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Hyaluronic Acid-Functionalized Hybrid Gelatin–Poly-L-Lactide
Scaffolds with Tunable Hydrophilicity
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Svenja Reimer Hinderer, PhD,1,2 Brigida Bochicchio, PhD,4 and Katja Schenke-Layland, PhD1–3,5,i

In this study, we describe the production of hybrid gelatin–poly-L-lactide electrospun scaffolds whose hydro-
philicity was controlled by binding increasing concentrations of hyaluronic acid (HA). We show that cross-linking
has advantages over coating when aiming to functionalize the scaffolds with HA. The here described scaffolds
structurely mimicked the complexity of the extracellular matrix, and when excited by second harmonic generation,
they produced a signal that is typical of collagen-containing biological fibers. Fluorescence lifetime imaging
microscopy (FLIM) was used to marker-independently monitor the growth of human dermal fibroblasts on the
electrospun scaffolds using reduced (phosphorylated) nicotinamide adenine dinucleotide as target. Benefitting
from the different fluorescence lifetimes of the polymer and the endogenous cellular fluorophore, we were able to
distinguish and separate the signals produced by the cells from the signals generated by the electrospun scaffolds.
FLIM further allowed the detection of metabolic differences in the cells seeded on the HA-functionalized scaffolds
compared with cells that were cultured on nonfunctionalized control scaffolds.
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Impact Statement

The study describes the production of hybrid gelatin–poly-L-lactide (GE:PLLA) electrospun scaffolds whose hydrophilicity
was modified by cross-linking specific amounts of hyaluronic acid (HA) to the free amine residues of GE. Utilizing
endogenous second harmonic generation signal and natural autofluorescence patterns as well as fluorescence lifetime
imaging microscopy, we were able to marker independently and noninvasively monitor the seeded and unseeded electro-
spun scaffolds. The here presented data are highly relevant when aiming for the simultaneous in vitro imaging and
metabolic analysis of cultured cells in an environment close to the physiological one, which is crucial for the in vitro testing
of drugs, metabolites, and other bioactive molecules.

Introduction

Nanofibrillar electrospun scaffolds represent an
emerging class of nanostructures that can mimic and

reorganize the extracellular matrix (ECM) to sustain tissue
regeneration and accelerate healing processes.1–5 In the past
years, growing attention has been paid to the advantages of
hybrid scaffolds over single-component systems.5–10 By

combining two or more polymers, hybrid scaffolds are
equipped with unique mechanical, biochemical, and struc-
tural properties.9 Blend electrospun scaffolds have already
been used in a wide range of tissue engineering and drug
delivery systems.7,10

Electrospinning is a process that, starting from a polymer
solution or melt, uses a high-voltage source to obtain three-
dimensional (3D) structures composed of nanofibers and
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pores with variable sizes.11–15 Electrospun scaffolds exhibit
strong mechanical properties while maintaining a very high
surface-to–volume ratio.16,17 To date, the most widely used
polymers to produce electrospun nanofibrous scaffolds are
synthetic.18,19 Among them, there are the polyesters poly-
lactic acid,20,21 polyglycolic acid,22 and their copolymer,
poly(lactic-coglycolic) acid.23–25 All these materials are
biocompatible and can be easily produced starting from
inexpensive raw material sources.20–26 To obtain biomi-
metic nano- and microfibers from such materials, an ap-
pealing approach has been the direct electrospinning of
naturally derived polymers.27–29

To date, collagens, gelatin, fibrinogen, chitosan, and al-
ginate have all been used as starting polymers to obtain
nanofibrous structures by electrospinning.29 Many of these
macromolecules retain cell-binding sites and biomolecular
signatures that can favor cell–material interactions.25

However, the harvesting and processing of natural polymers
are not as straightforward as for synthetic polymers, po-
tentially impacting their unique and specific properties, or
even causing denaturation.25,26 Moreover, their poor mis-
cibility with synthetic polymers can lead to badly blended
polymeric nanofibers exhibiting unpredictable material
properties because of inhomogeneity.30–32 Thus, the pro-
duction of hybrid electrospun nanostructures that can profit
from the favorable biological properties of the natural
polymer and the mechanical properties of the synthetic
polymer remains a great challenge.

In this study, we present a method to develop and char-
acterize hybrid electrospun scaffolds comprising well-
blended gelatin (GE) and poly-L-lactide (PLLA) whose
hydrophilicity was controlled by binding different amounts
of HA. GE consists of a mixture of protein fragments, with a
comparable amino acid composition as collagens, from
which it derives through partial hydrolysis.33

Materials and Methods

GE has already been successfully employed in the pro-
duction of biomaterials leveraging its biodegradability,
biocompatibility, and commercial availability at low cost.34

Mammalian GE is rich in domains able to bind to cell-
surface receptors and to other ECM proteins, such as
fibronectin, thus offering an excellent substrate for the at-
tachment and proliferation of adherent cells.35 In addition,
GE can undergo collagenase-mediated hydrolysis, which
allows the material resorption with no toxic residuals.36 GE
has advantages over collagens, such as collagen type I,
which includes a lower immunogenicity37–39 and a better
solubility in aqueous systems.40,41

However, the high-water solubility of GE that represents
an advantage for its processing makes the cross-linking
mandatory before any use for biomedical applications. To
date, carbodiimide-based cross-linking strategies represent
the first choice.42–46 The cross-linking reaction offers the
possibility to specifically bind molecules to the amino acid
residues.47–50 PLLA is a widely used aliphatic polyester.51

Cell adhesion for polylactide is not high due to its hydro-
phobicity,52 but its mechanical strength and elasticity are
much greater than GE.53,54 PLLA can be chemically syn-
thesized either by poly-condensation of lactic acid or by
ring-opening polymerization of lactide, a cyclic dimer of

lactic acid.55 One of the very attractive properties of PLLA
is that it can be resorbed in vivo after its hydrolytic or en-
zymatic digestion to the nontoxic lactic acid.55 HA is a
nonsulfated glycosaminoglycan (GAG) found within the
ECM of human connective tissues consisting of the repeti-
tion of two alternating glycoside linkages of a-1, 4-d-
glucuronic acid and b-1, 3-N-acetyl- d-glucosamine.56

HA is involved in tissue repair, wound healing, as well as
cellular adhesion and proliferation.57–61 A unique visco-
elastic and rheological property together with its antibacte-
rial and anti-inflammatory quality makes HA an attractive
material for biomedical applications.61 In addition, various
proteins that impact ECM interactions can bind to HA, and
thus it regulates how cells interact with their surrounding
microenvironment.62,63 The ECM serves, among other
things, in vivo as a scaffold for cells and is responsible for
cell proliferation, communication, and differentiation.63,64

Blend nanofibrous electrospun scaffolds can mimic the
complexity of the ECM of native tissues, and thus help to
support cell adhesion and growth.62

The development of methodologies that allow the dy-
namic imaging and analysis of living cells and tissues in a
neither invasive nor destructive way represents another great
challenge. Multiphoton laser-based microscopy (MPM) has
significantly enabled noninvasive bioimaging.65 MPM is a
technique based on nonlinear optical processes such as two-
photon-excited fluorescence or second harmonic generation
(SHG).66

The simultaneous absorption of two photons is very un-
likely to occur and short-pulsed femtosecond lasers operat-
ing in the near infrared (NIR) are necessary.67,68

Nevertheless, the usage of this kind of lasers offers many
advantages when aiming to image biological samples. For
example, relative low average powers (in the milliwatts
range) are needed for the analysis since the excitation is
limited to the focal point. At the same time, no absorption
and fluorescence occur above and below the plane of focus
and so photobleaching and phototoxicity are generally
avoided.68 Not least, the use of excitation wavelengths in the
NIR (700 nm or even greater) makes this technique less
biologically harmful and allows a deeper penetration depth
into tissues or scattering samples when compared, for ex-
ample, with confocal microscopy.68

Moreover, many endogenous biomolecules (e.g., reduced
nicotinamide adenine dinucleotide or flavins) and biological
structures, such as collagen and elastin fibers, generate au-
tofluorescence or second harmonic signals after two-photon
excitation at specific wavelengths, and so they do not need
to be endogenously labeled.65–69 These features make MPM
a technique that allows quantitative high-resolution imaging
of untreated/unlabled samples without manipulating or
damaging them.69 MPM has been employed for the in vivo
evaluation of basal cell carcinoma.68

Other information can be obtained from each single pixel
of an MPM acquisition if the system is specifically modified.
Fluorescence lifetime imaging microscopy (FLIM) is a
technique that can be coupled with MPM. FLIM allows, for
example, the discrimination between fluorophores exhibit-
ing different decay times,67,68 or helps to attain information
about cellular metabolism and biological microenviroments
when having specific endogenous fluorophores as target
molecules.69
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All research was carried out in compliance with the rules
for investigation of human subjects, as defined in the De-
claration of Helsinki. The use of human fibroblasts in this
study was approved by the local research Ethics Committee
(F-2012-078).

Experiment

Experimental design

Electrospinning. PLLA (viscosity *1.0 dL/g, 0.1%
weight/volume (w/v) in chloroform (25�C), Mn 59,000, Mw

101 kDa, ester terminated) and GE (type B, from bovine
skin, cell culture tested, Mw 50–100 kDa, bloom strength
*225 bloom) were purchased from Sigma-Aldrich (Stein-
heim, Germany). In total, 225 mg of PLLA was dissolved in
3 mL of 1,1,1,3,3,3-hexafluoro-2-propanol (Sigma-Aldrich)
and the solution was incubated at 37�C under permanent
magnetic stirring for 2 h. Thereafter, 225 mg of GE was
added, and the solution was kept under magnetic stirring at
37�C for further 20 h.

Electrospinning experiments were performed with a
customized electrospinning device.70 An 18 G stainless steel
needle was employed at a distance of 19 cm from the col-
lector. Applied voltage and flowrate were 19.5 kV and
2.1 mL/h, respectively. Collagen type I from calf skin
(Bornstein and Traub Type I, solid, BioReagent, suitable for
cell culture) was purchased from Sigma-Aldrich. According
to a reported literature protocol, the collagen was dissolved
to a final concentration of 16% w% in a 1:1 v:v mixture of
absolute ethanol (EtOH, EMD Merck Millipore, Darmstadt,
Germany) and a 20X PBS buffer.71 In this case, a 20 G
stainless steel needle was employed at 10 cm from the col-
lector. Applied voltage and flowrate were 20 kV and 1 mL/h,
respectively.71

Cross-linking procedure. Sodium hyaluronate (95% de-
gree of purity, molecular weight: 1.5 to 2.2 million Da) was
purchased from ACROS Organics� (part of Fisher Scien-
tific GmbH, Schwerte, Germany). For the cross-linking,
we used a solution in EtOH 95%/ddH2O of N-(3-
dimethylaminopropyl)-N¢-ethylcarbodiimide hydrochloride
(EDC$HCl, Novabiochem�, EMD Merck Millipore) and
N-hydroxysuccinimide (NHS, Sigma-Aldrich) in equimolar
ratio, both at the concentration of 50 mM.

Utilizing a 48-well plate (Greiner CELLSTAR�, Greiner
Bio-One GmbH, Frickenhausen, Germany), punches of the
electrospun scaffolds (9 mg, Ø = 10 mm) were immersed in
1 mL of the cross-linking mixture either supplied with or
without HA. In total, 900 mL of EDC:NHS 50 mM:50 mM/
EtOH 95% was added into each well. Then, 100mL of ei-
ther a sodium hyaluronate/ddH2O solution or pure ddH2O,
as described by Yang et al.,72 was added before immersing
the scaffold punches. Sodium hyaluronate/ddH2O solutions
with different final w/v% (from 0.005% to 0.04%) were
tested. After immersion, the scaffolds were incubated in
the cross-linking mixture at room temperature (r.t.) for 24 h
using an orbital shaker (60 rpm). The scaffolds were then
gently dried on filter paper and washed with ddH2O
(3 · 1 mL ddH2O) and finally kept in 1 mL of ddH2O for
another 24 h.

After the washing procedure, the excess water was re-
moved using a filter paper. The scaffolds were finally im-

mersed in 70% EtOH/ddH2O for 30 min, then dried on filter
paper, and allowed to stay overnight at r.t. to complete
evaporation of any solvent residual.

HA coating. Punches (9 mg, Ø = 10 mm) of cross-linked
GE:PLLA scaffolds in a 1:1 weight:weight (w:w) ratio were
fully immersed in 1 mL of a 0.025% w/v HA solution in
EtOH 85%/ddH2O and gently mixed at r.t for 24 h using an
orbital shaker (60 rpm). Thereafter, the solvent was let to
completely evaporate overnight at r.t., and the scaffolds
were used for further characterization either before or after
being washed.

Cetrimonium bromide turbidimetric assay. HA conjuga-
tion onto electrospun scaffolds was confirmed and quantified
by a reported indirect method using a cetrimonium bromide
(CTAB, ‡98%, Sigma-Aldrich) turbidimetric assay.73,74 The
amount of conjugated HA was calculated by subtracting the
amount in the supernatant fraction from the total amount
used in the cross-linking reaction. In brief, after the cross-
linking reaction (Section 2.2), skipping the washing steps,
the solvent was allowed to completely evaporate. Then,
300mL of 0.2 M sodium acetate (AcONa) buffer (pH 5.5),
containing NaCl 0.15 M, was added into each well and the
scaffolds were incubated at 37�C for 15 min. The same as-
say was performed for HA-coated scaffolds, either before or
after the washing procedure.

A negative control (300 mL of 0.2 M AcONa +0.15 M
NaCl) and a positive control (300mL of 0.5 mg/mL sodium
hyaluronate in 0.2 M AcONa +0.15 M NaCl) were also in-
cubated at 37�C for 15 min. Afterward, 600 mL of 2.5% w/v
CTAB solution in 2% w/v NaOH/ddH2O was added into the
wells, the scaffolds were removed, and the apparent absor-
bance of the insoluble complexes was measured within
10 min at 570 nm using a TECAN� Infinite 200 Reader
(Crailsheim, Germany). The amount of unreacted or washed
away HA was determined according to a linear calibration
curve for HA concentrations between 0 and 0.5 mg/mL.
Each sample was analyzed in sextuplicate.

Scanning electron microscopy. The morphology of the
electrospun scaffolds was determined using a scanning
electron microscope (1530 VP; Zeiss, Jena, Germany). After
platinum sputter coating, images were acquired at a distance
of 8 mm from the detector, a voltage of 15 kV, and different
magnifications. The ImageJ� software supplied with the
DiameterJ plug-in was used for fiber diameter and pores size
analyses.

Contact angle measurements. Hydrophilicity of the
electrospun substrates was analyzed using contact angle
measurements with an OCA 40 device (DataPhysics In-
struments GmbH, Filderstadt, Germany). A water drop with
the volume of 2 mL was placed onto the sample and the
contact angle was measured 10 s after water deposition
using a video setup and the SCA20 software (DataPhysics
Instruments) as previously described.75 Results were cal-
culated from 16 measurements obtained from four different
scaffold pieces for each sample.

Uniaxial tensile testing. Electrospun scaffolds were cut
into 10 · 20 mm rectangular pieces and clamped into the
uniaxial tensile testing device (Electroforce 5500;
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ElectroForce� Systems Group, Bose Corporation, MN,
USA). The exact sample dimensions were determined be-
fore each measurement and recorded with the software for
further calculations of Young’s modulus and the tensile
strength. The scaffolds were pulled to failure by applying a
stretch of 0.025 mm/s. Young’s modulus was calculated
from the initial linear slope of the stress versus strain curve
for each measurement. Measured values are presented as
average – standard deviation from 16 measurements ob-
tained from four different scaffold pieces for each sample.

Swelling test analysis. For each sample, 16 different
punches (9 mg, Ø = 10 mm) obtained from four different
scaffolds were used. Each scaffold piece was immersed in
1 mL ddH2O for 1 h at r.t. using an orbital shaker (60 rpm).
In case water drops were clearly visible on the scaffold
surface, the excess water was gently removed using filter
paper. The rate of water absorbed by each piece was cal-
culated according to the following formula [Eq. (1)]76:

Swelling %ð Þ¼
wet scaffold w mgð Þ� dry scaffold w mgð Þ

dry scaffold w mgð Þ · 100:
(1)

Formula used for the swelling test.76

Cell culture and seeding. This study was carried out in
accordance with the institutional guidelines and was ap-
proved by the local research ethics committee (F-2012-078).
Human dermal fibroblasts (HDFs) were isolated by enzy-
matic digestion as previously described.77,78 Cells were
cultured in Dulbecco’s modified Eagle medium (DMEM,
with l-glutamine; Gibco�, Life Technologies GmbH,
Darmstadt, Germany) supplemented with 10% fetal calf
serum (FCS; PAA Laboratories, Pasching, Austria) and
1% penicillin/streptomycin (100 U/mL penicilium and
100 mg/mL streptomycin, Life Technologies GmbH) in an
incubator at 37�C and in a 5% CO2 atmosphere.

Cell culture medium was changed every 3 days and cells
were passaged or seeded using trypsin-EDTA (15090046,
PAA Laboratories) at *70% confluence. When seeding the
cells directly on electrospun scaffolds, HDFs were seeded at
a rate of 2 · 105 per cm2. Scaffolds were rinsed with fresh
culture medium 4 h after seeding.

In vitro cytotoxicity assay. According to an ISO 10993-5
accredited protocol, HDFs were exposed to an extract of the
samples. The electrospun scaffolds were sterilized with 70%
ethanol for 30 min. Then 6 cm2 of each sample was incu-
bated in 1 mL FCS- and antibiotic-free DMEM for 72 h.
Each extract was prepared in triplicate. HDFs seeded in 96-
well plates (2000 cells per well) were then exposed for 24 h
to the extracts supplied with 10% FCS.

The extraction medium was removed, the cells were
washed twice with phosphate buffer saline 1X (PBS, Gibco
by Life Technologies GmbH), and a tetrazolium salt (3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium [MTS]) assay (CellTiter
96Aqueous One Solution Cell Proliferation Assay, Promega,
Mannheim, Germany) was performed as per the manufac-
turer’s protocol. In brief, 20 mL of MTS solution was added

to 100mL of the scaffold’s extracts. After 35 min incuba-
tion at 37�C, the absorbance of each well was measured at
492 nm using a TECAN� Infinite 200 Reader. The test was
performed for a blind, a negative control (DMEM +10% v
FCS), and a sodium dodecyl sulfate (Life Technologies
GmbH, 1% w/v in DMEM)-treated positive control. For
analysis, the negative control was set to 100%.

Raman microspectroscopy. The inverse Raman system
and acquisition parameters used in this study were previ-
ously described.79 In brief, a 784 nm diode laser with an
output laser power of 85 mW was focused through a water-
immersion objective (60X, NA 1.2, Olympus, Tokyo,
Japan). The total acquisition time per spectrum was 100 s
(10 · 10 s acquisitions). All Raman spectra were analyzed in
the range from 400 to 1800/cm. Spectra were background
subtracted, baseline corrected using OPUS (Bruker Optics,
Ettlingen, Germany), and vector normalized using Un-
scrambler · 10.3 (Camo, Oslo, Norway) as previously de-
scribed.79

Principal component analysis (PCA) was performed using
Unscrambler · 10.3 to reduce spectral variables and identify
spectral differences among the compared samples. Seven
PCs were calculated for each PCA. PC loadings were con-
sidered in detail to identify the molecular components that
were relevant for the comparison of the spectra.

MPM. Imaging was performed using a custom-built
MPM system with a titanium–sapphire femtosecond laser
(MaiTai XF1, Spectra Physics, Santa Clara) as previously
described.80 To evaluate triple-helix content of GE in the
electrospun scaffolds, we defined a parameter [SAI, second
harmonic to autofluorescence index, Eq. (2)] similar to the
second harmonic to autofluorescence aging index of the
dermis (SAAID).81

SAI(%)¼ SHG GVI

SHG GVI þ AF GVIð Þ · 100: (2)

Formula used to evaluate the SHG to autofluorescence index
(SAI).

In detail, an excitation wavelength of 760 nm and a laser
power of 18 mW were employed, whereas a 380/20 band-
pass emission filter and a 435 nm long pass filter were used
to detect SHG and autofluorescence, respectively. For the
mean gray value intensity analysis, ImageJ was used as
software to process and analyze the images. For scaffold
imaging, punches (Ø = 10 mm) of the scaffolds were rinsed
with PBS 1X, put on Ibidi� (Ibidi GmbH, Planegg/
Martinsried, Germany) glass-bottomed dishes (35 mm) and
carefully pressed on the bottom with a cover glass before
analysis.

Fluorescence lifetime imaging microscopy. FLIM was
performed to assess reduced (phosphorylated) nicotinamide
adenine dinucleotide (NAD(P)H) or GE mean fluorescence
lifetime using time-correlated single photon counting
(TCSPC) at an excitation wavelength of 710 nm and a laser
power of 18 mW. HDF morphology was assessed on glass-
bottomed dishes (Ibidi, 35 mm) with a density of 5 · 104

cells per dish.
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After 24 h, the medium was removed and 2 mL of fresh
DMEM (+10% FCS) was added. When the cells were im-
aged on the scaffolds, HDFs were analyzed 24 h after
seeding. Before imaging, the electrospun scaffolds were
flipped and carefully pressed on the bottom with a cover
glass before analysis. FLIM data were recorded at an ac-
quisition time of 180 s for 512 · 512 pixels with 64 time
channels. The instrument response function was recorded
using urea crystals (Sigma-Aldrich) at an excitation wave-
length of 920 nm and a laser power of 4.5 mW for 120 s. The
FLIM images were analyzed using the SPCImage software
(Becker &Hickl GmbH, Berlin, Germany).

A biexponential decay fitting model [Eq. (3)] was em-
ployed at each pixel since NAD(P)H has two different
lifetimes represented by s1 and s2.80,82 A v2 < 1.1 was ac-
cepted for a good fitting. For GE analysis, the mean fluo-
rescence lifetime [sm] after the biexponential decay fitting
was instead considered. A binning factor of 5 was used in
the analysis. For each sample, four different dishes were
used, and six images were acquired per dish.

I tð Þ¼ a1e� s1 þ a2e� s2 þC: (3)

Biexponential decay fitting used for the FLIM analysis. s1

represents the free NAD(P)H lifetime, whereas s2 the pro-
tein bound NAD(P)H lifetime.

Data analysis. All the reported graphs were plotted us-
ing Microsoft� Excel. All data are presented as
mean – standard deviation (n = 4, unless stated otherwise in
the Materials and Methods section). Statistical significance
was determined by a Student’s two-tailed unpaired t-test.
p £ 0.05 (*) was defined as statistically significant.

Results and Discussion

Scaffolds production and morphological
characterization

In the first part of the study, we aimed to functionalize
hybrid GE:PLLA electrospun scaffolds with HA. We per-
formed GE cross-linking in the presence of different HA
concentrations using a modified procedure from Yang et al.72

In addition, a simple HA coating of previously cross-linked
GE:PLLA scaffolds was performed. We tested different in-
creasing HA concentrations and discovered that when using a
HA w/v% >0.025 HA, the cross-linking solution appeared
turbid with the formation of HA precipitates.

This observation reflected also in the final HA amount in
the hybrid cross-linked scaffolds, which was quantified us-
ing an indirect CTAB-based turbidimetric assay (Fig. 1A).
Interestingly, we observed a linear correlation between the
HA w/v% in the cross-linking mixture and its final amount
in the scaffold if it was <0.025% (Fig. 2A). When using
higher HA concentrations, a plateau was reached on the y
axis (scaffolds HA w% = 2.2% – 0.1%, Fig. 2A), suggesting
that the excess of HA simply precipitates in the cross-
linking solution as we already observed macroscopically.

This observation also reflected on the microscopic level
according to the scanning electron microscopy (SEM) im-
ages (Fig. 2B–G). Particularly by binding increasing HA
amounts, we preserved the fibrous high-porous structure
typical of the electrospun mats (Fig. 2B–F) until a value of

2.2 w% (Fig. 2G). When having this final HA w%, a film
formed on the superficial fibers, likely due to the deposi-
tion of some precipitated HA during the cross-linking re-
action. A similar behavior was observed when performing a
simple HA coating on the GE:PLLA scaffolds (Fig. 1B).
In this case, the effect was even more pronounced with a
quite homogeneous film forming on the scaffold surface
(Fig. 1B).

When washing the HA-coated samples using the standard
procedure as for the cross-linked scaffolds, the superficial
film disappeared and the electrospun scaffolds regained a
more typical morphology (Fig. 1C). We concluded that this
was due to HA slowly dissolving on the scaffold surfaces
during the incubation in ddH2O. This hypothesis was con-
firmed by the results of the CTAB assay, detecting no traces
of HA in the coated scaffolds after the washing step (a.w.,
Fig. 1A). The described observations were confirmed in the
observed fiber diameter distribution (Fig. 1D–K). When
binding a HA w% not higher than 2 to the hybrid scaffolds,
they all showed a normal fiber diameter distribution, with a
mean value *450 nm (Fig. 1D–H), and no significant dif-
ference when compared with the pure GE:PLLA scaffolds
(in all cases p > 0.6).

When binding instead a HA 2.2 w% or when performing
a HA coating, the fiber distribution was more spread
(Fig. 1I, J). Interestingly, the coated samples regained a
normal fiber distribution after washing, but the mean di-
ameter was shifted toward the right probably due to a me-
chanical stress after the HA film deposition (Fig. 1K).

Physical properties of the hybrid scaffolds

After having functionalized the GE:PLLA scaffolds with
a quantifiable amount of HA and having investigated their
morphology, we evaluated their physical properties by
measuring their elastic modulus (Fig. 3A), ultimate tensile
strengths (UTS, Fig. 3B), contact angles (Fig. 4), and
swelling properties in water (Fig. 3C). The HA addition
affected neither the elastic modulus nor the UTS of the
hybrid GE:PLLA scaffolds (Fig. 3A, B). Only after being
washed, the HA-coated samples (a.w.) showed a signifi-
cantly lower elastic modulus when compared with the pure
GE:PLLA (elastic modulus GE:PLLA = 8.6 – 0.6 MPa vs.
a.w. = 10.8 – 0.7 MPa, p = 0.0041) or the unwashed coated
samples (HA coated = 8.2 – 0.6 MPa vs. a.w. = 10.8 – 0.7
MPa, p = 0.0023).

This observation was in accordance with the results of the
SEM analysis, where we observed a loss in fiber elasticity as
well as a change in the mean fiber diameters (Fig. 1C, K).
Despite the addition of a high hydrophilic hygroscopic HA,
the swelling properties in ddH2O of the HA-functionalized
scaffolds did not significantly change when compared with
the pure GE:PLLA scaffolds. We hypothesize that the
amount of HA is too low to affect this property with a
prevalent effect and impact of the porosity of the structure
as well as of the high content in the water-uptaking GE.
Only the HA-coated scaffolds showed a significantly higher
swelling percentage (GE:PLLA = 121% – 9% vs. HA coat-
ed = 150% – 11%, p = 0.0021), indicating an initial water
uptake by the HA deposed on the scaffold surface.

However, after a longer incubation, the absorbed HA
dissolved, not being retained anymore, so that the scaffold
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showed a swelling percentage that was not significantly
different from the pure GE:PLLA (GE:PLLA = 121% – 9%
vs. a.w. = 127% – 9%, p = 0.42). Nevertheless, the HA
functionalization helped tune the scaffolds’ hydrophilicity
according to the contact angle measurements (Fig. 4). Sur-
face liquid permeability is affected by many different as-
pects such as material composition, type of structure,
porosity, roughness, capillarity, as well as surface tension,

and interest has been raised by researchers within the past
years to predict and control surface wettability.

Interestingly, we observed a linear correlation between
the HA weight percentage in the scaffolds and their contact
angle values (Fig. 4H). We identified that by each increasing
HA amount, we could significantly decrease the scaffold’s
hydrophobicity (Fig. 4H, GE:PLLA = 129 – 3� vs. +0.5%
HA = 106 – 7�, p = 0.0034; +0.5% HA = 106 – 7� vs. +1%

FIG. 1. (A) Results of the CTAB
assay on the electrospun cross-
linked hybrid GE:PLLA 1:1 scaf-
folds, either functionalized or not
with HA. (B, C) SEM images at
different magnifications (B) of HA-
coated cross-linked electrospun
GE:PLLA 1:1 either before (B) or
after (C) 24 h incubation in ddH2O
by 37�C. (D–K) Fiber diameter
distribution (C) of electrospun
cross-linked GE:PLLA 1:1 (D);
GE:PLLA 1:1 containing 0.5% w
of HA (+0.5% HA, E); GE:PLLA
1:1 containing 1% w of HA (+1%
HA, F); GE:PLLA1:1 containing
1.5% w of HA (+1.5% HA; G);
GE:PLLA 1:1 containing 2% w of
HA (+2% HA, H); GE:PLLA 1:1
containing 2.2% w of HA (+2.2%
HA, I); GE:PLLA 1:1 coated with
HA (HA coated, J); GE:PLLA 1:1
coated with HA after 24 h incuba-
tion in ddH2O by 37�C (a.w., K).
CTAB, cetrimonium bromide;
GE:PLLA, gelatin–poly-L-lactide;
HA, hyaluronic acid; SEM, scan-
ning electron microscopy.
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HA = 87 – 10�, p = 0.0086; +1% HA = 87 – 10� vs. +1.5%
HA = 68 – 11�, p = 0.021; +1.5% HA = 68 – 11� vs. +2%
HA = 53 – 9�, p = 0.032).

The scaffolds coated with HA were the most hydrophilic
ones, showing a contact angle that was significantly lower
when compared with all the other samples (HA coat-
ed = 36 – 3�, p < 0.05 in all cases), which may also be due to
its higher swelling percentage (Fig. 3C). However, the HA-
coated samples returned highly hydrophobic after the
washing procedure, with contact angle values that did not
significantly differ from those of pure GE:PLLA (GE:PL-
LA = 129 – 3� vs. a.w. = 126 – 4�, p = 0.73).

Raman microspectroscopy

The presence of HA in the hybrid electrospun scaffolds
was also spectroscopically investigated with Raman mi-
crospectroscopy, which represents a marker-independent
nondestructive technology for the detection of specific
chemical bonds and groups.66,77,79 We used a specific HA
signal related to the spectral vibrations of the b-linkages at
894/cm83–85 to detect the increasing HA amounts in the
hybrid scaffolds. In the normalized spectra, the relative in-
tensity of this signal was increasing with the increasing
amount of HA in the scaffolds (Fig. 5A, B). The peak at
894/cm narrowed with the increasing HA weight percent-
age, thus supporting its identification, despite that it partially
overlaped with a signal at 895/cm related to the C-COO
stretching of the polyester PLLA.86–88

We performed a PCA to confirm these observations. First,
we performed PCA to compare the hybrid GE:PLLA scaf-

folds that were cross-linked either without or with HA
(Fig. 5C, D). For the loadings, the peak at 894/cm was the
most relevant, with a contribution >80% (PC-1, 82%,
Fig. 5D). Plotting this component on the x-axes of the PCA
score graph, we identifed a shift toward the right with a
higher contribution of the peak at 894/cm, which was due to
the increasing HA content in the samples (Fig. 5C). We
performed the same analysis to evaluate the presence of HA
in the coated GE:PLLA scaffolds, both before and after the
washing steps (Fig. 5E, F).

We identified that the most relevant component for the
loadings was the one including the peak at 894/cm, which
was identified as belonging to HA (PC-1, 79%, Fig. 5F).
Our results suggest that although the coating protocol al-
lowed the GE:PLLA functionalization with HA, this
macromolecule was completely dissolved in the aqueous
medium after only a single day of incubation. Thus, based
on our Raman microspectroscopy results, we conclude
that the cross-linking procedure offers an advantage over a
simple coating for the GE:PLLA functionalization when
aiming to obtain HA-functionalized scaffolds for long-
term studies.

MPM of the scaffolds

We previously observed that electrospinning allows the
regeneration of a collagen-like SHG signal from commercial
GE when using a fluorinated alcohol as solvent.89 This
signal was stronger when blending GE together with
PLLA.89 The best results were achieved when mixing the
two polymers together in an equal ratio.89 Here, we aimed to

FIG. 2. (A) Linear corre-
lation between the HA con-
centration used in the cross-
linking reaction and the final
HA amount in the hybrid
GE:PLLA 1:1 scaffolds.
When using a concentration
>0.025% w/v, HA was not
soluble anymore and a pla-
teau is reached. (B–G) SEM
images at different magnifi-
cations of the electrospun
cross-linked hybrid GE:PL-
LA 1:1 scaffolds, either not
functionalized or functiona-
lized with HA. (B) GE:PLLA
1:1. (C) GE:PLLA 1:1 con-
taining 0.5% w of HA
(+0.5% HA). (D) GE:PLLA
1:1 containing 1% w of HA
(+1% HA). (E) GE:PLLA 1:1
containing 1.5% w of HA
(+1.5% HA). (F) GE:PLLA
1:1 containing 2% w of HA
(+2% HA). (G). GE:PLLA
1:1 containing 2.2% w of HA
(+2.2% HA).
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verify whether this property could be preserved when
functionalizing GE:PLLA with HA. First, we recorded the
SHG signals from pure collagen type I electrospun samples,
spun using a benign solvent system that allows the retaining
of a triple-helix structure and, thus, of a SHG signal in the
electrospun fibers (Fig. 6A), as it was previously reported by
Zeugolis et al.90 and Dong et al.71

As expected, the presence of increasing amounts of HA
did not alter the SHG signal of the GE:PLLA electrospun
scaffolds, which was also comparable with the one com-
posed of pure collagen type I (Fig. 6A–F). We also inves-
tigated the mean fluorescence lifetime sm of the scaffolds
that may be influenced by the scaffold morphology and
composition.89,91–93 Interestingly, we observed a shift to-
ward shorter sms with an increasing HA content in the
scaffolds, which is in accordance with a previous study of
Fukushima et al.94 on the glycation of collagen. However,
we identified no significant difference even when comparing
the sm of pure GE:PLLA with that of scaffolds containing
the highest HA percentage (GE:PLLA = 2.22 – 0.11 ns vs.
+2% HA = 2.16 – 0.14 ns, p = 0.41).

Pure collagen type I scaffolds showed instead the longest
mean fluorescence lifetime, but a significant difference
could be only found when comparing its sm with that of the
hybrid scaffolds having the highest HA content (colla-
gen = 2.26 – 0.10 ns vs. +2% HA = 2.16 – 0.14 ns, p = 0.019).
This result is not surprising since collagen fluorescence
lifetime is strongly affected by aging and cross-linking
among others,95,96 and thus is not directly comparable with
that of GE.97 Nevertheless, in all the other cases, the ob-
tained sm values for the hybrid scaffolds were not signifi-
cantly different when compared with pure collagen type I
containing scaffolds. This aspect, together with the possi-
bility of retaining an SHG signal, suggests that the elec-
trospinning of GE together with PLLA and its subsequent
functionalization with HA may represent a cheaper less
affording alternative to the direct electrospinning of colla-
gen type I.

FLIM assessment of the glycolytic activity of HDFs
cultured on the hybrid scaffolds

We verified the biocompatibility of the hybrid scaffolds
with a routine MTS-based cytotoxicity assay (in all cases cell
viability was >100%, Fig. 3D), and then used FLIM to image
HDFs seeded on the hybrid scaffolds. Besides cell imaging,
FLIM enabled the measurement of the HDF glycolytic ac-
tivity by assessing the ratios between free and protein-bound
NAD(P)H.80,98–100 We imaged and analyzed HDFs seeded on
the GE:PLLA scaffolds containing the highest HA percentage
(+2% HA) and compared these data with results obtained
from HDFs seeded on either glass, electrospun collagen type I,
or on GE:PLLA scaffolds without HA functionalization
(Fig. 7A–P). As we could already observe in a previous
study,89 despite the strong autofluorescence of GE, we were
able to distinguish cells from the scaffolds by a false color
coding, based on a two-dimensional (2D) correlation using a
biexponential decay curve fitting [Eq. (3)]. Particularly, the
cellular NAD(P)H showed much shorter s1 and sm [Eq. (4)]
values than those of electrospun collagen or GE.

sm ¼ a1 %ð Þs1 þ a2 %ð Þs2: (4)

Formula for the mean fluorescence lifetime of a biexpo-
nential decay fitting.

No differences were found for the s2 values (Fig. 7Q).
Based on the 2D correlation, HDFs were colored in yellow,
due to shorter fluorescence lifetimes, whereas scaffold fibers
were colored in blue (Fig. 7A–D). Looking at the plotting
with s1 and sm as variables on the x and y axes, the pixels
obtained from the HDFs can be found in the lower left part
of the plot, whereas those that are due to material contri-
butions are in the upper right part (Fig. 7E–H). Based on
these observations, we developed a spreadsheet using Mi-
crosoft Excel� that allowed us to isolate all the pixels oc-
cupying either the lower left part of the 2D correlation

FIG. 4. (A–G) Snapshots
from the drop shape analysis of
the scaffolds. (A) GE:PLLA
1:1. (B) GE:PLLA 1:1 con-
taining 0.5% w of HA (+0.5%
HA). (C) GE:PLLA 1:1 con-
taining 1% w of HA (+1%
HA). (D) GE:PLLA 1:1 con-
taining 1.5% w of HA (+1.5%
HA). (E) GE:PLLA 1:1 con-
taining 2% w of HA (+2%
HA). (F) GE:PLLA 1:1 coated
with HA (HA coated). (G)
GE:PLLA 1:1 coated with HA
after 24 h incubation in ddH2O
by 37�C (a.w). (H) Contact
angle values for the electro-
spun cross-linked hybrid
GE:PLLA 1:1 scaffolds. A
linear correlation (R2 = 0.995)
was identified between the HA
amount in the scaffolds and the
values for the contact angle.
*p £ 0.05 is significant
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(s1 <1000 ps and sm <1750 ps, Fig. 7I–L) or the upper right
part (s1 >1000 ps and sm >1750 ps, Fig. 7M–P).

Thereafter, we took the pixels in the lower left part of the
plotting, belonging to the HDFs to analyze the free
NAD(P)H ratio a1 (%) and thus to detect metabolic shifts
between glycolysis and oxidative phosphorylation.80,98–100

According to the results (Figs. 7R and 8), only the HDFs
seeded on the hybrid scaffolds with the highest HA content
showed a lower glycolytic activity in terms of a1 (%) when
compared with HDFs seeded on glass (glass = 74 – 5% vs.
+2% HA = 61 – 5%, p = 0.003), collagen type I scaffolds
(collagen = 68 – 5% vs. +2% HA = 61 – 5%, p = 0.009), or

pure GE:PLLA scaffolds (GE:PLLA = 69 – 5% vs. +2%
HA = 61 – 5%, p = 0.007). No significant differences were
found when comparing the other samples among each other
(in all cases p > 0.25).

We conclude from our data that only HA significantly
impacts the metabolic activity of the HDFs grown on the HA-
functionalized scaffolds, showing an increase in the contri-
bution of the protein-bound NAD(P)H to the final a1 (%)
ratio. It is well known that HA has a key role in protecting
different cell lines from oxidative stress,101–103 and it is well
used as a therapeutic agent against pain that can be associated
with inflammatory states.104–107 Even if it has been for a long

FIG. 5. (A) Raman spectra of pure HA and of the electrospun cross-linked hybrid GE:PLLA 1:1 scaffolds. (B) Zoom of
the Raman spectra in the regions of interest showing a peak allowing the detection of HA (arrow). (C) Score graph after
PCA analysis including the hybrid GE:PLLA 1:1 scaffolds after cross-linking in presence or not of HA, showing a
separation with the increasing HA concentration (arrow). (D) Loadings for PC-1: the wavenumber with high (absolute)
loading is identified as belonging to HA (894/cm). (E) Score graph after PCA of the hybrid cross-linked GE:PLLA 1:1
scaffolds, showing a separation after the HA coating. After 24 h incubation in ddH2O by 37�C (a.w.), the samples cannot be
clearly separated from the pure GE:PLLA 1:1 scaffolds (left part of the score graph) (F). Loadings for PC-1. The wave-
number with highest (absolute) loading is identified as belonging to HA (894/cm). PCA, principal component analysis.
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time hypothesized that HA only helps to treat the symptoms
associated with pathological conditions, it is well accepted
that HA directly affects cell metabolism especially under
oxidative stress by improving the cell’s mitochondrial func-
tion and enhancing cell survival.101–103,108,109

Particularly, it has been demonstrated that HA sustains
mitochondrial DNA repair capacity, preserves normal
cellular ATP levels, inhibits inflammatory responses, and
eventually prevents apoptotic events.101,110–112 Consider-
ing this, and according to our own results, we believe that
the presence of HA exerts regulatory effects on the HDFs
seeded on the hybrid scaffolds preserving their mito-
chondrial function. As a consequence, using FLIM, we
could observe a significant decrease in the free NAD(P)H
a1 (%) ratio of HDFs seeded on the HA-containing hy-
brid scaffolds due to a higher contribution of the mito-
chondrial NAD(P)H when compared with the HDFs
seeded on glass, collagen type I, or not functionalized
GE:PLLA scaffolds.

Conclusion

In this study, we described the production of hybrid
GE:PLLA electrospun scaffolds whose hydrophilicity was
modified by cross-linking specific amounts of HA to the free
amine residues of GE. Interestingly, these manufactured 3D
scaffolds showed an SHG signal pattern that is comparable
to the SHG pattern of native collagen fibers. Profiting from
the SHG signal and the natural endogenous autofluorescence
of GE, we were able to marker independently and non-
invasively image the electrospun scaffolds either alone or
after the seeding of HDFs.

FLIM further enabled us to distinguish and separate the
scaffold fiber signals from that of the cellular NAD(P)H,
which was chosen as an endogenous target. We analyzed the
ratio of the free glycolytic NAD(P)H in the HDFs and in-
vestigated metabolic changes in these cells. The here pre-
sented data are highly relevant when aiming for the
simultaneous in vitro imaging and metabolic analysis of

FIG. 6. (A–E) Second harmonic
generation images of electrospun
collagen (A), cross-linked electro-
spun GE:PLLA 1:1 (B), cross-
linked electrospun GE:PLLA 1:1
containing 0.5% w of HA (+0.5%
HA, C), cross-linked electrospun
GE:PLLA 1:1 containing 1% w of
HA (+1% HA, D), cross-linked
electrospun GE:PLLA1:1 contain-
ing 1.5% w of HA (+1.5% HA, E),
and cross-linked electrospun
GE:PLLA 1:1 containing 2% w of
HA (+2% HA, F). (G) Mean fluo-
rescence lifetime (sm) after two-
photon excitation at 710 nm of
electrospun collagen, cross-linked
electrospun GE:PLLA 1:1, cross-
linked electrospun GE:PLLA 1:1
containing 0.5% w of HA (+0.5%
HA), cross-linked electrospun
GE:PLLA 1:1 containing 1% w of
HA (+1% HA), cross-linked elec-
trospun GE:PLLA1:1 containing
1.5% w of HA (+1.5% HA), and
cross-linked electrospun GE:PLLA
1:1 containing 2% w of HA (+2%
HA). A shift toward shorter sms
was detected with the increasing
HA percentage in the scaffolds.

HA-FUNCTIONALIZED HYBRID SCAFFOLDS 599

D
ow

nl
oa

de
d 

by
 1

93
.2

04
.1

7.
21

9 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
0/

08
/2

4.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



FIG. 7. (A–D) FLIM false color-coded imaging of HDFs seeded on glass (A), electrospun collagen (B), hybrid cross-linked
GE:PLLA 1:1 (C), and cross-linked GE:PLLA 1:1 with 2% w HA (+2% HA, D). (E–H) 2D correlation between s1 and sm after
biexponential decay curve fitting of the FLIM data. (I–L) Pixels occupying the left-down quarter of the 2D correlation (s1< 0.75 ns
and sm <2 ns). (M–P) Pixels occupying the right-up quarter of the 2D correlation (s1 >0.75 ns and sm >2 ns). (Q) Mean values for
protein bound NAD(P)H fluorescence lifetime s2. (R) Mean values for the ratio of glycolytic NAD(P)Ha1%. *p £ 0.05 is significant.
2D, two-dimensional; FLIM, fluorescence lifetime imaging microscopy; HDFs, human dermal fibroblasts. Color images are
available online.
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cultured cells in an environment close to the physiological
one, which is crucial for the in vitro testing of drugs, me-
tabolites, and other bioactive molecules.
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48. Jarquı́n-Yáñez, K., Arenas-Alatorre, J., Piñón-Zárate, G.,
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