to be deputed to 
the organization of the actin cytoskeleton associated with the 
microtopography of the substrate: surface features, as well as 
surface stiffness, affect cell adhesion and the resultant cell mor-
phology, which is known to impact gene expression [29, 31–33]. 
Nevertheless, it is important to highlight how surface stiffness, 
chemistry and roughness are strongly intertwined and affected 
by crystallization. To our knowledge, the effects of surface stiff-
ness and roughness on hMSCs fate have never been decoupled 
in previous studies and the potential influence of one while vary-
ing the other was not considered.

In melt-based AM, the crystallization process is governed 
mainly by thermal stresses and it is highly sensitive to the overall 
thermal history, especially when considering slowly crystallizing 
polymers like poly(l-lactide) (PLLA). Besides, thermal history 
in AM strategies deviates not only from conventional thermo-
plastic processing/shaping technologies, but also per additively 
assembled layer or voxel in three dimensional space. To under-
stand the final material and object properties, it is paramount 
to note that the deposited material is constantly undergoing 
thermal stresses along the whole manufacturing process, even 
after solidification. Following the deposition, the material is 
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often kept above its Tg to promote interfacial diffusion, bonding 
and crystallization to achieve enhanced mechanical properties. 
Additionally, because of the raster deposition pattern, the noz-
zle periodically returns in the proximity of previously deposited 
material, whether within or on top of a specific layer, and reheats 
the polymer. Srinivas et al. [34] showed that a spatial variations 
in crystallinity could be found along the building direction (2D) 
and may exist even in 3D, resulting in inhomogeneous mechani-
cal properties over the object through controlled in gradients, 
for example, if the thermal management of the printing process 
is understood.

Considering the effect of crystallization on key material 
properties such as stiffness and roughness, thermal management 
appears to be a critical variable when manufacturing scaffolds 
with thermoplastic polymers. By accurately tuning it, research-
ers could influence cell behavior by just applying the proper 
thermal history to the polymer, without having to embed addi-
tives in the polymer matrix [35, 36], post-process the scaffold 
[37, 38] or use multiple materials [22].

When thermoplastics are kept above their Tg, for a given 
material chemistry, their elastic modulus typically ranges 
from 0.5 to 1000 MPa dependent on their crystallinity [12]. 
As previously mentioned, PLLA is a slowly crystallizing mate-
rial that allows for fine-tuning of its crystallinity, with a Tg of 
around 55–60 °C. In this work, we propose the plasticization 
of PLLA to achieve stiffness variations in the order of magni-
tude of the osteochondral region at body temperature, rang-
ing from 100–1000 MPa [23, 28, 39, 40], without relying on 

multiple materials securing interfacial binding and macroscopic 
mechanical integrity. In order to control surfaces stiffness within 
the osteochondral range, we then investigate the effect of typi-
cal thermal treatments in melt-based AM on surface stiffness 
or roughness of thin films, separating the two properties. An 
illustration of the followed workflow can be found in Fig. 1. We 
show how these surface properties are affected just by varying 
the thermal history of the material, as in melt-based AM. Stiff-
ness and roughness were then quantified by surface indentation 
and profilometry. Eventually, the potential influence of these 
parameters on hMSCs osteogenic differentiation was explored.

Results
Material selection

A suitable candidate material was required to have Tc and Tg, 
respectively, above and below body temperature. Polymer mate-
rials with a Tg below body temperature enable the control of 
(surface) stiffness by means of crystallinity. However, materi-
als with reduced crystallinity, i.e. made via incomplete crystal-
lization, are thermodynamically instable and tend to crystal-
lize if sufficient conformational and translational motion is 
administered by for example heat. This process is known as 
cold crystallization and may not occur at body temperature 
(body conditions) to secure the suppressed crystallinity and 
associated stiffness. The thermoplastic candidates that com-
ply to the above physiochemical criteria and evaluated in this 

Figure 1:  Schematic of the workflow followed to develop the current study.
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study are poly(ε-caprolactone) (PCL), poly(dioxanone) (PDO), 
poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV), and a vita-
min E plasticized poly(l-lactide) (PLLA). Due to its known fast 
crystallization kinetics and low glass transition temperature 
(~ − 60 °C) [41], the thermal behavior of PCL was studied in 
a fast-scanning chip calorimeter (flash DSC). The PCL sample 
was melted at 90 °C, quenched by cooling with varying cooling 
rates and heated again to detect potential cold crystallization as 
a signature of suppressed crystallinity and its thermal stability. 
The thermograms in Fig. 2A show cold crystallization peak for 
cooling rates higher than 1.0 E4 °C/min at around − 30 °C, with 

the onset at around − 44 °C. This makes this material effectively 
unusable for the purpose of the study, as it would crystallize even 
before reaching body temperature.

As PLLA exhibits those slow crystallization kinetics needed 
to have full control over the process, it was considered as a 
promising candidate. Nevertheless, the Tg higher than body 
temperature would make it a glassy material at 37 °C, where 
changes in crystallinity would result only in slight variations 
in stiffness. To reduce the Tg, the material was plasticized with 
vitamin E. The choice was based on the fact that vitamin E is 
biocompatible and relatively hydrophobic [42], reducing the 
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Figure 2:  (A) Fast-scanning chip calorimetry thermograms upon heating of PCL with fixed heating rate but made by varying cooling rate ranging 
from 6.0 E1 to 3.0 E4 °C/min (legend), showing a cold crystallization well below room temperature for samples with incomplete crystallization, i.e. 
cooled faster than 1.0 E4 °C/min. (B) The effect of increasing weight percentage VE on the glass transition temperature (Tg) of the PLLA/VE blends. (C) 
Isothermal behavior of PDO, PHBV and PLLA/VE18 at 37 °C. Only the PLLA/VE18 blend did not show any crystallization at body temperature for the 
time of the test. (D) Melt stability of PDO, PHBV and PLLA/VE18 at 190 °C expressed at complex viscosity over time. (D) (E) DSC thermogram of PLLA/
VE18. Measurements were repeated at least three times.
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risk of leaching out that would cause uncontrolled properties 
over time. A series of blends were prepared and their Tg was 
measured via DSC. As can be observed in Fig. 2B, the glass tran-
sition temperature decreased with increasing concentration of 
VE concentration and, in particular, the blend with 18% showed 
a Tg close to 37 °C, making it a good candidate for the study. 
This particular blend was then tested for cold crystallization at 
body temperature and melt stability, as for the other material 
candidates. In the isothermal crystallization study at 37 °C using 
the conventional DSC, PDO and PHBV fully crystallized in less 
than 10 min (Fig. 2C). Additionally, PDO and PHBV showed a 
gradual decrease in complex viscosity over time in the melt rhe-
ology analysis (Fig. 2D). Only the PLLA/VE18 blend exhibited 
a stable behavior. In particular, Fig. 2C, D (blue lines) show that 
no cold crystallization or viscosity drop happened at the test 
temperatures during the measurement time.

Figure 2E shows the DSC heating trace of PLLA/VE18 from 
an amorphous state, recorded at a heating rate of 10 °C/min. It 
can be seen that the cold crystallization peak starts at 60 °C and 
finishes at around 105 °C. The annealing temperature of 60 °C 
was chosen for the surface stiffness study, being the lowest tem-
perature at which crystallization could take place. This would 
allow high control over the crystallization process with respect 
to higher temperatures. Temperatures of 60, 80 and 100 °C were 
selected for the annealing of the films for the surface roughness 
study.

Surface stiffness

It is well-known that polymers upon melt processing cannot be 
purely crystalline in nature and are in fact semi-crystalline. In 
this work, we define  Xt100 as the maximum attainable crystal-
linity in crystallization from the melt. Amorphous films  (Xt0) 
were prepared and the crystallization kinetics were evaluated 
by means of isothermal DSC at 60 °C. As it can be seen from 
Fig. 3A, 50% relative crystallinity  (Xt50) was achieved in less 
than 2 min while roughly 8 min are necessary for a fully crystal-
lized  (Xt100) sample. From these results, 50%  (Xt50) and 100% 
 (Xt100) crystalline samples were produced by annealing at 60 °C 
for the indicated time and then rapidly quenched to prevent 
further crystallization. DSC measurements showed that  Xt50 
films exhibited an absolute crystallinity of 21% while  Xt100 of 
52% (data in Supporting Information, Fig. S1). Their mechanical 
properties were evaluated under torsion by DMTA to measure 
their shear modulus G’. Already at room temperature, the mod-
ulus followed the expected increasing trend with crystallinity, 
with the amorphous, 50 and 100% crystalline samples showing 
G’ values of 396, 653 and 891 MPa, respectively. Compared to 
 Xt0, these correspond to an increase in stiffness of 65 and 125% 
for  Xt50 and  Xt100. This difference became even more marked at 
body temperature, where the 50% crystalline sample exhibited a 

surface stiffness of 465 MPa while full crystallization gave a G’ 
value of 788 MPa, respectively, 104 and 246% higher than the 
amorphous sample (228 MPa).

As the bulk material properties measured via DMTA are not 
always representative of the surface stiffness, indentation meas-
urements were performed. The force was recorded as a func-
tion of displacement during the loading and unloading cycles 
on samples kept at 23 and 37 °C. The contact stiffness S was cal-
culated using the method of Pharr et al. [43], according to which 
S is given by the initial slope of the unloading curve. As in the 
case of torsional DMTA, Fig. 3D and Fig. 3E show, respectively, 
how both S and the maximum force (Fmax) increased with crys-
tallinity, at both tested temperatures. The 50 and 100% samples 
showed contact stiffness respectively 17 and 30% higher than 
the amorphous samples, at room temperature. Instead, at 37 °C, 
these differences raised to 143 and 207%. The maximum force 
followed the same trend: at 23 °C,  Xt50 and  Xt100 showed values 
17 and 24% higher than the amorphous film, which increased to 
192 and 261% at body temperature.

Surface roughness

Surface topography was characterized by laser scanning micros-
copy (see figure in Supporting Information) and arithmetic 
mean height of the surface (Ra), the root mean square height 
of the surface (Rq), the maximum height of the surface (Rz) and 
texture aspect ratio (Str) were measured. Data in Table 1 show 
general lower averages for films annealed at 100 °C. Interest-
ingly, S60 and S80 films show a broad distribution for all the 
parameters evaluated while annealing at 100 °C gave surface 
features of limited variability. This is reflected in particular in the 
higher values of texture aspect ratio for S100, which is a measure 
of the uniformity of the surface texture. Nonetheless, no statisti-
cally significant difference was observed across conditions.

Contact angle

To confirm that the annealing did not alter the surface composi-
tion, measurements of contact angle by means of the sessile drop 
technique were performed. As can be seen in Fig. 4A, left, there 
is no statistically relevant difference among films with differ-
ent crystallinity fraction. The same result was found for films 
annealed at different temperatures, as shown in Fig. 4A, right.

Cell studies

To evaluate the cytotoxicity of the VE, films were placed in 
transwell on top of well containing a monolayer of MG-63 
cells. Cells cultured with VE films were able to grow as shown 
by the increasing DNA amount over time (Fig. 4B). The num-
ber of cells was higher for conditions cultured with VE films 
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compared to controls and they also exhibited higher prolif-
eration. However, cells showed a constant metabolic activity 
over 3 days, which was lower than the controls at the last day 
of culture.

In an attempt to overcome VE hydrophobicity, plasma treat-
ment and collagen coating were tested as methods to maximize 

the seeding efficiency (Fig. 4C). The two strategies did not gave 
significant differences in the number of cells per film but the 
amount of attached cells was significantly lower than tissue cul-
ture plates for both treatments. However, the metabolic activity 
per cell seemed higher for cells cultured on film even though 
not statistically different. Considering that plasma treatment 
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could etch polymeric surfaces [44, 45] and that collagen coat-
ing should not mask the surface stiffness nor the surface rough-
ness to cells [14, 16], the latter was chosen as surface treatment 
method for further studies.

Surface stiffness

The range of achievable surface stiffness during the deposi-
tion process was tested for osteogenic effects on hMSCs. Cells 
were cultured on amorphous, 50% and 100% crystalline films 
for 28 days, in basic or osteogenic conditions, after 7 days of 
proliferation. At day 7, cells seemed to have proliferated homog-
enously on all films (Fig. 5, left), besides on the amorphous sub-
strates in PM where the DNA content was higher than the other 
films in the same medium, but also than the corresponding sam-
ple in DM. They also showed to be metabolically active, with 
those cultured on amorphous and  (Xt50) films in osteogenic 
conditions displaying higher activity than their counterparts in 
PM. Additionally, the amorphous and  Xt50 samples in DM gave 
a higher reading than the maximum crystalline one. At day 28, 
the DNA increase was relatively low when compared to values 
obtained for day 7. The amorphous and  Xt50 films in PM show-
ing higher DNA content than their counterparts in DM (Fig. 5, 
right). Furthermore, amorphous films gave higher cell amount 
than  Xt50 sample. Similarly to what observed for day 7, cells on 
day 21 were significantly more metabolically active in DM than 
those in basic conditions. Cells also maintained a more rounded 
morphology in PM and a more spread morphology in DM at 
both time points (Figs. S3, S5).

ALP expression at both time points (Fig. 6, left) for all condi-
tions was higher for DM than in PM, which did not show any 
increase in ALP values over the culture. In PM,  Xt50 showed 
the lowest ALP secretion, but the opposite trend was visible at 
day 28. In osteogenic conditions, the amorphous films seems to 
have induced a higher ALP secretion after 7 days, while at day 
28 the two different crystallinity conditions supported higher 
ALP activity.

Figure 6 (middle) shows also that osteopontin (OPN) pro-
duction at day 7 in basic medium followed an increasing trend 
with stiffness, albeit not statistically significant, while in DM 

 Xt50 resulted in significantly greater secretion. Nevertheless, no 
significant differences could be seen between the two culture 
environments. Instead, at day 28 the OPN secretion was higher 
in PM, with  Xt50 showing the highest value. OCN levels in Fig. 6 
(right) seemed to be decreasing over the culture, resulting in the 
highest values in DM, at both time points. In particular, cells 
cultured on the half-crystallized film secreted the most OCN.

Surface roughness

Potential osteogenic effects on hMSCs were evaluated also by 
culturing cells on fully crystalized films in non-confined condi-
tions, so to allow crystals on the surface to freely develop and 
generate roughness. DNA data showed that cells proliferated in 
all conditions and both media, with films in basic conditions 
giving higher cell amount at both time points (Fig. 7, top). Inter-
estingly, the fold change over the culture period was roughly 
the same for both culture environments. Cells were also meta-
bolically active (Fig. 7, bottom), with DM cultures supporting 
enhanced activity at both 7 and 28 days. The expression of all 
three osteogenic markers was generally higher in osteogenic 
environment (Fig. 8). ALP secretion increased over time, while 
osteopontin and osteocalcin production decreased. ALP values 
at day 28 in DM seemed to increase with increasing annealing 
temperature. Interestingly, the difference between S100 and each 
of the two other conditions was more significant than the dif-
ference between S60 and S80. The secretion of OPN at day 28 in 
the osteogenic environment showed a very marked peak for S60, 
while S80 and S100 were comparable to PM culture conditions. 
Films annealed at 80C supported enhanced osteogenic activity 
for all the three markers in DM at day 7, but for OCN only at 
day 28. Cells had a generally spread morphology in both PM 
and DM culture conditions and at both time points (Figs. 9, S4).

Discussion
The main aim of the current study was to investigate the poly-
mer crystallization directed evolution of polymer surface stiff-
ness and surface roughness during additive manufacturing 
and their potential osteogenic effects on mesenchymal stro-
mal cells. The effect of these two features has been extensively 
explored, although most studies that focused on the influence 
of material stiffness on cell differentiation employed hydrogels 
[13, 16, 46, 47]. Some pioneering work with semi-crystalline 
polymers was done by Hendrikson et al. [14]. They showed 
that hMSCs were able to sense the difference in stiffness 
between scaffolds made of different Mw PCL: cells cultured 
on softer PCL resulted in a higher hypertrophic chondrogenic 
differentiation. Di Luca et al. [22] fabricated scaffolds with 
a gradient in stiffness by sequentially using a poly(ethylene 
oxide terephthalate)/poly(butylene terephthalate) (PEOT/
PBT) copolymer, PCL and PLA and noted that the softer 

TABLe 1:  Parameters describing the roughness of the analyzed surfaces: 
arithmetic mean height of the surface (Ra), root mean square height of 
the surface (Rq), maximum height of the surface (Rz) and texture aspect 
ratio (Str).

There is no significant difference between the samples.

Sample Ra (μm) Rq (μm) Rz (μm) Str

S60 0.63 ± 0.47 1280 ± 626.9 6.96 ± 2.09 0.45 ± 0.31

S80 0.64 ± 0.73 1058 ± 853.5 7.05 ± 5.8 0.43 ± 0.27

S100 0.31 ± 0.01 651.1 ± 106 3.72 ± 0.86 0.8 ± 0.07
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Figure 4:  (A) Left: water contact angle of films with different crystallinities. Despite higher mean angle for maximum crystalline films, no significant 
differences could be seen. Right: water contact angle of films annealed at different temperatures. Despite higher mean angle for maximum crystalline 
films, no significant differences could be observed. (B) DNA quantification and metabolic activity of MG-63 cells cultured on tissue culture well plates 
(TCWP) in which transwells with (samples) or without (controls) PLLA/VE18 films were placed. At day 3, cells cultured with films were significantly 
more than on control plates, but they showed lower metabolic activity per cell. (C) DNA quantification and metabolic activity of MG-63 cells seeded on 
TCWP and collagen or plasma treated films, after 24 h. Films showed a significantly lower seeding efficiency but a comparable metabolic activity per 
cell. Statistically significant differences are marked with *p < 0.05, **p < 0.01 or ***p < 0.001 when comparing the effect of different conditions. Data is 
presented as mean ± standard deviation; n = 3.
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PEOT/PBT showed the highest ALP activity of seeded hMSCs 
after seven days under osteogenic conditions. On the other 
hand, the influence of crystallinity-induced surface rough-
ness on cell differentiation has not been much investigated to 
our knowledge. Most studies either generated surface rough-
ness by other means [29–31] or evaluated other effects (e.g. 
cell proliferation) than differentiation [27, 48]. Nevertheless, 
despite we cannot exclude also the effect of material chemis-
try, surface stiffness and roughness are deeply intertwined as 
both are influenced by the development of crystallinity. To our 
knowledge, these two properties have never been really decou-
pled. The same properties were herein investigated separately 
for the induction of osteogenesis on hMSCs.

The first part of the study focused on finding a proper semi-
crystalline polymer whose crystallization could be finely con-
trolled to tune its properties at the temperature of interest. The 

material was expected to have a Tg below 37 °C so that the poly-
mer could exhibit a rubbery behavior at body temperature and 
a sufficiently low crystallization rate to control its stiffness by 
means of crystallinity fraction. Additionally, the absence of cold 
crystallization at 37 °C was necessary to provide constant prop-
erties over time, and stable melt processability was needed to 
allow the preservation of material properties during processing. 
Several polymers were taken into consideration because of their 
Tg below body temperature. These were poly(ε-caprolactone) 
(PCL), poly(dioxanone) (PDO) and poly(hydroxybutyrate-co-
hydroxyvalerate) (PHBV). PCL is a well-known thermoplastic 
polymer widely used in tissue engineering and in AM for scaf-
fold production thanks to its easy processing and stable ther-
mal properties [41]. PDO has been used in sutures and offers a 
shorter biodegradation time than PCL [49]. PHBV is a copoly-
mer whose degradation rate and crystallinity can be tailored 
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Figure 5:  Proliferation and metabolic activity of the human mesenchymal stromal cells (hMSCs) at day 7 (left column) and day 28 (right column), 
in either proliferation medium (PM) or differentiation medium (DM) conditions (after 7 days in PM), on films with varying crystallinity and surface 
stiffness. Statistically significant differences are marked with *p < 0.05, **p < 0.01 or ***p < 0.001 when comparing the effect of different surface stiffness 
on cells cultured in the same cell medium and §p < 0.05, §§p < 0.01 or §§§p < 0.001 when comparing the effect of different media on cells cultured on 
films with the same surface stiffness. Data is presented as mean ± standard deviation; n = 3.
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by varying the copolymerization ratio [50]. Fast-scanning chip 
calorimetry showed that PCL exhibited the cold crystalliza-
tion peak at around − 30 °C, making the material crystallize 
to its maximum extent at room and body temperature. Since 
this would give no margin to control the material’s crystallin-
ity and therefore its stiffness, PCL was discarded. In isothermal 
studies, PDO and PHBV both showed cold-crystallization at 
37 °C over time. This characteristic hinders their use as scaffold 
materials as the product properties would not be constant over 
time under body conditions. Additionally, PHBV displayed very 
poor thermal stability in rheological tests, affecting the material 
properties during melt-processing. Due to its slow crystalliza-
tion kinetics and control in crystallinity via cooling rate, PLLA 
was considered as potential alternative. As its Tg is around 58 °C, 
we decided to plasticize it with vitamin E (α-tocopherol). This 
selection was based on the fact that vitamin E is biocompatible 
and relatively hydrophobic, reducing the risk of leaching out in 
aqueous body conditions and causing changes in material prop-
erties. As seen Fig. 2B, the addition of VE successfully increases 
the mobility of the conformational and local translational poly-
mer chains with a resulting decrease in the glass transition tem-
perature proportional to the VE content. As an excessively low 
Tg could result in cold crystallization over time and consequent 

unstable mechanical properties [51], the blend with 18 wt% was 
chosen for further studies.

Apart from decoupling the development of the two surface 
properties for the first time, we intended to explore the possi-
bility of providing a material system that allows for production 
of scaffolds with predictable and controllable surface stiffness 
or surface roughness, given the appropriate thermal history, 
without recurring to multi-material systems [22]. The clear 
advantages are several: (i) easy processing as only one mate-
rial would be used; (ii) enhanced mechanical performance due 
to better interlayer adhesion; (iii) possibility of tuning surface 
stiffness and/or roughness without changes in surface chemistry 
or energy. Given the known influence of surface stiffness and 
roughness on cell activity, and in particular on hMSCs differen-
tiation, we wanted to explore whether the achievable ranges of 
properties with this material system would affect cell response. 
Subjecting this material system to annealing conditions typical 
of melt-based AM, we controlled the crystallization process in 
an attempt to produce films with a wide range of surface stiff-
ness but also to explore the effects of crystallinity development 
on surface roughness. By changing crystallization time in con-
fined conditions, films with different crystallinity fractions and 
therefore surface stiffness were obtained, while maintaining a 

PM DM
0

100

200

300

400

A
LP

/D
N
A
[a
.u
./u

g]

§

§§ §§

PM DM
0

20

40

60

O
PN

/D
N
A
[p
g/
ug

]

PM DM
0

200

400

600

O
C
N
/D
N
A

[p
g/
ug

]

§

§§

PM DM
0

50

100

150
500

1000

1500

2000

A
LP

/D
N
A
[a
.u
./u

g]

§§§§

§§ §§§

PM DM
0

10

20

30

40

50

O
PN

/D
N
A
[p
g/
ug

]

§§
§

PM DM
0

50

100

150

200

O
C
N
/D
N
A

[p
g/
ug

]

§

§§

7
D
A
YS

28
D
A
YS

Xt0 Xt50 Xt100

Figure 6:  Expression of osteogenic markers from the human mesenchymal stromal cells (hMSCs) at day 7 (top row) and day 28 (bottom row), in either 
proliferation medium (PM) or differentiation medium (DM) conditions (after 7 days in proliferation medium), on films with varying crystallinity and 
surface stiffness. Statistically significant differences are marked with *p < 0.05, **p < 0.01 or ***p < 0.001 when comparing the effect of different surface 
stiffness on cells cultured in the same cell medium and §p < 0.05, §§p < 0.01 or §§§p < 0.001 when comparing the effect of different media on cells 
cultured on films with the same surface stiffness. Data is presented as mean ± standard deviation; n = 3.
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constant roughness. On the other hand, fully crystallizing films 
in non-confined condition, allowed us to affect the surface 
roughness of the films while reaching maximum stiffness. When 
annealed for different times, the material crystallinity fraction 
could be controlled and a wide range of bulk stiffness at body 
temperature could be obtained, as confirmed by DMTA data. In 
torsional experiments, the steeper drop in moduli for the amor-
phous sample is due to the fact the in semi-crystalline polymers 
the crystals are responsible for network formation and load-
bearing at temperatures above the Tg [52]. Upon heating towards 
higher temperatures, the initial decrease in moduli for the amor-
phous sample is followed by an increase. This can be explained 
by the process of cold crystallization above the glass transition 
temperature, which does not happen for the sample with maxi-
mum crystallinity. This confirms that maximum crystallinity 
was achieved. As the bulk properties as measured by DMTA 

are not always representative for what happens at the surface, 
the local surface stiffness was investigated by indentation, which 
confirmed the results obtained in tensile and torsional testing. 
The described results confirm that the plasticization process 
allowed us to reduce PLLA Tg so that to have a material in the 
rubbery plateau at body temperature. This allowed us to obtain 
a substantial variation in surface stiffness at body temperature 
by changing the crystallinity fraction. In particular, the achieved 
range is within the observed values in the osteochondral inter-
face, making this material system a valid choice as thermoplastic 
polymer for AM of gradient scaffolds.

Bearing in mind that crystallization does not have an 
influence on surface stiffness only but affects its roughness as 
well, films were annealed until achievement of full crystallin-
ity, at 60, 80 and 100 °C. This approach was meant to induce 
the same surface stiffness to all the samples while investigating 
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Figure 7:  Proliferation and metabolic activity of the human mesenchymal stromal cells (hMSCs) at day 7 (left column) and day 28 (right column), in 
either proliferation medium (PM) or mineralization medium (DM) conditions (after 7 days in proliferation medium), on films annealed at different 
temperatures. Statistically significant differences are marked with *p < 0.05, **p < 0.01 or ***p < 0.001 when comparing the effect of different surface 
roughness on cells cultured in the same cell medium and §p < 0.05, §§p < 0.01 or §§§p < 0.001 when comparing the effect of different media on cells 
cultured on films with the same surface roughness. Data is presented as mean ± standard deviation; n = 3.
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the effect of possible printing bed or chamber temperatures on 
the roughness of the fibers. Data showed that the samples all 
exhibited comparable mean roughness values but with differ-
ent size distribution. In terms of average, the result is in line 
with the findings of Tsuji et al. [53], who studied the effect of 
annealing after quenching on crystal properties of PLLA films. 
They reported that the spherulite nucleation density or radius 
seemed to be unchanged with the annealing temperature, in 
their studied range (100–160 °C). In this study, the evaluated 
range was 60–100 °C. However, in our opinion, the wide size 
distribution of S60 and S80 films may still be explained by the 
competition between heating, and nucleation and growth kinet-
ics. As described by Li [54], the heating process can be modelled 
with the lumped-capacity approach whereas the Biot number is 
lower than 0.1. Given a film with radius of 25 mm and thickness 
of 0.4 mm, a convection coefficient h = 50–100 W/(m2 °C) and 
thermal conductivity k = 0.2 W/(m °C) [55], we can estimate a 
Biot number in the range 0.049–0.098. This allows us to assume 
uniform temperature distribution throughout the horizontal 
section and thus to simplify the film heating process into a one-
dimensional transient heat transfer model with a convection 
cooling term:

∂T

∂t
=

k

ρC

∂2T

∂z2
−

hP

ρCA
(T − Tamb)

where z is the coordinate along the film thickness, t is time, 
T(z,t) is the temperature, Tamb is the environmental temperature, 
ρ is the density, C is the heat capacity. The solution of the equa-
tion with the appropriate boundary and initial conditions shows 
that the time to reach the annealing temperature is inversely 
proportional to the temperature itself. Samples annealed at 
100 °C reached the annealing temperature from RT sooner than 
the two others did. We hypothesize that heating of the sample 
happened faster than the start of nucleation. In fact, there exists 
a time to reach the steady state population of crystal embryos or 
nuclei, called the induction time [56]. This is a function of tem-
perature and follows a concave parabolic trend [57]. It is possible 
that the time to heat to 100 °C was shorter than the induction 
time. Therefore nuclei would form all the same time and thus 
spherulites would grow homogeneously within the same time 
window. This is called athermal nucleation. For S60 and S80, 
the time taken to reach the annealing temperature was probably 
longer than the induction time, allowing stable nuclei to form 
at different temperatures along the process. In the meanwhile, 
these nuclei would grow into crystals over time. Crystals formed 
at earlier stages had more time to grow while crystals formed 
later grew to a lesser extent (thermal nucleation).

Different crystallinities did not result in different water 
contact angles. This is in line with the study of (A. Park and 
Cima 1996), where it was found that the water advancing 
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Figure 8:  Expression of osteogenic markers from the human mesenchymal stromal cells (hMSCs) at day 7 (top row) and day 28 (bottom row), in either 
proliferation medium (PM) or differentiation medium (DM) conditions (after 7 days in PM), on films annealed at different temperatures. Statistically 
significant differences are marked with *p < 0.05, **p < 0.01 or ***p < 0.001 when comparing the effect of different surface roughness on cells cultured 
in the same cell medium and §p < 0.05, §§p < 0.01 or §§§p < 0.001 when comparing the effect of different media on cells cultured on films with the same 
surface roughness. Data is presented as mean ± standard deviation; n = 3.



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
36

  
 I

ss
ue

 1
9 

 O
ct

ob
er

 2
02

1 
 w

w
w

.m
rs

.o
rg

/jm
r

Invited Paper

© The Author(s) 2021 3926

contact angle for amorphous and maximum crystalline PLLA 
films were identical. No differences in contact angle suggest 
that the changes in bulk properties due to crystallization did 
not affect the surface wettability of the films. Different sur-
face wettability would affect how water molecules and proteins 
would adsorb on the surface, thus influencing cell adhesion 
and consequently morphology and activity (Wei et al. 2009). 
Films for the roughness study did not show different contact 
angles as well. According to Wolanksy and Marmur [58], the 
contact angle measured experimentally on the macroscopic 
scale (apparent contact angle) describes an average for the 
entire contact line, which might differ from the actual local 
contact angle on rough surfaces. The high standard deviations 
of S60 and S80 state that there is a wide absolute variation in 
crystal size, which averages out to the same value for all three 
sample types. Assuming a random distribution of these crys-
tals on the surface, we hypothesize that on the macroscopic 
scale their contributions counterbalance, giving a similar 
apparent contact angle for all the three sample types. Finally, 
it is important to note that, in both studies, the water con-
tact angle of around 80° was at the border of the ideal region 
identified by Tamada et al. [59] for optimal cell attachment.

Vitamin E is known to be bioactive and it has already been 
used for TE purposes in past studies [60, 61]. Nevertheless, here 
PLLA was plasticized with a relatively high concentration that 
might have induced toxic effects to cells. For this purpose, a 
transwell study was run. Cells cultured where films were placed, 
showed as much proliferation as the controls, meaning that the 
presence of VE did not induce any cytotoxic effect. However, 
PrestoBlue™ results indicated lower metabolism, in particular 
at day 3. This could be a sign of the potential excessive plasti-
cizer on the surface slowly diffusing in the cell medium, which 
could have affected cell activity over time. VE is in fact relatively 
hydrophobic and its dissolution even in small amounts takes 
time. The results were considered positive nonetheless, as pos-
sible excessive plasticizer diffusion from the surface is counter-
balanced in longer cultures with regular medium refresh while 
here the same medium was used for the whole experiment. 
Hence, the decrease in metabolic activity could be likely due to 
the exhaustion of cell nutrients over the first 3 days of culture, 
thus excluding any potential toxicity associated to VE.

Vitamin E hydrophobicity was expected to influence cell 
attachment as well. A cell seeding efficiency study was run, 
comparing the performance of two of the most common used 

Figure 9:  Cell morphology as observed under scanning electron microscopy at day 7 and day 28 for the hMSCs cultured on (i) S80 and (ii) S100 
films. The micrographs revealed no visual differences between the cells cultured on different films. Scale bars: low magnification (LM) 50 µm; high 
magnification (HM) 20 µm.
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surface treatments to increase cell adhesion, plasma modifica-
tion and collagen coating. The two strategies led to comparable 
amounts of cells on the films, which were significantly lower 
than TCP controls. This was most likely due to excessive vitamin 
molecules on the surface, which might have hindered the effec-
tiveness of the surface treatments when compared to plain TCP. 
In selecting the appropriate treatment method, it was considered 
that the action of plasma might etch the polymer surface, affect-
ing the crystallization-induced surface roughness. On the other 
hand, collagen is a semi-flexible polymer with a persistence 
length of 15 nm [62, 63], which forms fibrils of 200–2500 nm in 
diameter [64]. Given these elements and the hydration induced 
softening in aqueous conditions, we postulated that the collagen 
molecules would not excessively mask the surface roughness of 
the films annealed at different temperatures and we chose this 
as a surface treatment method.

We successfully produced polymer films where we decou-
pled the effects of crystallinity on surface roughness and surface 
stiffness. We first achieved a wide range of surface stiffness and 
quantified the effect of annealing on surface roughness, and 
then assessed their impact on the osteogenic differentiation of 
hMSCs. Cells cultured on films with varying stiffness showed 
limited proliferation over time, which could be the result of poor 
affinity with the substrates. This could be due to the relatively 
high water contact angle or due the smoothness of the surface 
given by the silicon wafers [65, 66]. Nevertheless, they were met-
abolically active, although differences could be seen between the 
two media used. Cells in basic environment proliferated more. 
But showed lower metabolic activity per cell than their coun-
terparts in DM. PrestoBlue™ assay is based on the reduction of 
resazurin to resorufin by mitochondrial activity; [67] and [68] 
noted that differentiation often leads to an increase in mitochon-
drial oxidation. This suggests that cells in DM might already be 
differentiating at the early time point.

From the ALP profile in PM at day 28, it can be hypothesized 
that  Xt50% might trigger osteogenic differentiation more than 
the other conditions in PM, as it is the only conditions showing 
an increase over time. Considering that ALP is an early osteo-
genic marker, we can postulate either that the peak had already 
occurred before day 28 or that we are in the presence of the 
onset of a relatively late one. Nevertheless, values are extremely 
far from those in osteogenic environment, indicating that the 
extent of the possible differentiation might be very limited. This 
hypothesis seems to be supported by the quantification of osteo-
calcin secretion, where it can be seen that in basic culture no 
condition appears to support osteogenic differentiation more 
than the others and values were far from the positive controls in 
DM. Here, it is worth to notice that cells cultured on  Xt50 films 
seemed to have secreted more OCN than those on amorphous 
and maximum crystalline films, although not significantly. The 
OPN profile is somewhat counterintuitive, as at day 7 cells in 

basic conditions performed comparably to the osteogenic envi-
ronment but they outperformed at day 28, with  Xt50 standing 
out. Aubin et al. [69] noted that ALP production first increases 
then decreases when mineralization is in an advanced stage, 
and that osteopontin should appear prior to osteocalcin, which 
becomes detectable with mineralization. The results obtained 
here suggest that the cells cultured in osteogenic conditions are 
in an advanced stage of the differentiation process, with OCN 
already present. Instead, considering the lower ALP and osteo-
calcin levels, cells in PM might be in an earlier osteogenesis 
phase, when OPN has just started appearing. In general, there 
is no specific condition outperforming the others although  Xt50 
films seem to induce a higher secretion of osteogenesis-related 
proteins in several conditions but never significantly. Most of 
the studies that investigated the influence of material stiffness 
on cell differentiation were based on hydrogels and reported 
a stiffness range of 1–100 kPa to instruct cell fate [13, 16, 46, 
47]. In this research, the surface stiffness of the polymer is far 
greater than the stiffness of hydrogels and it is plausible that the 
relative difference between the conditions in PM is too limited 
to induce different responses between each other. This seems to 
be confirmed by the culture in osteogenic environment, where 
the soluble factors pushed the osteogenic differentiation, prob-
ably overcoming the variations between the conditions. In fact, 
Engler et al. [16] showed that hMSCs grown on a osteogenic 
matrix can be induced by soluble cues to express factors from 
another lineage, yielding to a “mixed hMSC phenotype”.

As crystal formation and growth influences the topography of 
thermoplastic polymers, the effect of typical annealing conditions 
in melt-based AM on the surface roughness of PLLA/VE18 films 
was investigated. In fact, the topography of biomedical materials 
has been known to influence stem cell differentiation both in 2D 
[29, 33] and 3D [5, 30, 31] constructs. As previously described, 
there were no significant differences in terms of  Ra between the 
conditions, although a wide distribution was found for S60 and 
S80 films. To assess whether these surface features could influence 
hMSCs fate, cells were cultured for 28 days on films annealed at 
60, 80 and 100 °C in unconfined conditions. DNA data indicate 
that cells adhered and proliferated homogeneously on all films, 
and appeared to be metabolic active. However, cells cultured in 
osteogenic conditions showed a slightly higher metabolic activity, 
probably sign of progressing differentiation as previously men-
tioned. This seemed to be confirmed by the values for osteogenic 
markers, which were generally higher in DM than in basic con-
ditions, at both time points. Probably, the relative differences in 
surface roughness among the conditions was not enough to induce 
a significant response by one of them, but also the effect of surface 
cues seemed to be weaker than that by the soluble factors. Never-
theless, considering the surface roughness profiles from the films, 
the interesting ALP results at day 28 in osteogenic conditions are 
complicated to be placed in context with previous studies. Neves 
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et al. [5] found that the roughest etched scaffolds (Ra ≈ 1.06 μm) 
induced osteogenic differentiation on hMSCs while Wilson et al. 
[31] showed higher osteogenic markers in scaffolds with surface 
roughness lower than 0.227 μm. Because of the high variability 
in roughness values for S60 and S80, it does not seem possible to 
categorize the data into “low” or “high” relative roughness in our 
study. What we observe is that ALP production is influenced by 
the overall crystal size distribution rather than the average rough-
ness. In fact, samples annealed at 100 °C showed a relatively low 
variability and ALP production more significantly higher than 
the two other conditions, which did not differ from each other as 
much. Whether smaller or bigger crystals are favoring osteogenic 
differentiation, ALP values are affected also by those cells grow-
ing on surface portions not inducing osteogenesis, thus fading the 
effect of those crystals domains influencing cell fate. Results from 
OPN at day 28 showed comparable values for S80 and S100 over 
the two media, probably indicating that cells in DM are in the 
osteoprogenitor phase, when there is ALP expression but uncer-
tain osteopontin secretion [4]. Instead, cells cultured on S60 gave a 
very marked peak for OPN, suggesting that they might be in a later 
phase of differentiation when the level of ALP starts to decline and 
OPN to be observed [70, 71]. It might be that S60 induced more 
ALP expression than S100 in a time point earlier than 28 days, 
which was not considered here. Considering OPN and ALP values 
together, we hypothesize that S60 in DM accelerated osteogenic 
differentiation compared to S100 while cells cultured on this film 
appeared to be still in an earlier phase. It is important to note that 
S60 and S80 films showed roughly the same surface roughness 
values but different OPN expression. This should not be ascribed 
to differences in stiffness, as the samples are maximum crystal-
line and thus they should show the same modulus [53]. Instead, 
the surface roughness results showed a wider size distribution for 
S80, indicating the presence of both smaller and bigger crystals 
compared to S60. Reminding that S100 showed the narrowest 
crystal size distribution and the highest ALP values at day 28, it 
appears that extreme roughness values in the obtained range did 
not particularly favor osteogenesis. In the study of Faia-Torres et al. 
[29], hMSCs were cultured on PCL substrates where a gradient in 
surface roughness was induced. It was found that a specific rough-
ness range induced faster osteogenic commitment compared to 
tissue culture polystyrene. In this work as well, there seems to be 
an effective size distribution that promotes faster differentiation 
in osteogenic conditions, corresponding to S60. Wider crystal size 
distribution means that cells adhered both on very small and very 
big crystals. Whereas crystals had dimensions outside the effec-
tive range, the cells adhering on them did not contribute to the 
osteogenic signals, reducing the overall expression, as shown by 
S80 films.

The preliminary assessment of the impact of typical AM 
annealing conditions on the surface properties of polymer films 
indicates that stiffness can be controlled in a finer way than 

roughness. Nevertheless, the latter seemed to affect cell fate more 
strongly than surface stiffness in the range evaluated in this study. 
Furthermore, the whole crystal size distribution appeared to play 
an important role, rather than the average roughness. Our study 
supports that the thermal history in AM must be carefully con-
sidered when extruding polymers with controllable crystallization 
kinetics, as it can influence surface properties known to impact cell 
behavior and potentially induce “priming” [72]. In this respect, 
future studies should also aim at evaluating the effect of long-term 
cell culture on the surface properties of the substrates. PLLA is a 
hydrolytically degradable polymer and the degradation process 
preferentially takes place in the amorphous regions, resulting in 
an increase in crystallinity [73]. It is reasonable to assume that 
some conformational modification might occur at the surface, thus 
influencing cell response to the evolving substrate. In addition, 
the effect of annealing in 3D should be investigated as well, as 
more complicated thermal phenomena such as conductive dis-
sipation within the filament and radial trends might appear. In 
a preliminary test (experimental procedure not described), the 
incorporation of breaks between subsequent layers deposition 
showed lower temperature peaks, resulting from greater heat 
dissipation (Fig. 10, left). Reduced heat accumulation is likely to 
improve the control over spatial variations in cold crystallization. 
Figure 10, right, shows the crystallinity over height in a scaffold 
printed employing a 10 s break between layers. The 2D WAXD 
confirmed the achievement of a crystallinity gradient, which sug-
gests that material and scaffold properties can be tuned by carefully 
controlling the temperature profile during printing. This method 
could provide a potential simpler approach to induce stem cell dif-
ferentiation towards the osteogenic lineage compared to the more 
conventional approaches of creating polymer composite scaffolds 
[74], despite the use of specific inorganic fillers could still be com-
bined with the control in surface roughness and crystallinity here 
proposed to further provide the fabricated scaffolds with other 
biofunctional properties. Examples of further instructive AM scaf-
folds include bioglasses to stimulate angiogenesis in combination 
with osteogenesis [75], and antibiotics to prevent possible risks of 
infections [76], among others.

Conclusions
This study presents the development of a material system to 
achieve a surface stiffness range in the order of magnitude of 
the adult osteochondral region, at body temperature. Further-
more, we report that surface stiffness and surface roughness 
can be separately influenced by finely control crystallinity 
formation via thermal annealing typical of melt-based AM. 
Indentation tests revealed that the polymeric films presented 
surface stiffness that varied as function of the crystalline frac-
tion, over a range typical of the osteochondral region. Surface 
roughness showed no variations in average with annealing 
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temperature, but substantial differences in crystal size distri-
bution. The impact of these two surface properties on hMSCs 
osteogenic commitment was investigated, showing that cells 
seemed to respond more sensibly to the crystal size distribu-
tion, although only in osteogenic culture conditions, than 
the achieved stiffness range. This suggests that the impact of 
thermal history on the properties of thermoplastic polymers 
should be carefully considered to control cell “priming”, in 
particular when driving cell fate towards other lineages.

Methodology
Materials

Poly(l-Lactide), PLLA, with an inherent viscosity midpoint of 
1.8 dl/g (PL18), was kindly provided by Corbion (The Nether-
lands). Poly(3-HydroxyButurate-co-3-hydroxyValerate), PHBV 
(Enmat Y1000) was supplied by Helian Polymers. Poly(Di-
Oxanone), PDO, (Resomer® X 206 S) and Poly(ε-CaproLactone), 
PCL  (Mn 80,000 g/mol) were purchased from Sigma-Aldrich. 
Vitamin E (VE) ((±)-alpha-Tocopherol, 95%, synthetic) was 
supplied by Thermo Fisher Scientific. To prevent hydrolytic 
degradation under processing conditions, all polymers were 
dried according to the manufacturer’s protocol before any ther-
mal treatment, typically above the glass transition temperature. 
Silicon wafers were purchased from Si-Mat (Germany).

Material selection

PLLA plasticization

Due to the absence of conformational and segmental transla-
tional motion the stiffness of polymers below the glass transition 

temperature (Tg) is typically 2–3 GPa. Mobilization of the amor-
phous phase by increasing the temperature above Tg provides a 
stiffness range from 0.5 to 1000 MPa. Within this range the stiff-
ness depends among other parameters largely on crystallinity. In 
analogy, a reduction of the Tg of PLLA close to or below 37 °C 
provides access to the targeted stiffness range. Upon screen-
ing potentially biocompatible plasticizers, Vitamin E (VE) was 
found in our laboratory to plasticize PLA. The polymer was 
blended with VE using different weight fractions by solution-
mixing to detect the minimum weight fraction that lowered Tg 
below body temperature (from now on, referred to as PLLA/
VE). Briefly, PLLA and VE were dissolved in chloroform at room 
temperature and stirred for 1 h. The solution was then cast on a 
glass petri dish and the solvent was evaporated overnight until a 
film was formed. All the steps were performed away from direct 
light to prevent degradation of VE. To remove solvent residue, 
the samples were dried overnight under vacuum at 35 °C.

Thermal analysis

The thermal properties of PDO, PHBV and PLLA/VE were 
evaluated with a DSC (Q2000, TA instruments). All samples, 
5 ± 0.5 mg, were loaded and sealed in hermetic aluminum pans, 
and the thermal history was erased by heating above the melting 
temperature (Tm) and quenching in dry ice—acetone mixture 
(− 80 °C). The pans were stored at − 30 °C until analyzed. The 
tests were run using dry nitrogen as purge gas.

The glass transition temperature (Tg) of PLLA/VE blends 
was determined upon heating from 0 to 200 °C at a rate of 10 °C/
min. The concentration was increased stepwise starting from 
5 wt%, to reduce the Tg to 37 °C while keeping the amount of 
plasticizer limited. High concentrations of VE could induce 
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Figure 10:  (Left) Temperature profiles of printing scaffolds recorded at the center of the bottom layer at 50 mm/s printing speed with breaks of 0, 10 
and 15 s after each layer deposition. (Right) Scaffold printed employing a break of 10 s after the deposition of each layer. 2D WAXD patterns of layer1, 9 
and 18 reveal the crystallinity gradient achieved.
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excessive hydrophobicity of the material surface but also accel-
erate crystallization [77], limiting the control over the process. 
The PLLA/VE blend with 18 wt% VE (from now on, PLLA/
VE18) exhibited a Tg close to 37 °C at a still relatively limited VE 
concentration. For this reason, PLLA/VE18 was selected among 
the PLLA/VE blends for further studies.

To evaluate the absence of cold crystallization at body tem-
perature, which would induce undesired changes in crystallinity 
and thus surface stiffness, isothermal DSC was run on PHBV, 
PDO and PLLA/VE blends with suppressed crystallization 
upon fabrication/cooling. Isothermal DSC was run by loading 
the pans in the DSC machine, heating them at 30 °C/min to 
37 °C and leaving them isothermally for 90 min. Samples were 
further heated up to 200 °C at 10 °C/min and then cooled down 
to 25 °C at the same rate. The thermal transitions of PCL were 
screened via fast-scanning chip calorimetry (using a Flash DSC2 
from Mettler Toledo as crystallization upon cooling cannot be 
suppressed at the cooling rates accessible in conventional DSC 
technology. The sample, previously loaded on a ceramic multi-
star UFH1 chip, and exposed to multiple heating and cooling 
ramps ranging from − 90 to 100 °C with 3 s of isothermal peri-
ods in between. Whereas the heating rate was kept constant, 
namely 100 °C/s, the cooling rates were varied in a range from 1 
to 500 °C/s. The cold crystallization temperature (Tc) was evalu-
ated form the heating cycles.

Thermal stability

The rheological behavior of the materials over time was meas-
ured with a TA DHR rheometer with a parallel plates configura-
tion (25 mm diameter and gap in the range 0.5–0.7 mm). The 
samples were loaded at 190 °C and the time between the loading 
and the start of the test was kept constant between samples. The 
materials were sheared for 60 min at 1 rad/s and 1% strain. As 
none of the pure polymers showed sufficiently low Tg and stabil-
ity of the suppressed crystallinity at body temperature, only the 
PLLA/VE18 sample was considered suitable for further studies.

Surface stiffness

Isothermal crystallization of PLLA/VE18

The isothermal crystallization behavior was evaluated via DSC. 
Beforehand, an amorphous sample was prepared by melting 
the solution-cast film between two silicon wafers at 180 °C for 
1 min and then rapidly quenched under running tap water. 
This was confirmed by 2D WAXD (data included in supporting 
information, Fig. S1). The sample was sealed in a hermetic alu-
minum pan, heated to 60 °C at 30 °C/min in a TA instruments 
Q2000 DSC and kept isothermally for 1 h. Relative crystallini-
ties of 0, 50 and 100% (with respect to the maximum attainable 

crystallinity for this specific material) were selected for the fol-
lowing studies. From now on, these will be referred to as  Xt0, 
 Xt50 and  Xt100, respectively.

Annealing

Solution-cast films were made amorphous as previously 
described. These were then crystallized at 60 °C in between two 
silicon wafers, in air, for 45 and 240 s to achieve  Xt50 and  Xt100, 
respectively. The films were then rapidly quenched under run-
ning tap water.

Mechanical characterization

PLLA/VE18 films were mechanically tested to evaluate the shear 
modulus G’ and the surface stiffness.

An Anton Paar MCR 302 was used to record the shear mod-
ulus by dynamic mechanical testing in torsion. Samples were 
subjected to a strain of 0.01% at a frequency of 1 Hz. Surface 
stiffness was evaluated by indentation with a Nanoindenter XP 
(MTS Systems, USA). Samples were tested with a 2 mm cylin-
drical flat-ended indenter in controlled displacement mode, 
with a 3 µm displacement. Five measurements per sample were 
performed, at different locations. Force as a function of displace-
ment was recorded during the loading and unloading cycles.

Scaffold printing

A 3Devo single screw extruder was used to prepare a PLLA/
VE18 filament by melt extrusion at 190 °C, with a mean diame-
ter of 2.85 mm. Thereafter, an Ultimaker 2 + filament printer was 
used to fabricate the scaffolds at a nozzle temperature of 190 °C, 
a build plate temperature of 60 °C and a deposition speed of 
50 mm/s. The samples consisted of 18 layers with a layer height 
of 0.4 mm, an infill of 50% and a deposition patter of 0°/90°, for 
total dimensions of 20 × 20 × 7.2  mm3. To obtain a crystallinity 
gradient along the vertical axis, where the highest value could be 
found in the bottom layer, the printing speed was adjusted such 
that maximum crystallinity could be attained within the part 
building time. The time to achieve 100% relative crystallinity in 
the bottom layer was estimated from the isothermal crystalliza-
tion measurements of PLLA/VE18 at 60 °C.

Additionally, temperature profiling of the bottom layer 
was performed to ensure that proper heat dissipation along the 
building height would take place. This would allow the forma-
tion of a complete gradient in crystallinity. To this end, the tem-
perature history of the first deposited layer was recorded with 
varying time intervals between the depositions of consecutive 
layers. A 0.15 mm K-type thermocouple was placed in the mid-
dle of the bottom layer and data were recorded with a DataQ 
DI718 data acquisition read-out system with 1 kHz sampling 
frequency.
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Surface roughness

Annealing

Solution-cast films were made amorphous (0% crystallinity) as 
previously described. These were all around 25 mm in radius and 
0.4 mm in thickness. The films were then fixed on a silicon wafer and 
annealed at 60, 80 or 100 °C (referred to as S60, S80 and S100) for 
240 s to achieve maximum crystallinity. The top surface was allowed 
to crystallize unconfined. The films were then rapidly quenched.

Surface roughness measurement

A Keyence VK-X250 3D Laser Scanning Microscope was used to 
analyze the surface roughness of the films. Measurements were per-
formed at a 20X magnification in surface profile mode. Data was 
analyzed using the VK Analyzer software (version 2.5.0.1, Keyence, 
Japan) and the arithmetic average roughness (Ra) was obtained.

Contact angle measurement

For static contact angle measurements, films were preliminarily 
incubated overnight at 37 °C in a solution of 1 mg/ml collagen 
type I from rat tail (Corning) in 0.02 N acetic acid. Collagen was 
used to further improve cell adhesion in cell culture studies. The 
next day, they were washed with sterile demineralized  H2O and 
allowed to dry in air. Contact angle measurements with  dH2O 
were performed by the sessile drop technique using an optical 
contact angle device DSA25 (KRÜSS GmbH) equipped with an 
electronic syringe unit (OCA15, Dataphysics, Germany). The 
drop analysis and contact angle measurements were evaluated 
with the software DSA4, by applying the Young–Laplace method.

Cell seeding and culture

Cell expansion

hMSCs isolated from bone marrow were purchased from Lonza 
(Donor 19TL029340, male, age 24). hMSCs and the osteosar-
coma cell line MG-63 (ATCC) were plated at 1000 cells/cm2 
in tissue culture flasks and cultured at 37 °C/5%  CO2 in basic 
medium (BM), consisting of α-MEM with Glutamax and no 
nucleosides (Gibco) supplemented with 10 vol% FBS (Sigma-
Aldrich), until 80% confluence.

Cell seeding and culture

Discs of 13 mm in diameter were punched from  Xt0 films. 
These were then sterilized with exposure to UV light (365 nm) 
in a CL-1000 Ultraviolet Crosslinker, 20 min per side.

MG-63 cells were used to preliminarily assess any poten-
tial toxic effect of VE. Trypsinized cells were centrifuged at 

500 rcf for 5 min and then resuspended in BM at a density of 
50,000 cells/ml. 25,000 cells/cm2 were seeded in the wells of 
a 24-well plate and allowed to attach overnight. The next day 
(day 0), the medium was replaced with proliferation medium 
(PM, BM supplemented with penicillin (100 U/ml), strepto-
mycin (100 μg/ml) (Fisher-Scientific) and 200 μM l-ascorbic 
acid 2-phosphate (Sigma-Aldrich). Transwells (8 μm polycar-
bonate pore size, Corning) containing the amorphous PLLA/
VE18 films were placed inside the wells. The metabolic activ-
ity and DNA content of the cultured cells was analyzed at day 
1 and 3, with no medium refresh.

To evaluate the seeding efficiency, amorphous films were 
either plasma treated followed by overnight incubation in BM 
supplemented with penicillin (100 U/ml) and streptomycin 
(100 μg/ml) (Fisher-Scientific) or coated with collagen. To 
plasma treat the films, these were first sealed in plasma sterili-
zation pouches. The pouches were then placed in the chamber 
of a plasma cleaner (Femto PCCE) and exposed for 2 min to 
oxygen plasma, at a pressure of 0.53 mbar and 100 W of power 
[45]. The collagen coating was applied by incubating the films 
overnight at 37 °C in a solution of 1 mg/ml collagen type I from 
rat tail (Corning) in 0.02 N acetic acid. Before seeding, all films 
were dried on top of a sterile filter paper and then placed in the 
wells of non-threated 24 well plate. Trypsinized MG-63 cells 
were centrifuged at 500 rcf for 5 min and then resuspended in 
PM at a density of 50,000 cells/ml. The cell suspensions (1 ml) 
was pipetted on top of each film and the plate was incubated at 
37 °C/5%  CO2. The culture was observed after 24 h.

To investigate any osteogenic effect induced by the dif-
ferent stiffnesses, films were collagen-coated as previously 
described. The next day, hMSCs (passage 4) were trypsinized 
and centrifuged for 5 min at 500 rcf. The cells were then 
resuspended at a density of 50,000 cells per 1 ml in PM. The 
cell suspensions (1 ml) were pipetted on top of each film and 
the plate was incubated at 37 °C/5%  CO2. The medium was 
replaced after 24 h and every two or three days from then 
on. After 7 days (day 0), scaffolds were cultured for another 
28 days in PM or mineralization media [DM, PM supple-
mented with 10  nM dexamethasone (Sigma-Aldrich) and 
10 mM β-glycerophosphate (Sigma-Aldrich)]. The medium 
was replaced every two or three days. The culture was ana-
lyzed for metabolic activity, alkaline phosphatase (ALP) activ-
ity, DNA content both at day 7 and 35, while for osteocalcin 
and osteopontin production and mineralization at day 28.

Biochemical assays

Metabolic activity

PrestoBlue assay (Thermo Fisher Scientific) was used to quantify 
cell metabolic activity. Briefly, cell culture medium in sample plates 
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was replaced with medium containing 10 v/v% PrestoBlue reagent 
and the sample plates were incubated in the dark at 37 °C for 1 h. 
A volume of 100 μl was transferred to a black 96 well plate and 
fluorescence was measured at 590 nm with a plate reader (CLARI-
Ostar®, BMG Labtech).

ALP assay

The scaffolds were washed 3 × with PBS and freeze-thawed 3 times. 
Samples were then incubated for 1 h at RT in a cell lysis buffer 
composed of 0.1 M  KH2PO4, 0.1 M  K2HPO4 and 0.1 vol% Triton 
X-100, at pH 7.8. 10 μl of cell lysate were collected and 40 μl of the 
chemiluminescent substrate for alkaline phosphatase (CDP-star, 
Roche) were added. Luminescence (emission = 470 nm) was meas-
ured after 15 min incubation, using a spectrophotometer (CLARI-
Ostar®, BMG Labtech). Remaining cell lysates were used for DNA 
quantification. ALP values were normalized to the DNA content.

DNA assay

CyQUANT Cell Proliferation Assay Kit (Thermo Fisher Scientific) 
was used to quantify the DNA. Samples from ALP assay were first 
incubated overnight at 56 °C in 1 mg/ml Proteinase K (Sigma-
Aldrich) in Tris/EDTA buffer and then freeze-thawed three more 
times. Subsequently, to degrade the cellular RNA, the lysate was 
incubated 1 h at RT in a buffer composed of 1:500 RNase A in the 
cell lysis buffer from the kit diluted 20× in distilled water  (dH2O). 
The samples were then incubated for 15 min in the fluorescent dye 
provided by the kit (1:1) for 15 min and fluorescence was meas-
ured (emission/excitation = 520/480 nm) with a spectrophotom-
eter. DNA concentrations were calculated from a DNA standard 
curve.

Elisa

The production of osteocalcin (OCN) and osteopontin (OPN) 
were quantified using ELISA kits (ab270202 and ab192143 
respectively, Abcam) according to the manufacturer’s instruc-
tions. Briefly, at the specified time points, the supernatant from 
the scaffolds was collected and the protein content was quantified 
using the ELISA kits. The same samples were used for both assays.

Cell imaging

Confocal fluorescence microscopy

Films seeded with hMSCs were fixed in 4% paraformaldehyde 
and incubated for 30 min in Triton-X 100 (0.1% v%). A Sudan 
black solution was added for 60 min to dampen the bioma-
terial autofluorescence. Then, cell cytoskeleton were stained 
with 488 Alexa Fluor Phalloidin (Thermo Fisher Scientific, 
1:75 dilution in PBS, 1 h at RT) and nuclei with DAPI (0.1 µg/
mL in PBS, 15 min). Confocal laser scanning microscopy was 

performed with a tandem confocal system (Leica TCS SP8 
STED), equipped with a white light laser (WLL). Samples were 
excited with the dye specific wavelengths and emission was 
detected with HyD detectors. For optimal visualization, phal-
loidin was colored in green and DAPI in blue.

Scanning electron microscopy

HMSCs cultured on the polymeric films were fixed in 4% par-
aformaldehyde, and subsequently dehydrated using a graded 
ethanol series (30, 50, 70, 80, 90, 96, 3 × 100%). The films were 
washed for 30 min in each solution, after which the ethanol 
was evaporated in a critical point dryer (Leica EM CPD300) 
to preserve the surface details of the cultured cells. Finally, 
a thin layer of gold coating was applied (Quotum Technolo-
gies SC7620 Mini Sputter Coater) before imaging them on the 
scanning electron microscope (Jeol JSM-IT200). The images 
were captured at magnifications of ×130, ×400 and ×800, at an 
accelerating voltage of 10 kV and working distance of 10 mm.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 
software. For contact angle, surface stiffness and roughness 
measurements, a one-way ANOVA test was used. For the tran-
swell study, an unpaired t test was used to compare between 
the conditions at the same time point and between the time 
points of the same condition. For the seeding efficiency study, 
a one-way ANOVA with Tukey’s post-hoc test was used. Sta-
tistically significant differences are marked with *p < 0.05, 
**p < 0.01 or ***p < 0.001. Experiments were repeated at least 
3 times.

For the osteogenic studies, statistical significance was 
assessed with a one-way ANOVA test with Tukey’s post-hoc 
test for comparison among the conditions in the same medium 
(surface stiffness or roughness) while with an unpaired t test 
when comparing the same condition in the two media. Statisti-
cally significant differences are marked with *p < 0.05, **p < 0.01 
or ***p < 0.001 when comparing the effect of different surface 
stiffness or roughness on cells cultured in the same cell medium 
and §p < 0.05, §§p < 0.01 or §§§p < 0.001 when comparing the effect 
of different media on cells cultured on films with the same sur-
face stiffness or roughness. Samples in all experiments were in 
triplicates (n = 3).
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