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a b s t r a c t

Background: While electrospun materials have been frequently used in tissue engineering no wound
dressings exist that significantly improved wound healing effectively.
Methods: We succeeded to fabricate three-dimensional (3D) electrospun poly(D,L-lactide) (PLA) fiber
mats into which nanospheres, formed from amorphous calcium polyphosphate (polyP) nanoparticles
(NP) and encapsulated retinol (“retinol/aCa-polyP-NS” nanospheres [NS]), had been incorporated.
Results: Experiments with MC3T3-E1 cells revealed that co-incubation of the cells with Ca-polyP to-
gether with retinol (or incubation with retinol/aCa-polyP-NS) resulted in a significant synergistic effect
on cell growth compared with particle-free polyP complexed with Ca2þ or amorphous Ca-polyP NPs and
retinol alone. Incubation of the cells in the presence of the retinol/aCa-polyP NSs also caused a significant
increase of the expression levels of the genes encoding for the fatty acid binding protein 4 (FABP4), as
well as of the genes encoding for leptin and the leptin receptor. In contrast, the single components,
soluble Na-polyP, complexed to Ca2þ , or retinol-free aCa-polyP NPs, and retinol, had no significant effect
on the expression of these genes.
Conclusions: These results indicate that the PLA fibers, supplemented with aCa-polyP-NP or retinol/aCa-
polyP-NS, elicit morphogenetic activity, suggesting that these fiber mats, along with the antibacterial
effect of polyP, have a beneficial potential as wound dressings combining antimicrobial and regenerative
(wound healing) properties.
General significance: The PLA-based fiber mats, containing retinol and polyP nanoparticles, provide
promising bioactive meshes that are urgently needed as dressings for chronic wounds.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Wound healing is a complex and sequential, biological process
that involves at least four consecutive but overlapping and highly
programmed phases (reviewed in: [1]): Hemostasis, inflammation,
proliferation, and remodeling. First, during the hemostasis period
that immediately starts after wound setting vascular constriction
and fibrin clot formation occurs. Second after bleeding is under
control, pro-inflammatory cytokines and growth factors, including
platelet-derived growth factor, fibroblast growth factor and epi-
dermal growth factor, are released. Parallel with these events, a
B.V. This is an open access article u
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sequential infiltration of neutrophils, macrophages and lympho-
cytes, as well as platelets takes place that contributes to the pre-
vention of blood loss [2]. The function of these cells is the elim-
ination of invading microorganisms as well as the removal of
cellular debris within the damaged tissue region. These cells
produce and release protease(s) and reactive oxygen species,
which might cause bystander damage, but also morphogenetically
active polymers, e.g. polyphosphate (polyP) from platelets [3].
Third, during granulation tissue or new stroma formation, espe-
cially during the early phase of cutaneous wound repair, new ca-
pillaries endowing the neostroma with its granular appearance
and macrophages, fibroblasts, and blood vessels move into the
wound [4]. Finally, fourth, remodeling occurs that results in scar
formation. Especially, during this phase the interaction of the cells,
involved in remodeling, requires, for functional regeneration, the
synthesis of the extracellular matrix by fibroblasts [5].
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Both local and systemic factors are involved in wound healing.
Major local factors that directly influence wound healing include
(i) oxygenation/superoxide radical formation, involved in energy
production and/or oxidative killing of pathogens, (ii) infections via
microorganisms which are normally restricted to the skin surface
but might invade the underlying tissue strata. While inflammation
is a physiological period in the course of the wound-healing pro-
cess, during which contaminating microorganisms are eliminated,
a prolonged inflammation period caused by bacterial endotoxins
and mediated by pro-inflammatory cytokines, e.g. interleukin-1
and tumor necrosis factor-α, may lead to an extended or even
chronic inflammatory status. The main determining systemic fac-
tors affecting wound healing are the age status of the patient
which results in a temporal delay in wound healing [6]. The major
alterations are delayed T-cell migration into the damaged wound
area, reduced macrophage phagocytic activity and delayed re-
epithelialization as well as collagen synthesis. Likewise, the shift in
the balance between female estrogens (estrone and 17β-estradiol)
and male androgens (testosterone and 5α-dihydrotestosterone)
during aging adversely affect wound healing [7]. In addition,
physical and psychological stresses that are associated with car-
diovascular disease or cancer compromise wound healing. Fur-
thermore, the impaired healing in patients with diabetes involving
both hypoxia and dysfunction in fibroblasts and other epidermal
cells impairs angiogenesis and neo-vascularization (reviewed in:
[1]).

The well established and described medications of wound
healing involve glucocorticoid steroid drugs, non-steroidal anti-
inflammatory compounds or even chemotherapeutics. Adversely
determining factors during wound healing are distinct, unhealthy
lifestyle habits, like obesity, excessive alcohol consumption or
smoking [8]. Wound healing supportive nutrients, like poly-
unsaturated fatty acids, positively influence the production of the
essential or pro-inflammatory cytokines or vitamins; e.g., retinol
and vitamin C show potent anti-oxidant, anti-inflammatory and, in
turn, pro-wound healing effects [9].

As mentioned above, during wound healing cytokines and
growth factors are released that initiate and maintain the inter-
action between the cells and control the regenerative response of
the infiltrating cells. Besides of those soluble compounds external
factors are efficient as well as regeneration-promoting stimuli.
Among those is retinoic acid and its precursor retinol. Retinoic acid
causes a differential gene expression by activating the genes
controlling the pathways involved in retinoic acid esterification,
synthesis from its precursor(s), and metabolism [10]; simulta-
neously, retinoic acid down-regulates the expression of the genes
encoding for lipid metabolism during keratinocyte differentiation.
In spite of an increased fibroblastic proliferation potency elicited
by retinoic acid, the production of collagen was found to be di-
minished. In contrast to retinoic acid retinol has been proven to
improve significantly wound healing [11].

It is well established that retinol is metabolically transformed
into retinoic acid, especially in vivo by an enzymatically mediated
two-step conversion via retinal and causes a differential gene ex-
pression within the retinoic acid nuclear receptors complex [12].
In response cellular proliferation and differentiation is modulated.
However, only a small fraction of topically applied retinol is me-
tabolized to retinoic acid, while it undergoes an alternative con-
version into a series of metabolites, e.g. 14-hydroxy-retro-retinol
which is involved in regulation of cell growth and death of lym-
phocytes. Finally, retinol was found to produce reactive oxygen
species that activate different protein kinase pathways likewise
involved in the control of morphologic and proliferative alterations
in some human cells [13].

A new aspect in wound healing via restoration of endothelial
progenitor cell functions is the finding that leptin, administered
systemically and topically improves re-epithelialization of wounds
in mice [14]. In addition, these authors described that keratino-
cytes, located at the wound margins, express the leptin-receptor
subtype ObRb during the repair phase. Furthermore, leptin elicits a
mitogenic stimulus to human keratinocyte cells in vitro. Those data
are strongly corroborated by the finding that ob/ob (leptin null),
and db/db (leptin receptor null), mouse strains show severe defi-
ciencies in cutaneous wound repair [15]. Interestingly enough
leptin primarily released from adipocytes but also synthesized in
placenta, ovaries or skeletal muscle regulates fat deposition in the
body (reviewed in: [16]). The leptin receptor has been originally
identified in the hypothalamus. Applying both the techniques of
polymerase chain reaction (PCR) and in situ hybridization evidence
could be presented in a mouse model that leptin expression is
acutely up-regulated in experimental wounds [17], suggesting that
leptin is acutely up-regulated in injured skin tissue. Since also the
leptin receptor is expressed in those cells autocrine/paracrine
regulatory signaling cycle(s) have been proposed [17].

It is the aim of the present study to fabricate three-dimensional
(3D) porous mats comprising loosely connected fibers with high
porosity and high surface area by electrospinning. This widely
used technology utilizes electrical forces to produce polymer fibers
with diameters ranging from 2 nm to several micrometers and
using polymer solutions of both natural and synthetic origin (re-
viewed in: [18]). This technology offers the favorable potential to
synthesize novel natural nanofibers comprising controllable pore
structures. As recently outlined only a few wound dressings have
been developed that combine both prevention of microbial in-
filtration and stimulating wound cell regeneration [9]. In the
present study we have developed wound covering meshes/mats
that combine the property to allow a gas exchange environment
with antibacterial properties as well as with a morphogenetic
activity for the cells involved in wound healing. We succeeded to
encapsulate retinol into nanospheres [19], formed from polyP
nanoparticles, and fabricated them into electrospun fibers made of
poly(D,L-lactide) (PLA). It is shown in the present study, that those
mats retain the morphogenetic activity, to increase the expression
of the fatty acid binding protein 4 (FABP4) as well as of leptin and
its receptor, determined to be elicited by the retinol/polyP nano-
spheres that are not embedded into PLA. In previous studies it has
been determined that polyP comprises also an antibacterial ac-
tivity [20] and hemostatic activity [20].

For the administration of polyP and retinol to the cells had been
fabricated into nanospheres; polyP acted as a bioscaffold for the
production of nanospheres into which retinol has been en-
capsulated to form the nanospheres. Those polyP nanoparticles
had been fabricated as amorphous particles; in those state, polyP
maintained its morphogenetic activity and can be taken up by
endocytosis [19]. For the studies here osteoblast-like MC3T3-E1
cells have been used that had been implicated in wound healing as
well [21].
2. Material and methods

2.1. Materials

Na-polyphosphate (Na-polyP) with an average chain length of
30 phosphate units (NaPO3)n¼30 was obtained from Merck Milli-
pore (#106529; Darmstadt; Germany), all-trans retinol (#95144;
Z97.5%, Mr 286.45) was from Sigma (Taufkirchen; Germany).

2.2. Cultivation of MC3T3-E1 cells

The mouse calvaria cells MC3T3-E1 cells (ATCC-CRL-2593;
#99072810; Sigma) were cultivated in a-MEM (Gibco-Invitrogen,
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Darmstadt; Germany) containing 20% fetal calf serum (FCS; Gibco).
In addition, the medium was supplemented with 2 mM L-gluta-
mine, 1 mM Na-pyruvate and 50 μg/ml of gentamycin. The cells
were incubated in 25 cm2

flasks or in 24-well plates (Greiner Bio-
One, Frickenhausen; Germany) in an incubator at 37 °C and 5%
CO2. After reaching 80% confluency, the cells were detached using
trypsin/EDTA and then subcultured at a density of 5 �103 cells/ml.
The cells were seeded at a density of 5 �103 cells/well. Medium/
serum change was every 3 d.

As indicated, the following polyP preparations were added to
the cells; (i) “Na-polyP”, stoichiometrically complexed with Ca2þ

(molar ratio of 1:2 [phosphate monomer:Ca2þ]; [22]), (ii) “aCa-
polyP-NP” nanoparticles (see below), (iii) “retinol/aCa-polyP-NS”
nanospheres (see below) or (iv) “retinol”. Retinol was dissolved in
ethanol (1 mg/ml) and then diluted in DMSO (dimethyl sulfoxide).
Incubation was performed for 3 d.

In the indicated experiments, circular fiber mat samples (dia-
meter of 15 mm) were inserted into each 24-well of the plates and
seeded with MC3T3-E1 cells at a density of 5 �103 cells/well. Then
the assays were incubated for 3 d and subjected to microscopic as
well as polymerase chain reaction analyses. In the assays to de-
termine cell viability and growth, MC3T3-E1 cells were seeded
Fig. 1. Preparation of PLA-based electrospun mats. (A) PLA, the basic fiber matrix, is d
addition of the nanoparticles, aCa-polyP-NP (10 wt%). After a short stirring period, the su
in the insert (a), a SEM image; an enlarged schematic outline of the fibers with their
Fabricated mats are shown that are formed of (D) PLA alone, (E) PLA and retinol and (F
onto the 15 mm (diameter) mat samples for 2 or 4 d.

2.3. Preparation of Ca-polyP nanoparticles and Ca-polyP/retinol
nanospheres

The amorphous Ca-phosphate nanoparticles, aCa-polyP-NP,
were prepared, as described recently [19]. The resulting “aCa-
polyP-NP”, with a Ca2þ to phosphate stoichiometric ratio of 2:1,
were found to be amorphous, as verified by Fourier transformed
infrared spectroscopy and X-ray diffraction analysis.

The amorphous retinol/Ca-polyP nanospheres, retinol/aCa-
polyP-NS, were prepared under avoidance of light. A retinol so-
lution (100 mg/50 ml absolute ethanol), containing 2.8 g of CaCl2,
was added drop-wise to a Na-polyP solution (1 g in 100 ml water).
To avoid phase separation 2 g of poly(ethylene glycol) (PEG)
(P5413; Sigma-Aldrich; average mol wt 8000) were added to the
Na-polyP solution. After stirring for 6 h, the particles formed were
collected by filtration. The nanospheres were found to contain
100 mg retinol/g nanospheres (E1 mM), applying the SbCl3-based
spectroscopic technique [23]. In contrast to the nanoparticles (size
of the globular particles between 70 and 200 nm), formed without
retinol (aCa-polyP-NP), the retinol-containing nanospheres
issolved in chloroform. (B) Retinol (20 wt%) is added to this solution, followed by
spension is sonicated immediately prior to (C) electrospinning. A spun mat is shown
integrated retinol/Ca-polyP nanoparticles (retinol/Ca-polyP-NP) is depicted in (b).
) PLA, retinol and Ca-polyP.
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(average diameter of 200–350 nm) were colored in light yellow.

2.4. Fabrication of poly(lactic acid) fiber mats

Poly(lactic acid)-based nanofibers were prepared as described
[24]; a schematic outline is given in Fig. 1. Poly(D,L-lactide) (PLA)
was obtained from Sigma (mol wt 75,000–120,000; P1691). PLA
was mixed with PEG (in a ratio 80:20 wt%) and then added to
chloroform at a final concentration of 20% (w/v). The PLA/PEG-
chloroform suspension was stirred at 40 °C for 6 h, until complete
dissolution of the polymers was obtained. Retinol was added to
the PLA solution to give a final concentration of 20 wt% (with re-
spect to PLA). Where indicated, Ca-polyP nanoparticles, aCa-polyP-
NP, prepared according to Müller et al. [19]. were added to the PLA
solution, containing already retinol, at a fixed concentration of
10 wt%. The weight ratio between CaCl2 and polyP had been ad-
justed to 2:1. The suspension was sonicated for 15 min im-
mediately prior to electrospinning to assure a suitable dispersion
of the nanospheres in the PLA solution.

Electrospinning was performed with the electrospinning unit
(Spraybase; Profector Life Sciences, Dublin; Ireland) with some
modifications, adapted to the PLA-based spinning material. The
solutions were poured into the plastic syringe, equipped with a
blunt-ended stainless steel needle (18-gauge) which was con-
nected to a high-voltage supply. The solutions were spun at a feed
rate of 1 ml per h and at a voltage of 17 kV; during the process the
distance between nozzle and the collector was kept at 150 mm. A
metallic net was used as the collector in all cases, except for the
electrospinning of the mats. The fiber mats were removed from
the collectors and dried overnight. During the complete proce-
dures light exposure was avoided as so far as it is possible. The
average diameter of the fibers within the mats vary between
0.5 and 2 mm.

2.5. Chemical characterization by Ca-phosphate by FTIR

Fourier transformed infrared (FTIR) spectroscopy in the atte-
nuated total reflectance (ATR) mode was applied, using the Varian
660-IR spectrometer with Golden Gate ATR auxiliary (Agilent,
Darmstadt; Germany). Spectra between the wavenumbers 4000
and 600 cm�1 were recorded.
2.6. Cell viability assay

Cell proliferation/cell viability was determined by the colori-
metric XTT method ([Na-3′[1-(phenylamino-carbonyl)-3,4-tetra-
zolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid]) using the
“Cell Proliferation Kit II” (Roche, Mannheim; Germany). The ab-
sorbance was determined at 650 nm and subtracted from the
background values (500 nm). Viable cells were determined after
72 h.

In the cell proliferation assays, performed on mats, incubation
was terminated after 48 h or 96 h. The MC3T3-E1 cells were see-
ded onto the 15 mm (diameter) mat samples for 2 or 4 d. Then the
serum/medium was aspirated and the XTT assay was performed.

2.7. Staining of the cells

The MC3T3-E1 cells were stained with Nile Blue A (Basic Blue
12, Nile blue sulfate; Sigma N0766) as described [25]. This staining
reagent highlights in histological samples neutral lipids (trigly-
cerides, cholesteryl esters, steroids) in pink, while acids (fatty
acids, chromolipids, phospholipids) are stained in blue.
2.8. Reverse transcription-quantitative real-time PCR analyses

The gene expression levels were determined by applying the
technique of reverse transcription-quantitative real-time poly-
merase chain reaction (RT-qPCR). The cells were incubated in
medium/serum for 3 d in the absence or presence of 3 mg/ml of
polyP (in the soluble form or in nanoparticles/nanospheres) or of
3 mM retinol. Then the cells were harvested, their RNAwas isolated
and subjected to RT-qPCR. The following primer pairs, matching
with the respective mouse genes, were used: Fatty acid binding
protein 4 (Mus musculus; accession number NM_024406) Fwd: 5′-
CGATGAAATCACCGCAGACGAC-3′ [nt278 to nt299] and Rev: 5′-AC-
CACCAGCTTGTCACCATCTC-3′ [nt412 to nt392]; product size 135 bp;
leptin (M. musculus; NM_008493) Fwd: 5′-GAAGAGACCGGGAAA-
GAGTGACAG-3′ [nt2888 to nt2911] and Rev: 5′-TGACCAAGGTGGCA-
TAGCACAG-3′ [nt3040 to nt3019]; size 153 bp; and leptin receptor,
transcript variant 2 (M. musculus; NM_010704) Fwd: 5′-
GTGTGAGGAGGTACGTGGTGAAG-3′ [nt2570 to nt2592] and Rev: 5′-
CCGAGGGAATTGACAGCCAGAAC-3′ [nt2708 to nt2686]; size 139 bp.
The GAPDH [glyceraldehyde 3-phosphate dehydrogenase (Mus
GAPDH; NM_008084)] was used as reference gene Fwd: 5′-
TCACGGCAAATTCAACGGCAC-3′ [nt200 to nt220] and Rev: 5′-
AGACTCCACGACATACTCAGCAC-3′ [nt338 to nt316; size 139 bp].
Amplification was performed in an iCycler (Bio-Rad, Hercules, CA;
USA) applying the respective iCycler software. After determination
of the Ct values the expression of the respective transcripts was
calculated [26]. The expression levels of the respective genes were
determined and the calculated values were correlated to the ex-
pression values for genes in untreated cells; this value was set to 1.
The ratios between the levels in the cells, exposed to retinol or
polyP alone or together, were calculated and then plotted.

2.9. Electron microscopy and energy dispersive X-ray spectroscopy

For the scanning electron microscopic (SEM) analyses a HI-
TACHI SU 8000 electron microscope (Hitachi High-Technologies
Europe GmbH, Krefeld, Germany) was employed. For the visuali-
zation of the cells, attached to the spun mats, the samples were
remover after incubation and subjected to fixation, dehydration
and air drying.

EDX spectroscopy was performed with an EDAX Genesis EDX
System attached to a scanning electron microscope (Nova 600
Nanolab; FEI, Eindhoven, The Netherlands) operating at 10 kV with
a collection time of 30–45 s. Areas of approximately 10 μm2 were
analyzed by EDX.

2.10. Statistical analysis

After finding that the values follow a standard normal Gaussian
distribution, the results were statistically evaluated using paired
Student's t-test [27].
3. Results

3.1. Effect of polyP and polyP-retinol laden nanoparticles/nano-
spheres on cell growth

It is the aim of this series of experiments to elucidate if polyP
and retinol, administered together to the cells, display an inter-
acting effect on cell growth and metabolism. Both compounds,
separately added, display miscellaneous anabolic effects on cells in
vitro. As examples, polyP causes an inducing effect on biominer-
alization/hydroxyapatite formation which is paralleled with an
increased induction of the gene encoding for alkaline phosphatase
[22]. Likewise, retinol contributes to the anabolic metabolic



Fig. 2. Influence of polyP, encapsulated in nanoparticles or together with retinol in
nanospheres, on cell viability (XTT colorimetric assay). The MC3T3-E1 cells were
incubated with different concentrations of polyP (given in mg/ml) or retinol (mM), as
indicated, for 72 h. Then the cells were assayed with XTT. The cells were exposed to
different concentrations of Na-polyP, complexed with Ca2þ , aCa-polyP-NP nano-
particles containing only polyP, retinol/aCa-polyP-NS nanospheres that contain in
addition of polyP retinol, as well as with retinol. The results are expressed as means
(n¼10 experiments each)7standard error of the mean; *po0.01.
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pathways in a series of processes, e.g. embryonic development or
regulation of epithelial and hematopoietic cellular differentiation.
In the present study and using MC3T3-E1 cells it is found that both
particle-free Na-polyP, complexed with Ca2þ , as well as nano-
particles, formed by amorphous Ca-polyP, have no effect on the
number of cells during a 72 h incubation period below a con-
centration of 3 mg/ml (Fig. 2). However, if the nanoparticle pre-
paration, aCa-polyP-NP, is added to the cells at a concentration of
10 mg/ml, a significant increase in the number of viable cells, based
on the XTT reduction assay, is measured during the incubation
period. Retinol, added as a single component, at a concentration of
3 mM also does not affect cell growth significantly.

If retinol is encapsulated into Ca-polyP-based nanoparticles and
by that is forming the retinol/Ca-polyP nanospheres, a strong
amplification of cell growth is measured (Fig. 2). Already at the
concentration of 3 mg/ml the retinol/aCa-polyP-NS increase the
absorbance in the XTT assay from E1.3 A260 units to 2.88 units, a
value which increased to 4.18 units in assays containing 10 mg/ml.
The concentration of retinol in 3 mg/ml of nanospheres is
Fig. 3. Staining of MC3T3-E1 cells with Nile Blue A. The cells were incubated for 72 h (A)
NP or (D) retinol/aCa-polyP-NS, as well as with (E) 3 mM retinol. It is seen that the poly
approximately 0.3 mg/ml (E1 mM), a retinol level found not to
change the growth of the cells (not shown). This is a first indica-
tion reflecting that Ca-polyP together with retinol acts synergis-
tically in the system used here.

The cells, grown as monolayers, were stained with Nile Blue A
(Fig. 3) The cells were incubated with 3 mg/ml of Na-polyP, aCa-
polyP-NP or retinol/aCa-polyP-NS, as well as with 3 mM retinol. In
the controls (Fig. 3A) the cells are dominantly stained in blue while
all cell exposed to soluble Na-polyP (Fig. 3B), to polyP nano-
particles (Fig. 3C), to nanospheres (Fig. 3D), or to retinol (Fig. 3E)
highlight in light/bright pink. This result is taken as an indication
that the cells incubated in the presence of polyP, as well as of
retinol contain more fatty acids, chromolipids and/or phospholi-
pids than the controls. In addition, it is apparent that the densities
of the cell layers in the polyP-treated cells as well as in the retinol-
treated cells are higher, compared to the controls.

3.2. Effect of polyP and retinol on gene expression (FABP4, leptin and
leptin receptor)

The expression levels of the fatty acid binding protein 4 (FABP4)
as well as of leptin and the corresponding leptin receptor were
assessed by RT-qPCR, using the house-keeping gene GAPDH as a
reference. The MC3T3-E1 cells remained either untreated or were
exposed to 3 mg/ml of soluble Na-polyP, aCa-polyP nanoparticles or
retinol/aCa-polyP nanospheres. In this series also the incubation
with free retinol (3 mM) was included. The incubation period of the
cells was set to 3 d. Then the RNA was extracted and the expres-
sion levels were determined and correlated to the one of GAPDH;
this ratio was set to 1.

The expression level of all three genes, FABP4, leptin, and leptin
receptor, did not change significantly, with respect to the untreated
control, if the cells were incubated with soluble Na-polyP, com-
plexed to Ca2þ (Fig. 4). However, addition of the polyP nano-
particles, aCa-polyP-NP, caused a significant upregulation of the
steady-state-expression of both the FABP4 (2.3-fold), the leptin
(4.2-fold) and the leptin receptor gene (3.8-fold). Even more pro-
nounced is the increase if the nanospheres, retinol/aCa-polyP-NS,
are added to the cells; in those assays the amount of transcripts
increases for FABP4 (5.8-fold), the leptin (11.6-fold) and the leptin
receptor gene (8.3-fold). If the cells are exposed to retinol alone
without addition of any component, or with 3 mg/ml of (B) Na-polyP, (C) aCa-polyP-
P-retinol-treated cells highlight in pink, while the controls appear in blue.



Fig. 4. Steady-state-expression of the genes encoding the FABP4 receptor, as well
as leptin or leptin receptor determined in untreated MC3T3-E1 cells (stippled bars)
or in cells exposed for 3 d either to 3 mg/ml of soluble Na-polyP (open bars), aCa-
polyP-NP nanoparticles (cross hatched), retinol/aCa-polyP-NS nanospheres (black
bars) or to 3 mM retinol (hatched). After incubation RNA was isolated from the
cultures and analyzed by RT-qPCR by using GAPDH as reference gene. The ex-
pression ratios were correlated to GAPDH in the respective culture series; the ratio
obtained was set to 1. SD are shown (5 experiments/time point); *po0.01.

Fig. 6. EDX analysis of the polymer used for electrospinning. The analysis was
performed with (A) PLA polymer only, (B) PLA fibrous material that contained in
addition retinol, or (C) PLA that has been supplemented with aCa-polyP-NP na-
noparticles prior to the spinning process. The signals for C, O, Na, P and Ca are
marked.
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only a non-significant increase is measured (Fig. 4).

3.3. Fabrication of the electrospun mats

The effect of both retinol and amorphous Ca-polyP nano-
particles, if embedded into the electrospun fibrous mats, on the
expression of FABP4, leptin and leptin receptor was determined. As
outlined under “Section 2” the components retinol and Ca-polyP
nanoparticles had been incorporated into the PLA-based fiber
mesh (Fig. 1). PLA was mixed with PEG in a ratio of 80:20 wt% and
then dissolved in chloroform as outlined under “Section 2”. Sub-
sequently retinol was added at 20 wt% (with respect to PLA) to the
PLA solution. In addition, the aCa-polyP-NP nanoparticles were
added as well, reaching a final concentration of 10 wt%. The sus-
pension formed was sonicated and used for the electrospinning
procedure.

Mats with diameters of up to 20 cm were fabricated, woven
from E2–4 mm fibers of an average mesh size of 10–20 mm. The
color of the mats became yellowish if the fibers contained retinol;
hence they had to be protected from light. While the pure PLA
Fig. 5. FTIR spectra of PLA (PLA), and retinol (Retinol) as well as of PLA, containing 20
nanoparticles (PLA-ret/aCa-polyP-NP), as described under “Section 2”. The spectra were r
and 775 cm-1.
mats appeared in white (Fig. 1D), the mats spun from both PLA/
retinol solution (Fig. 1E) and from PLA/retinol/aCa-polyP-NS sus-
pension appear in yellow (Fig. 1F).

3.4. Characterization of the mats

FTIR analyses were conducted to assess structural changes and/
or molecular chain interactions within the PLA:nanospheres fiber
mats. The following samples were included: PLA basic matrix,
retinol, PLA containing 20% retinol as well as PLA containing 20%
wt% retinol (PLA-ret), and finally of PLA, composed of retinol and aCa-polyP-NP
ecorded between (A) wavenumbers 4000 to 775 cm�1 and (B) wavenumbers 2000



Fig. 7. SEM analysis of fibrous mats after cultivation of cells. Precisely fitting mat samples were cut and submersed into the 24-well plates; 5 � 103 cells/well were seeded and
incubation was performed for 3 d. Then the mats were taken, fixed and dehydrated and subsequently subjected to SEM analysis. (A and B) Fibrous mats spun with PLA only;
very rarely cells/cell clusters could be identified (-c). (C and D) In a scattered pattern cells (c) are arranged onto mats, fabricated with PLA and aCa-polyP-NP; infrequently
dense cell layers (cl) can be resolved. (E and F) In contrast, dense cell layers (cl) are seen that have been formed during the incubation period onto fibers formed from PLA/
retinol/aCa-polyP-NS. Occasionally, within the rim region (r), the transition from the densely packed cells (in C at the right) to the less populated areas can be resolved (left).
The dividing line is marked by two single headed arrows.

Fig. 8. Determination of cell viability (XTT colorimetric assay) of MC3T3-E1 cells,
cultured for 2 or 4 d onto plain PLA fiber mats (open bars), or mats supplemented
with aCa-polyP-NP (cross hatched) or with retinol/aCa-polyP-NS (closed). The cell
viability/growth of the cells onto mats, supplemented with either aCa-polyP-NP or
with retinol/aCa-polyP-NS, is significantly higher compared to cultures with plain
PLA fibers. Means (n¼10)7standard error of the mean; *po0.01.

W.E.G. Müller et al. / Biochemistry and Biophysics Reports 3 (2015) 150–160156
retinol and 10% Ca-polyP nanoparticles. As shown in Fig. 5, all
5 samples tested caused a pronounced peak for the PLA polyester
with the strong carbonyl band (C¼O) at 1746/1749 cm�1, a C–H
bending vibrations of CH3 at 2982 and 2930 as well as at 1445 and
1380 cm�1, and the asymmetric C–O stretching vibrations at
1300–1000 cm�1. In contrast to the pure PLA samples, the ab-
sorption band of C¼O of the carbonyl groups in PLA shifts from
1746 cm�1 to 1749 cm�1 or 1748 cm�1; this absorption intensity
shifts also after addition of retinol and Ca-polyP (Fig. 5). Moreover,
a similar shift occurred for the stretching vibrations within the
wavenumber range between 1300 and 1000 cm�1.

The FTIR spectrum for retinol shows the characteristic retinol
band at 1549 cm�1 (hydroxyl group of retinol), a signal that dis-
appeared in the spectrum for PLA, containing retinol (Fig. 5). In
addition, in retinol a wide range of signals between wavenumbers
1100 and 800 cm�1. These findings indicate that PLA into which
the components polyP and retinol had been encapsulated show
weak interactions to the PLA matrix.

The EDX analyses of the PLA fiber material (Fig. 6A) as well as
the PLA/retinol spinning material (Fig. 6B) show only the expected
signals for C and O. In contrast, if the PLA-aCa-polyP-NP polymer is



Fig. 9. RT-qPCR analyses to assess the number of transcripts for the three genes
FABP4, leptin, and leptin receptor. After seeding, the MC3T3-E1 cells were cultivated
for 3 d onto mats fabricated from PLA only (numbers not determinable [n.d.]), onto
spun fibers made of PLA and aCa-polyP-NP (cross hatched bars), or of PLA and
retinol/aCa-polyP-NS (black bars). The expression values for FABP4, leptin, and leptin
receptor were referred to the GAPDH expression. In turn, those numbers were
correlated to the expression values of the genes under study and GAPDH, measured
in cells that have been used for seeding (after detachment from the culture bottoms
and a subsequently handling period for 2 h); those ratios were set to 1. SD are
shown (5 experiments/time point); *po0.01.
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analyzed then the signals for Ca, P and Na appear in addition to C
and O (Fig. 6C). The Na peaks reflect the residual Naþ that origi-
nate form the original Na-polyP material, used for the conversion
to the insoluble Ca-polyP.

The diameters of the fibers composing the mats are as follows
(number of determinations is 10): PLA fibers 3.871.3 mm, PLA fi-
bers with integrated aCa-polyP-NP 4.371.6 or with retinol/aCa-
polyP-NS 3.171.8.

3.5. Functional studies of the polyP-containing fiber mats

The MC3T3-E1 cells were seeded onto the circularly sliced
samples of the spun mats and incubated for 3 d. In the first series
of experiments the mats were taken after incubation fixed, dehy-
drated and then subjected to SEM analysis. The results show that
almost no cells could be visualized onto those fibrous mats that
had been spun with PLA alone (Fig. 7A and B). A higher density of
cells can be resolved on PLA mats, fabricated with aCa-polyP-NP
(Fig. 7C and D). In contrast, if the cells had been cultivated onto
PLA fibers, supplemented with retinol/aCa-polyP-NS, densely
packed cell layer are observed (Fig. 7E and F).

The viability/growth of MC3T3-E1 cells, cultured for 2 or 4 d
onto plain PLA fiber mats, or mats supplemented with either aCa-
polyP-NP or retinol/aCa-polyP-NS was determined by using the
XTT assay. The results revealed (Fig. 8) that only a slight increase in
the absorbance values (at 650 nm) is measured after 2 d with
(0.08470.009) and 4 d (0.12870.024) in cultures growing on PLA
fibers only. The respective absorbance values at time zero in all
assays had been determined with 0.02170.003. In contrast, a
significant and strong increase in cell number is seen in the assays
with mats fabricated of PLA, supplemented with both aCa-polyP-
NP and retinol/aCa-polyP-NS. After the incubation period of 4 d an
increase in the absorbance values to 0.34970.026 is measured in
assays with mats made with PLA and aCa-polyP-NP, or to
0.70570.068 in assays with PLA fibers, supplemented with with
retinol/aCa-polyP-NS.

To support quantitatively the functional properties of the
different mats for the cellular activity the steady-state-expression
levels for the three genes, studied here FABP4, leptin, and leptin
receptor, were determined by RT-qPCR analyses. The expression
values have been correlated to the expression of the reference
gene GAPDH; those values are subsequently proportioned to the
ratio of those genes to GAPDH measured in the cells that have been
used for seeding (immediately after detachment and a handling
period of 2 h). It is seen that no measurable expression values of
the genes in cells cultivated onto purely PLA mats can be given,
due to the presence of only a few cells that survived onto those
fibers (Fig. 9). In contrast, both the steady-state-expression levels
for FABP4, leptin and leptin receptor undergo significant elevation
onto PLA-aCa-polyP-NP fiber mats with 1.2-fold, 2.3-fold and 2.6-
fold, respectively. A likewise strong induction is seen for those
genes, if grown for 3 d onto PLA-retinol/aCa-polyP-NS fibers, with
3.7-fold, 5.8-fold and 6.1-fold, respectively (Fig. 9).

Based on these experiments we conclude that those PLA fibers,
if supplemented with either aCa-polyP-NP or retinol/aCa-polyP-
NS, elicit morphogenetic activity as monitored for the expression
of the genes encoding for FABP4, leptin and leptin receptor.
4. Discussion

In the present study we report that polyP, fabricated as nano-
particles, if administered together with retinol and packed into
fibrous mats elicit a synergistic expression of genes, encoding for
leptin/leptin receptor as well as for the FABP4 in MC3T3-E1 cells.
Both cascades are involved in the regulation not only of the overall
energy metabolism of cells but also in cell growth and differ-
entiation control. Important for the study described here is that
both pathways (leptin/leptin receptor and FABP4) are affected by
retinoids, more specific by retinoic acid. The functional interaction
between leptin and leptin receptor can regulate growth and dif-
ferentiation of e.g. hematopoietic cells and macrophages as well as
re-epithelialization of wounds in mice [14]; FABP4 controls cell
differentiation and proliferation in a series of cell types, among
them endothelial cells; scheme in Fig. 10.

Retinoic acid has been found to suppress leptin synthesis and
secretion in adipocytes in vitro. However, if administered for a
short period retinoic acid elevates leptin expression in vivo, in rats
[28], more specific in syncytiotrophoblasts that are forming the
outer layer of the chorionic villi of the human placenta. In general,
the effect of retinoic acid appears to function in a tissue-specific
manner and apparently elicits no effect on leptin gene expression
in osteoblasts. Interestingly, the leptin receptor has been found to
be co-expressed in leukemic cells with the leukemia-retinoic acid
receptor, a finding that opens a new therapeutic target for leuke-
mia therapy [29]. These data might imply that retinoids, if they
display a anabolic morphogenetic effect, act via the retinol–ret-
inal–retinoic acid-retinoid X receptor α (RXR) on leptin/leptin re-
ceptor gene expression. These in vitro data had been corroborated
by in vivo studies revealing that retinoids modulate anabolically
hepatic leptin signaling and insulin sensitivity in mice [30].

The fatty acid binding protein 4 (FABP4) is a member of the
family of intracellular FABPs that facilitates the compartmental
distribution of fatty acids inside the cell. FABP4 binds with high
affinity long-chain fatty acids (KdE100 nM) but also retinoic acid
with a lower affinity (KdE50 mM) as described [31]. Originally
FABP4 had been described as an adipocytes-specific protein, and
later identified also in other cell types, e.g. macrophages or en-
dothelial cells during their processes of regeneration [32]. The
expression of FABP4 is controlled by the vascular endothelial
growth factor A/vascular endothelial growth factor 2 (VEGFA/
VEGFR2) pathway in endothelial cells [33]. This important sig-
naling protein is involved in both vasculogenesis and in



Fig. 10. Proposed effect of polyP and retinol on the expression of the fatty acid binding protein 4 (FABP4) and leptin/leptin receptor. It has been proposed that polyP acts via the
MAPK signaling route (p38) MAPK pathway and/or the mTOR complexes 1 and 2. The FABP4 expression might include the transcription factor Ets1. This pathway acts
positively on the FABP4 expression level that is correlated with the polyP/DLL4-NOTCH signaling pathway as well as with Foxo1. VEGFA (vascular endothelial growth factor)
induces, after binding to its receptor (VEGFAR) and activation of DLL4 (delta-like ligand-4), the paracrine activation of NOTCH signaling, resulting in FABP4 expression.
Intermediately, the intracellular domain (NICD) of the NOTCH receptor translocates to the nucleus and bind to the transcription factor complex, composed of Foxo1 and the
DNA-binding protein RBP-Jκ, through which FABP4 transcription is induced. FABP4 protein migrates into the cytoplasm and binds RA (retinoic acid). It is proposed that RA
with FABP4 re-enters the nucleus and forms the RXR–RAR (retinoid X receptor-retinoic acid receptor heterodimer). In this transcription complex, at the RA response element
(RARE), the genes encoding for leptin and leptin receptor are increasingly transcribed. RA is synthesized via retinol (Rol), that is taken up by the cells via STRA6 (membrane
transporter) where it is bound to CRBP (cellular retinol-binding protein), undergoes oxidation by the ADH4 (alcohol dehydrogenase 4) to RAL (retinal) and finally to RA,
which is finally translocated via CRABP (a retinoic acid-binding protein) to the nucleus where it binds at the RARE (retinoic acid response element) of the DNA under
formation of the RXR/RAR complex. In conclusion, polyP causes an upregulation of the binding protein FABP4 which accelerates the retinol effect on the expression of leptin
and leptin receptor. These two arms, FABP4 increased synthesis and RAR transcriptional promoting activity, positively affect cell differentiation and re-epithelization.
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angiogenesis; in addition, VEGFA stimulates endothelial cell mi-
togenesis and cell migration. A reduced expression of FABP4 re-
duces endothelial cell proliferation, migration, and sprouting. Fi-
nally, the FABPs have been described to be necessary for cell mo-
tility within regenerative epidermis during wound healing [34]. In
the present study it is shown that the polyP-based nanospheres
elicit an increased expression of the FABP4 gene.

Recently it has been established that VEGFA after binding to the
VEGFR2 causes an activation of the Notch ligand DLL4 through
which the Notch signaling pathway directly regulates FABP4 gene
expression [33]. Intermediately, the Notch intracellular domain
(NICD) is translocated to the nucleus and, in concert with the in-
sulin-responsive Foxo1 transcription factor as well as other with
other transcription factors, e.g. RBPJκ, causes FABP4 gene expres-
sion. In turn FABP4 binds in the cytoplasm to both long chain fatty
acids and retinoic acid and delivers those specific ligands from the
cytosol to the nuclear receptor PPARγ [peroxisome proliferator-
activated receptors gamma]. There, this receptor forms a hetero-
dimer with the RXRs and causes induction of transcription; RXR is
activated by the retinol metabolite 9-cis retinoic acid not only in
fat-related cells but also in keratinocytes [35]. These cross-talks
are sketched in Fig. 10.
A second pathway had been identified through which FABP4

expression is controlled; the mitogen-activated protein kinase
(MAPK) signaling route, targeting the transcription factors c-jun
and c-myc [36]. This finding is interesting since also polyP has
been found to use the signal transduction pathway MAPK for in-
ducing of genes, e.g. the heat shock protein 27 [37]. However, the
data presented indicate that the p38/MAPK path, initiated by
polyP, is used and not the c-jun. In turn, future studies must clarify
to which extent a switch between the different three main sig-
naling modules (ERK1/2, JNK/p38 and ERK5) of the MAPK path-
ways targeting FABP4 can occur. Based on these data we postulate
that polyP acts on two levels: on the steady-state-expression of
FABP4; first via the MAPK signaling on the expression of FABP4
and, if of polyP and retinol is packed into nanospheres, of both the
leptin and its corresponding leptin receptor. Both arms of the signal
transduction chain cause an increased proliferation/differentia-
tion, combined with an amplification of the retinol-caused acti-
vation of the RXR, resulting in a promoted transcription of those
downstream target genes that either are involved in the pleio-
tropic effects of the retinoids during differentiation or control the
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energy balance, inflammation, and vascularization [38]. Interesting
are the recent data that indicate that polyP activates the mTOR
complexes 1 and 2 in endothelial cells [39], a complex that is
crucially involved in the cellular energy metabolism [40]. This
finding fits with the observation, documented in the present study
that polyP induces the lipid reservoirs in the MC3T3-E1 cells used.

In conclusion, the data present here indicate that polyP, packed
with retinol into nanospheres, activate/modulate via mTOR and
the MAPK pathway the expression of the transcription factor ETS1
[41], which in turn is assumed to interact synergistically with the
Foxo1/NICD-RBPJκ complex under expression of FABP4 gene.
Comprehensive data on FTIR and EDAX spectra of the particles
have been given recently [19,42].

FABP4 in turn binds to retinoic acid in the cytoplasm and re-
turns back to the nucleus. There an increase expression and
synthesis of leptin and leptin receptor takes place, a ligand-re-
ceptor loop that positively affects re-epithelialization. FABP4 ad-
ditionally affects the cell proliferation and differentiation.

It should be stressed that the published effect of polyP to in-
crease the expression of the alkaline phosphatase [22], and the
report that this enzyme is an indicator for a beneficial effect on
wound healing [43], additionally support our presented findings
that this polymer has a beneficial effect on wound healing.

The retinol concentration in the retinol/Ca-polyP-NS nano-
spheres was determined to be 100 mg/g nanoparticles, applying
the SbCl3-based spectroscopic technique [23]. Adding those par-
ticles to a basiscreme at a concentration of 2% for cosmetic and/or
dermatological applications, a final available retinol concentration
would be 0.2%; this concentration meets the recommendation for
ingredients in cosmetic products, e.g. body lotions or creams [44].
With respect to wound dressings, fabricated in the present study,
the fibers contain 10 wt% of nanospheres, yielding to a final retinol
concentration of 1% of retinol.

Future studies are directed to investigate the kinetics of de-
gradation of the retinol/Ca-polyP-NS nanospheres by cutaneous
alkaline phosphatase, and the cellular uptake of the liberated re-
tinol, as well as possible stategies to stabilize the polyP in order to
prolong the biological activity of the retinol/Ca-polyP-NS based
electrospun mats for potential use as dressings in wound repair. In
addition, cryosectioning/transmission electron microscopy studies
will be performed to assess the distribution of the nanoparticles
within the fibers of the mats. Future studies will also include de-
gradation kinetics of the mats as well as of the nanoparticles and
the nanospheres. The data presented here indicate that the PLA-
based fiber mats, containing retinol and polyP nanoparticles have
to be considered not only as advanced, interactive electrospun
meshes but also as bioactive meshes that are urgently needed as
dressings for chronic wounds.
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