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ABSTRACT: The eﬀect of nonporous (NP-PCL) and porous (P-PCL) ﬁbrous
polycaprolactone (PCL) meshes, used as templates, on in vitro CaCO 3
crystallization via a gas diﬀusion (GD) method at 20 °C for 24 h was studied.
The nonporous random (NPR-PCL) and porous random (PR-PCL) and the
nonporous-aligned (NPA-PCL) and porous-aligned (PA-PCL) ﬁbrous PCL
meshes were directly spun on ﬂat or rotary collectors from 18% PCL solutions
using ethyl acetate/acetone or ethyl acetate/dimethyl sulfoxide, respectively. The
morphology and type of CaCO3 crystal grown on PCL ﬁber scaﬀolds were
analyzed by Fourier transform infrared spectroscopy (FTIR), contact angle
measurements, scanning electron microscopy coupled with energy dispersive X-ray
spectroscopy (SEM-EDS), focused ion beam combined with scanning electron
microscopy (FIB-SEM), and X-ray diﬀraction (XRD) techniques. The PCL ﬁbers
distributions aﬀected the nucleation and stabilized calcite and vaterite polymorphs
of CaCO3 with diﬀerent crystal population densities. The crystal density of vaterite was higher than calcite (2:1) when the NPA-PCL
and PA-PCL ﬁbers were used as a template, but calcite predominated (2:1) on P-PCL ﬁber mesh with respect to the NP-PCL ﬁber
mesh. We found that CaCO3 crystals covered the surface of PCL ﬁbers, and some of them grown from inside of the PCL ﬁbers
showed that PCL ﬁbers were occluded inside the CaCO3 crystals during the GD crystallization. The nano- and microscale
topological features of PCL scaﬀolds control the diﬀusion of carbon dioxide (CO2) gas through PCL ﬁber meshes in the soaking of
PCL meshes into a calcium chloride (CaCl2) solution during the GD crystallization aﬀecting subsequently the nucleation and
growth of CaCO3 crystals. Indeed, pore size feature of the micrometric A-PCL and nanometric R-PCL ﬁber meshes aﬀected the
intensities of the crystallographic faces of calcite and vaterite as observed by XRD. Contact angle measurements of the aqueous and
crystallization liquid droplet on NPR-PCL, PR-PCL and A-PCL ﬁbrous showed diﬀerent hydrophobic character of the PCL meshes.
This study shows the role of the nano- and microscale topological features and the presence of pores on PCL ﬁber scaﬀolds on the
mineralization behavior of CaCO3 deposited on R-PCL and A-PCL ﬁber scaﬀolds, and by this approach various aspects of controlled
CaCO3 crystallization such as nucleation and crystal growth of biomaterials based on CaCO3 can be studied with potential biotech
applications.

1. INTRODUCTION

molecular processes and aim to mimic in vitro biological
crystallization and to transfer them to modern biocomposite
materials.11−13 This process is strictly controlled by organic
macromolecules such as proteins and polysaccharides acting
as templates.14
Calcium carbonate (CaCO 3 ) is the most studied
biomineral, which can facilitate the understanding of the
crystallization process and the control of biomineralization.15,16 CaCO3 biominerals consist of single crystals

Biomineralization is the process by which living organisms
form hierarchical hybrid biogenic minerals termed biominerals.1−3 Biominerals are spontaneously produced through a
bottom-up process and play a key role, including protection,
motion, storage, optical and gravity sensing, defense,
detoxiﬁcation, among others.4−6 There is a large diversity
of chemical compositions of biominerals such as carbonates,
silicates, phosphates, oxides, among others.7,8 They are highly
organized from the molecular level to the nano- and
macroscale with intricate nanoarchitectures that ultimately
make up a myriad of diﬀerent functional soft and hard
tissues.9,10 The unique properties of biominerals can inspire
mimetic strategies intended to design materials based on
mineral controlled crystallization for new advanced technologies. Indeed, chemists are inspired by the underlying
© 2020 American Chemical Society
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Figure 1. GD crystallization setup of CaCO3 on electrospun PCL ﬁbers.

polycaprolactone (PCL) ﬁber as a template for crystallization
of CaCO3 using ultrasonic treatment has been reported by
Savelyeva et al. in 2017 where porous vaterite covering the
PCL ﬁber surface was obtained.31 Recently, the mineralization behavior of CaCO3 deposited on randomly oriented
ﬁbers of PCL scaﬀolds, previously treated with low-temperature plasma, has been studied. The authors conﬁrmed that
preferential growth of the vaterite occurred in the O2-plasmatreated PCL scaﬀold. They tried to improve the wettability
and permeability of PCL scaﬀolds for obtaining a superior
hybrid composite coated with highly porous CaCO3, which is
a prerequisite for biomedical scaﬀolds used for drug delivery
and biosensors.32,33 It is well-known that the morphology,
size, and type of CaCO3 crystals are controlled not only by
the crystallization method but also by the variation of
experimental parameters such as the concentration of the
template, molar ratio of the reactants, pH, temperature, time,
among others.34−36 Despite the above, the eﬀects of
topography and porosity on electrospun PCL ﬁbers used as
an organic template on the in vitro CaCO3 crystallization via
a gas diﬀusion (GD) method are still unknown. With this
background in mind, we believe that the use of organic 3D
ﬁbrillar PCL meshes as a template having diﬀerent topography, with or without micro-/nanopore on the surface,
may allow the control of the nucleation and type of CaCO3
crystals. It is known that the roughness is intimately related
to the porosity of the solid substrate.
We report a further advancement of the micro-/nanotopography eﬀect of nonporous and porous electrospin of RPCL and A-PCL ﬁber meshes on the in vitro crystallization of
CaCO3 via the GD method at 20 °C for 24 h. The GD
method is an excellent in vitro crystallization method for
evaluating the eﬀect of additives and solid substrates in
crystalline nucleation as demonstrated by using an eggshell
membrane37 on the top of a microbridge container with the
mammillary side facing up and upside down based on the

intimately associated with organic macromolecular matrices.
CaCO3 typically contains a small amount of ca. 0.1−1.0 wt %
acidic proteins, such as aspartic acid-rich proteins and acidic
macromolecules that can control the nucleation and crystal
growth.17 In fact, toughness, solubility, and the shape of
biominerals inﬂuence the degree of crystallization and the
type of minerals.1−5,18,19 There are three polymorphs of
anhydrous CaCO3, which diﬀer in size, morphology, and
stability; these are calcite, aragonite, and vaterite, listed in
order of decreasing thermodynamic stability.20 Calcite and
aragonite represent the main mineral phases among the
marine biogenic CaCO 3.21 Aragonite and calcite are
thermodynamically more stable structures, and they often
occur in nature. Vaterite can rapidly transform to calcite and
aragonite in aqueous solution.22
It is known that in nature organic macromolecular matrices
are commonly used as templates, i.e., soluble and insoluble
matrices, where the shape, e.g., platelet or ﬁbers, exerts
control over the in vitro crystallization of mineral regulating
the nucleation, morphology, polymorphism, crystallographic
orientation, conﬁned nucleation space, and the ﬁnal mineral
deposition.23−25 Biominerals are valuable materials not only
for understanding the biomineralization but also for novel
conﬁned-materials synthesis and design, which avoids
undesirable pathological biomineralization.26,27 The inspiration from biomineralization is of great interest to materials
scientists who seek novel materials syntheses with ﬁbrillary
hydrogel structures and interfaces based on analogous
crystalline forms to those formed by nature.11,12,28 Bioinspired morphosynthesis emerged as a novel and environmentally friendly route to generate superior materials with
controlled morphologies through organic self-assembled
structures or by using functionalized polymeric templates.29
In this regard, electrospun ﬁbers of synthetic and natural
polymers as scaﬀolds for design of tissue engineering
materials have been utilized.30 The use of electrospun
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Figure 2. Optical images of CaCO3 crystals grown on the surface of (A) glass substrate, (B) melted PCL, (C) R-PCL ﬁbers mesh, (D) A-PCL
ﬁbers mesh, (E) PR−PCL ﬁbers mesh, and (F) PA−PCL ﬁbers mesh. Magniﬁcation 10×. The white arrows indicate the presence of some
crystals.

calcite and vaterite polymorphs aﬀecting the crystal density
predominance and their crystallographic faces.

variation of the sitting drop method developed by
Dominguez-Vera et al. 2000.38 The topography and the
distribution of the PCL ﬁbers were achieved by using ﬂat or
rotating collectors in electrospinning. The morphology of
PCL ﬁbers, type, and polymorphism of CaCO3 were analyzed
by scanning electron microscopy, FTIR spectroscopy, and Xray diﬀraction techniques. We demonstrated that the nanoand microscale topological features of PCL ﬁber meshes and
the presence of pores on the ﬁber surface used as template
aﬀect the mineralization behavior of CaCO3, which renders
the possibility of using anionic PCL ﬁber scaﬀolds such as
carboxylate and sulfonate functional groups as an active
mineralization template. We also describe and discuss how
the distribution of R-PCL and A-PCL ﬁbers and the presence
of pores on the PCL ﬁbers surface enable the stabilization of

2. EXPERIMENTAL SECTION
2.1. Materials and Chemicals. A detailed description of the
materials, chemical reagents, and preparation of the R-PCL and APCL ﬁbers meshes is available in the Supporting Information.
2.2. Gas Diﬀusion (GD) Crystallization of CaCO3. In vitro GD
crystallization of CaCO3 was performed on pieces of PCL
electrospun ﬁber meshes (2 × 3 mm) at 20 °C for 24 h. Similar
in vitro GD experiment crystallization has been reported.14,25,39−41
GD crystallization setup, solution preparation, and washing
protocols, performed to remove any ﬂoating crystals formed in the
CaCl2 solution that could be deposited on the PCL ﬁber meshes,
are provided in the Supporting Information (Figure S1).
2.3. Electrospun Meshes of PCL. A-PCL and R-PCL ﬁbers
meshes with and without pores were obtained from 18% (w/v) PCL
solution prepared using ethyl acetate/acetone 3:1 (v:v) solution with
5612
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Figure 3. SEM-EDX of CaCO3 crystals grown on the surface of melted PCL. (A) Calcite crystals, (B) EDX spectra of calcium, carbon, and
oxygen elements of calcite crystal grown on melted PCL, (C) EDX spectra of elemental chemical composition of calcite crystals (*).
ﬂat or rotating collectors, respectively. P-PCL meshes from 18%
PCL solution in ethyl acetate/DMSO 1:9 (v:v) solution were
prepared. For all the solvents investigated for electrospinning of
PCL ﬁbers, PCL (Mw = 80 000 g/mol) in an eStretching LE-10
Fluidnatek equipment was utilized. Preparation of all PCL ﬁber
meshes, electrospinning process parameters, and ambient conditions
are also provided in Supporting Information (Figure S2).
2.3.1. Characterization. A few characterization techniques were
utilized in order to provide surface and physicochemical characterization of PCL meshes and CaCO3 crystals according to the
experimental GD crystallization method for CaCO3 production on
A-PCL and R-PCL ﬁber meshes (Figure 1). The surface

morphology and microanalysis of the resultant CaCO3 crystals
were observed by scanning electron microscopy (SEM) coupled
with energy dispersive X-ray (EDX) analysis. The ﬁber diameter
measurements were also presented in the form of histograms. The
crystal density predominance was determined based on the number
of crystal population of vaterite and calcite crystals accounted for by
using a lower magniﬁcation ﬁeld at 70×. The SEM-EDX
measurements were performed by using a SEM (JEOL JSMIT300LV, JEOL USA Inc., USA) connected to an EDX detector for
elemental analysis with computer-controlled software, the Aztec
EDX system (Oxford Instruments, Abingdon, UK). In addition,
cross-sectional imaging of the CaCO3 crystals grown on the
5613
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Figure 4. Histogram of the ﬁber diameter distribution of PCL electrospun ﬁber meshes used as a template for in vitro CaCO3 GD crystallization
performed at 20 °C for 24 h. (A) R-PCL, (B) A-PCL, (C) PR-PCL, and (D) PA-PCL.
electrospun PCL ﬁber mesh was achieved using a dual beam system
with focus ion beam (FIB) and SEM (NEON CrossBeam 40EsB,
ZEISS, Germany). Prior to the imaging, the samples were coated
with 5 nm gold layer using rotary-pumped sputter coating (Q150RS,
Quorum Technologies, UK). FIB was performed using a Ga+ ion
beam current of 5 nA and voltage of 30 kV. The sample stage was
tilted so that the sample surface was perpendicular to the FIB
direction and 52° incidents to the electron beam.42,43 The images of
cross-sectioned ﬁbers were taken by SEM at a current of 500 pA
and voltage of 5 kV. Water and crystallization solution (CaCl2 in
TRIS buﬀer pH 9.00) contact angle [°] measurements were
performed by the DataPhysis optical contact system OCA 15EC
(DataPhysics instruments GmbH, Filderstad, Germany) on melted
PCL, glass, nonporous and porous electrospun R-PCL and A-PCL
ﬁber mesh surfaces. The dosing volume was performed at 10 μL.
The resulting average values is reported with the standard deviation
(±SD). The method of measuring contact angles on PCL surface is
provided in Supporting Information (Figure S3). The Fourier
transform infrared spectroscopy-attenuated total reﬂection (FTIRATR) analyses of the PCL ﬁber meshes were performed to
characterize all PCL polymer meshes and starting polymer materials
by using an Interspectrum Interspec p/n 200-X instrument. The
speciﬁc surface area analysis of the diﬀerent PCL meshes used as
template was measured by the nitrogen (N2) method of Brunauer−
Emmett−Teller (BET). Analysis of an N2 adsorption/desorption
isotherm at 273.0 K using an outgas time of 1.0 h and analysis time
between 119.8 to 137.7 min in an automatic analyzer (Quantachrome Nova Station A) instrument. Powder X-ray diﬀraction
(PXRD) of the CaCO3 crystals was carried out by using a Siemens
D-5000X X-ray diﬀractometer with Cu−Kα radiation (graphite
monochromator) and an ENRAF Nonius FR 590. The crystal
structure of CaOx was determined by using Cu−Kα radiation (40
kV), step sizes of 0.2°, and the geometric Bragg−Brentano (θ−θ)

scanning mode with an angle (2θ) range of 5−70°. The DiﬀracPlus
program was used as the data control software.

3. RESULTS AND DISCUSSION
FTIR analysis was used to characterize all starting PCL
solutions before electrospinning and the random (R-PCL)
and aligned (A-PCL) electrospun PCL ﬁber meshes, and the
PCL ﬁlm as a control. All PCL ﬁber meshes showed the
characteristic spectroscopic pattern for PCL in which the
stretching vibrations of the CO bond in the region of 1727
cm−1 was present, as already described by Shoja et al.44 FTIR
spectra of nonporous and porous electrospun R-PCL and APCL ﬁber meshes, melted PCL ﬁlm as a control template,
and the 18% PCL solution in ethyl acetate/DMSO 1:9 (v:v)
and ethyl acetate/acetone 3:1 (v:v) solutions before the
electrospinning process for the formation of porous and
nonporous random PCL ﬁber meshes are provided in
Supporting Information (Figure S4).
The mineralization of CaCO3 using GD crystallization in
the presence of diﬀerent PCL ﬁber meshes resulted in
particles with diﬀerent CaCO3 crystal structures and
morphologies. The formation and crystals grown of CaCO3
at the surface of PCL ﬁbers were preliminary visualized
through optical microscopy (Figure 2). The formation of
abundant CaCO3 particles on the glass substrate and melted
PCL surfaces both used as controls (Figure 2A,B) and on the
four variants of PCL ﬁber meshes used as 3D templates
(Figure 2C−F) was demonstrated. Although conventional
optical microscopy has poor resolution and it is diﬃcult to
notice in detail any morphological features and to identify the
type of CaCO3 crystals, in the current study this technique
5614
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Figure 5. SEM images of CaCO3 crystals grown on the surface of R-PCL mesh. (A) General view showing abundant crystals, (B) calcite and
vaterite crystals. The white and green arrows indicate calcite and vaterite crystals, respectively.

Figure 3C shows that the weight percent (wt %) of the
individual Ca, C, and O elements located in the ﬂat area (*
in image) of the calcite surface, automatically calculated by
the EDX software, demonstrated a good correspondence to
the theoretical Ca/O ratio of 1:3 of pure calcite surface.
With this in mind, a set of in vitro GD crystallizations of
CaCO3 was carried out to evaluate the eﬀect of both random
and oriented PCL and the nonporous and porous-PCL ﬁber
meshes (2 × 3 mm) as a template on the nucleation and
crystal growth of CaCO3. Figure 4 shows the histogram of
the ﬁber diameter distribution of PCL electrospun ﬁber
meshes of R-PCL (Figure 4A), A-PCL (Figure 4B), PR-PCL

represents the simplest and fast imaging tool to show the
presence of crystals and the CaCO3 distribution of the
electrospun PCL ﬁber meshes.
In addition, similar observation was performed by using
SEM-EDX analysis. Figure 3 shows the SEM-EDX of CaCO3
crystals grown on the surface of melted PCL and the
elemental chemical composition of the resultant crystals
grown on it. Figure 3A,B shows the morphology of the
typical rhombohedral calcite with smooth edges obtained by
using melted PCL (negative control) and the EDX of calcium
(Ca), carbon (C), and oxygen (O) elements of calcite and
the surface of melted PCL template, respectively. We notice
that melted PCL ﬁlm did not aﬀect the CaCO3 morphology.
5615
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Figure 6. SEM images of CaCO3 crystals grown on the surface of A-PCL mesh. (A) General view showing abundant crystals, (B) calcite and
vaterite crystals. The white and green arrows indicate calcite and vaterite crystals, respectively.

and for vaterite the sizes varied between 21 and 28 μm,
respectively. However, when the A-PCL ﬁber meshes was
used as a template (Figure 6), the crystal population densities
of calcite and vaterite changed to 1:2, and the size for the
calcite and vaterite was ca. 20.0 μm. The average diameter of
electrospun ﬁbers was ca. 4.3 and 3.4 μm for R-PCL and APCL ﬁber meshes, respectively. In general, nonagglomerated
crystals particles were found, and we observed that the
CaCO3 crystals were covered by PCL ﬁbers (Figure 7A,B),
and we rarely observe crystals grown surrounding PCL ﬁbers
showing that ﬁbers were occluded inside the crystals (Figure
7C,D) during the GD crystallization as is illustrated in Figure
7.
In order to know if electrospun scaﬀold pore size and PCL
ﬁbers distributions play a signiﬁcant role in the CaCO3

(Figure 4C), and the PA-PCL (Figure 4D) polymer meshes
performed at 20 °C for 24 h.
Figures 5 and 6 show the SEM images of CaCO3 crystals
grown on the surface of NPR-PCL and NPA-PCL meshes,
respectively.
In general, Figures 5 and 6 show two types of CaCO3
crystals corresponding to calcite and vaterite polymorphs
obtained in the presence of nonporous electrospun R-PCL
and A-PCL ﬁber meshes. The random and aligned NP-PCL
ﬁber meshes allow the formation of the nonagglomerated
rhombohedral calcite and oval shape of vaterite in all GD
crystallization essays. Our experimental ﬁnding indicates that
when R-PCL ﬁber meshes were used as a template (Figure 5)
the crystal population densities of calcite and vaterite were
1:1 and the size for the calcite was between 22 and 25 μm
5616
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Figure 7. SEM images of CaCO3 crystals grown on the (A, B) surface and surrounding (C, D) on R-PCL and A-PCL meshes. The black and
white arrows indicate how calcite and vaterite crystals are interpenetrated by PCL ﬁbers, respectively.

obtained. Figure 11 shows the SEM-EDX of calcite and
vaterite grown on R-PCL ﬁbers mesh (Figure 11A) and the
major-elements composition of CaCO3, that is, carbon (C),
calcium (Ca), and oxygen (O) (Figure 11B). EDX analysis
was carried out in order to determine the Ca/C/O ratio for
diﬀerent CaCO3 polymorphs and compare them with the
theoretical Ca/C/O ratio of 1:1:3 pure CaCO3. We observed
that Ca is distributed only in the crystalline particles
conﬁrming the identiﬁcation of CaCO3, while the C and O
elements were present in all selected area. The weight
percentages of Ca, C, and O were found as 3.2%, 33.0%, and
63.8%, respectively, which correspond to a nonstoichiometric
yielding of Ca/C/O ratio ca. of 1:10:20. We believe that the
elemental chemical mapping of these two elements is
considered both the inorganic particles and the organic
component. In this regard, when the melted PCL ﬁlm was
used as a solid template (see Figure 3), the wt % of Ca, C,
and O was 22.1%, 21.2%, and 56.6%, respectively,
corresponding to a Ca/C/O ratio of 1:1:2.6, which is close
the theoretical 1:1:3 ratios. SEM-EDX of individual calcite
and vaterite polymorphs grown on aligned PCL ﬁber mesh
was also analyzed (Figure 12). Here, the wt % of Ca, C, and
O for calcite was 19.6%, 28.5%, and 51.9%, respectively,
corresponding to a Ca/C/O ratio of 1:1.5:2.6 (Figure 12A).
In the case of vaterite, the wt % of Ca, C, and O was 22.7%,
24.2%, and 53.1%, respectively corresponding to a Ca/C/O
ratio of 1:1:2.3 (Figure 12B). This observation allows to
suggest that the stoichiometry of calcite and vaterite crystals
changes very slightly with respect to their theoretical
stoichiometry of pure polymorphs, and the stabilization of
both polymorphs could be controlled by attaching functional

nucleation behavior, stabilization of calcite and vaterite
polymorphs, and crystal population densities, a set of GD
crystallizations of CaCO3 utilizing pieces of PR-PCL and PAPCL electrospun ﬁber meshes (2 × 3 mm) was also
performed. Figures 8 and 9 show the SEM images of CaCO3
crystals grown at the surface of porous electrospun R-PCL
and A-PCL ﬁber meshes, respectively.
The pores size of the electrospun PCL scaﬀolds and its
ﬁbers distributions analyzed by SEM had a noteworthy
inﬂuence on the population densities of calcite and vaterite
polymorphs, size of crystals, average diameter of electrospun
ﬁbers, and the presence of agglomerated crystals precipitation.
Figure 8 shows that the population densities of calcite and
vaterite were 2:1, and the size for the calcite was ca. 13.5 μm
and for vaterite the size was ca. 11.8 μm, respectively.
However, when the PA-PCL ﬁber meshes were used as
template (Figure 9) the population densities of calcite and
vaterite was 2:1 and the size for the calcite was ca. 23 μm,
and for vaterite the sizes was ca. 18.5 μm, respectively. In
SEM analysis, the size scaling of the images allows us to
determine the average diameter of electrospun ﬁbers directly,
these being ca. 2.4 and 4.5 μm and for the average pore size
of PCL ﬁbers values of 203 nm and 1.00 μm for the PR-PCL
and PA-PCL ﬁber meshes, respectively. We notice that the
phenomena of particle agglomeration were present, and we
also observed that CaCO3 crystals were covered by PCL
ﬁbers. In addition, some crystals are being pierced by a
porous random PCL ﬁber as illustrated in Figure 10.
On the other hand, SEM-EDX spectra and elemental
chemical composition of calcite and vaterite grown on R-PCL
(Figure 11) and A-PCL (Figure 12) ﬁber meshes were also
5617
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Figure 8. SEM images of CaCO3 crystals grown on the surface of PR-PCL mesh. (A) General view showing abundant crystals, (B) calcite and
vaterite crystals, and (C) porous surface of PCL ﬁbers. The white and green arrows indicate how calcite and vaterite crystals are interpenetrated
by PCL ﬁbers, respectively. The blue arrows show pores on the surface of the PCL ﬁber.

surface could be altered by creating topographical patterns
through PCL ﬁbers distribution.46 The presence of micro-/
nanopore on PCL ﬁbers surface aﬀects the nucleation and
crystal growth of CaCO3. In general, the hydrophilic/
hydrophobic nature of the electrospun PCL substrate
changed according to the diﬀerent contact angle values in
the aqueous and liquid crystallization media; however, the
contact angle of the PA-PCL mesh did not change in both
liquid media. By comparing the contact angle measurements
between the NPR-PCL and NPA-PCL meshes, the aligned
orientation of ﬁbers always had a higher contact angle and
therefore a greater hydrophobic character attributed. However, between the PR-PCL and PA-PCL meshes, the contact
angle on R-PCL ﬁber mesh was higher, in fact, reaching the
highest contact angle values in water and crystallization
media. Thus, the surface wettability of polymer material is of
great relevance since it determines the degree of inﬁltration
of CaCO3 crystals in polymeric meshes, where the greater
hydrophilic character of the meshes results in a greater
inﬁltration of crystals.47
In addition to the SEM observations of electrospun PCL
ﬁber meshes, the surface area measurements (BET
technique) on PCL ﬁber meshes could indicate the pore
size, CO2 gas diﬀusion through the electrospun PCL
substrate, and represents a suitable surface characterization

groups on the surface, which could depend on pore size,
surface area, and hydrophobic character of the PCL surfacemeshes.
In order to determine the hydrophobic/hydrophilic
character of all electrospun PCL meshes, ultrapure water
and crystallization solution (CaCl2 in TRIS buﬀer pH 9.00)
contact angle [°] measurements on PCL ﬁber surface were
performed. The method of measuring and angles stock
images on PCL surface is provided in Figure S3. Table 1
shows the contact angle [°] values for random and aligned
PCL ﬁbers mesh surfaces, glass substrate, and melted PCL
surface. In general, we found that all electrospun PCL meshes
behave as low wettability systems with respect to both
controls, which presented values less than 90°. Moreover, in
the case of the NP-PCL scaﬀolds system, the A-PCL ﬁbers
showed a greater contact angle than R-PCL ﬁbers (115.88 ±
1.26°/104.06 ± 2.92°) showing the eﬀect of roughness on
the wetting. Since it is known that the porosity of a solid
substrate is intimately related to the roughness,45 in the case
of P-PCL scaﬀolds systems, the PA-PCL ﬁbers presented a
smaller contact angle than PR-PCL ﬁbers (113.53 ± 1.71°/
119.31 ± 1.50°) in aqueous liquid, probably due to a larger
pore size (ca. 1.00 μm), which were ﬁve times larger than of
the P-PCL ﬁber system with a random distribution of ﬁbers.
Therefore, we observed that the intrinsically hydrophilic PCL
5618
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Figure 9. SEM images of CaCO3 crystals grown on the surface of PA-PCL mesh. (A) general view showing abundant crystals, (B) calcite and
vaterite crystals, and (C) porous surface of PCL ﬁbers. The green arrow indicates agglomerated vaterite crystals in (B), and blue arrow shows
pores on the surface of the PCL ﬁber in (C).

Figure 10. SEM image of a calcite crystal being pierced by a PR-PCL ﬁber. The blue arrow shows pores on the surface of the PCL ﬁber and
how calcite is clearly pierced in the middle of the crystal by a porous PCL ﬁber.
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Figure 11. SEM-EDX of calcite and vaterite crystals grown on R-PCL ﬁbers mesh (A) and major-element chemical composition of CaCO3
crystals (B). Elements designations: C for carbon, Ca for calcium, and O for oxygen.

GD crystallization method results from the diﬀusion of CO2
vapor into the buﬀered CaCl2 solution.48 Therefore, it was
found that by changing PCL topography and surface porosity,
both calcite and vaterite polymorphs can be obtained. In
general, the equilibrium concentration of dissolved CO2 gas
into PCL substrate (solubility) depends on polymer
interaction and the availability of free volume for hole ﬁlling.
It is known that diﬀerences in the solubility of speciﬁc gases
in a particular polymer ﬁlm determine which gas diﬀuses
more readily cross that polymer ﬁlm.49 Also, permeability of
the dissolved CO2 gas penetrating through independent ﬁlm
and the ﬂow of the gas per unit ﬁlm area per unit time and
the driving force (partial pressure diﬀerence) per unit ﬁlm
thickness are other important factors.50 Then, surface
properties of PCL ﬁber meshes, as templates in the
mineralization of CaCO3, e.g., distribution, diameter, pores

technique to characterize the roughness of PCL scaﬀolds.
Our results show that the speciﬁc adsorption multipoint BET
surface measurements on PR-PCL and PA-PCL ﬁber meshes
were higher than that of the NP-PCL substrate in the range
of 0.003 to 0.660 m2/g, being larger for the PA-PCL ﬁber
mesh of 0.660 m2/g. Indeed, the BET surface of melted PCL
showed 0 m2/g with a pore volume of 0.001 mL/g. It is clear
that speciﬁc adsorption BET surface values depend on the
material type and dimensions. These BET surface values are
less than standard CO2 gas adsorption through PCL diﬀusion
since here the CO2 pressure is not considered under CaCl2/
TRIS buﬀered media in the GD technique. We believe that
diﬀerent ratio of CO2/CaCl2-TRIS-buﬀered media permeability has a key role in the kinetics of CaCO3 crystallization
and by this can conduct the crystallization of CaCO3 toward
a speciﬁc crystalline form. The precipitation of CaCO3 in the
5620
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Figure 12. SEM-EDX of calcite (A) and vaterite (B) crystals grown on A-PCL ﬁbers mesh. Elements designations: C for carbon, Ca for
calcium, and O for oxygen.

sizes on PCL ﬁbers as many other variables such as
concentration, aging time, agitation, among others,51 become
a promising strategy for studying the eﬀect of electrospun
polymer templates in order to study the CaCO3 polymorph
occurrence and crystal growth. In addition, we provide
multipoint BET, BJH adsorption/desorption summaries of
diﬀerent PCL substrates in Supporting Information (Table
S1).

Figure 13 shows the XRD patterns of CaCO3 crystals
grown on glass, melted PCL and the nonporous and porous
electrospun R-PCL and A-PCL ﬁber meshes obtained by
using the GD crystallization method. The XRD spectrum of
CaCO3 obtained by using ﬂat glass without PCL ﬁbers
(negative control) revealed that only calcite was formed
(Figure 13 A). When melted PCL (positive control) was
utilized as a solid template (Figure 13 B), the XRD
5621
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conﬁrmed the formation of calcite as a unique type of crystal.
Moreover, Figure 13B shows the typical very strong PCL
reﬂection peaks at 2θ 21.4° and 23.7° indexed as (110) and
(200) reﬂections as well as the reﬂection peak at 2θ = 22.3°
indexed as (111).52,53 However, XRD patterns of CaCO3
obtained in the presence of nonporous and porous electrospun R-PCL and A-PCL ﬁber meshes (Figure 13C−F) clearly
showed a crystalline peak ascribed at 2θ = 29.4° and 2θ =
28.3° indexed as (104) and (101) reﬂections conﬁrming the
polymorphs of calcite and vaterite, respectively. Indeed, a new
reﬂection peak at 2θ = 31.6° corresponding to calcite is
observed. When NP-PCL and P-PCL electrospun ﬁber
meshes were used as a template instead of melted PCL
ﬁlm, the stabilization of less stable vaterite polymorph was

Table 1. Contact Angles at the Surface of All PCL Fiber
Meshesa
PCL samples
control1
control2
R-PCL mesh
A-PCL mesh
PR-PCL mesh
PA-PCL mesh

contact angle [deg] H2O contact angle [°] CaCl2/TRIS
32.77 ± 3.34
62.96 ± 3.25
104.06 ± 2.92
115.88 ± 1.26
119.31 ± 1.50
113.53 ± 1.71

Article

52.19 ± 6.97
68.67 ± 7.35
107.86 ± 5.32
113.53 ± 4.28
117.77 ± 2.75
113.82 ± 1.65

a
Control1 and control2 correspond to glass and melt PCL,
respectively.

Figure 13. XRD patterns of CaCO3 crystals grown on the surface of (A) glass, (B) melt PCL, (C) R-PCL ﬁbers mesh, (D) A-PCL ﬁbers
meshes, (E) PR-PCL ﬁbers mesh and (F) PA-PCL ﬁbers mesh. Polymorphs designations: C for calcite and V for vaterite. Reﬂections (110) and
(200) at 21.4° and 23.7° are from PCL in the XRD pattern.
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obtained. In general, when nonporous and porous electrospun R-PCL and A-PCL ﬁber meshes were used as a solid
template, XRD patterns of CaCO3 particles showed diﬀerent
relative intensities of reﬂections peaks conﬁrming the
crystalline phases of calcite and vaterite (Figure 13C−D vs
13E−F). Surprisingly, XRD spectra of CaCO3 obtained in the
presence of PA-PCL ﬁber mesh (Figure 13D,F) show several
crystalline peaks at 2θ = 36.0°, 39.4°, 43,2°, 47.5°, and 60.9°,
conﬁrming the polymorph of calcite. Indeed, a new reﬂection
peak at 2θ 32.8° indexed as (006) corresponding to calcite
was also observed.
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4. CONCLUSIONS
We demonstrate that the distribution of PCL ﬁbers aﬀects
the nucleation and polymorphism of CaCO3 showing the
capability to stabilize calcite and vaterite polymorphs. The
presence of pores and the pore size in the PCL meshes with
respect to NP-PCL ﬁber mesh aﬀects the predominance of
calcite/vaterite crystals and the intensities of the crystallographic faces in both polymorphs. We observed that the
electrospun PCL meshes behave as low wettability systems
with respect to glass and melted PCL controls. Moreover, the
contact angle of NPA-PCL ﬁbers was greater than NPR-PCL
ﬁbers in aqueous and crystallization liquid media, indicating a
greater roughness of this substrate. Indeed, the A-PCL ﬁbers
with micrometric pores showed a smaller contact angle than
R-PCL ﬁber with nanometric pores in both liquid media.
Furthermore, the hydrophobic character of the PCL meshes
varied with the change of topography and the presence of
pores. The surface BET analysis allowed us to suggest that
the presence of pores on PCL ﬁbers changes their
permeability with respect to the diﬀusion of CO2 gas through
penetration of PCL ﬁbers template based on the ratio of
CO2/CaCl2-TRIS-buﬀered media aﬀecting the kinetics of
CaCO3 crystallization and may allow precipitation of a
speciﬁc crystalline form. We are convinced that the use of
electrospun polymer ﬁbers with controlled-surface topography
or containing a spatial charge arrangement as well as the
presence of pores on the ﬁber surface as an organic
electrospun polymer template represents an interesting
approach to study various aspects of mineralization of
CaCO3 such as nucleation, crystal growth, and polymorphism
delivering valuable tools to develop biomaterials based on
CaCO3 with potential industrial and biomedical uses.
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