
International Journal of Pharmaceutics 653 (2024) 123904

Available online 12 February 2024
0378-5173/© 2024 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/).

Modulating the release of bioactive molecules of human mesenchymal 
stromal cell secretome: Heparinization of hyaluronic acid-based hydrogels 

Fabio Salvatore Palumbo a, Calogero Fiorica a, Anna Paola Carreca b, Gioacchin Iannolo c, 
Giovanna Pitarresi a, Giandomenico Amico b, Gaetano Giammona a, Pier Giulio Conaldi c, 
Cinzia Maria Chinnici d,* 

a Dipartimento di Scienze e Tecnologie Biologiche Chimiche e Farmaceutiche (STEBICEF), Università degli Studi di Palermo, Via Archirafi 32, 90123 Palermo, Italy 
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A B S T R A C T   

An amine derivative of hyaluronic acid (HA) was crosslinked to obtain a 3D dried sponge. The sponge was 
subsequently rehydrated using secretome from human mesenchymal stromal cells (MSCs), resulting in the for
mation of a hydrogel. The release kinetics analysis demonstrated that the hydrogel effectively sustained secre
tome release, with 70% of the initially loaded wound-healing-associated cytokines being released over a 12-day 
period. Tuning the hydrogel properties through heparin crosslinking resulted in a biomaterial with a distinct 
mechanism of action. Specifically, the presence of heparin enhanced water uptake capacity of the hydrogel and 
increased its sensitivity to enzymatic degradation. Notably, the heparin crosslinking also led to a significant 
retention of cytokines within the hydrogel matrix. Overall, the secretome-rehydrated HA hydrogel holds promise 
as a versatile device for regenerative medicine applications: the non-heparinized hydrogel may function as a 
biomaterial with low reabsorption rates, sustaining the release of bioactive molecules contained in MSC secre
tome. In contrast, the heparinized hydrogel may serve as a depot of bioactive molecules with faster reabsorption 
rates. Given its patch-like characteristic, the HA-based hydrogel appears suitable as topical treatment for external 
organs, such as the skin.   

1. Introduction 

Growing evidence indicates that mesenchymal stromal cells (MSCs) 
function as a reservoir of bioactive factors responsible for their thera
peutic effects, collectively known as secretome (Caplan, 2017; Vizoso 
et al., 2017). MSC secretome has demonstrated the ability to replicate 
the therapeutic benefits observed when using cells in various animal 
models of diseases (Vizoso et al., 2017), to the point of being considered 
a valid alternative to cell transplantation. Consequently, secretome- 
based therapy is emerging as a cell-free option to conventional cell 
therapy for the restoration of organ functions. This approach is currently 
under investigation in preclinical and clinical trials. However, despite 
substantial evidence from preclinical animal models, there is still a 
limited number of clinical trials assessing the safety and efficacy of MSC 
secretome (Giovannelli et al., 2023). The advantages of using secretome- 

based therapy versus cell therapy include a greater safety profile and the 
opportunity to be manufactured in advance in large quantities in an off- 
the-shelf fashion (Tran & Damaser, 2015; Vizoso et al., 2017). Never
theless, critical aspects of the approach encompass pharmacokinetics 
and half-life of secretome bioactive components (Drago et al., 2013; 
Gwam et al., 2021). Indeed, the administration of soluble agents re
quires the presence of delivery devices that protect these agents from 
undesired degradation and sustain their release to ensure an effective 
exposure time to the target organ (Censi et al., 2012; Liechty & Peppas, 
2012). Delivery devices are based on natural or synthetic polymers. In 
both cases, the hydrogel formulation has been widely investigated in 
various biomedical fields, including drug delivery (Jiao et al., 2016), 
tissue engineering, and regenerative medicine applications, such as 
wound healing (Huang et al., 2017; Liang et al., 2021), cartilage repair 
(Palumbo et al., 2012a; Palumbo, Fiorica, Di Stefano, et al., 2015a), and 
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cardiovascular diseases (Liao et al., 2020). Hydrogels are 3D networks of 
hydrophilic polymers crosslinked chemically or physically, with robust 
water retention capabilities (Chai et al., 2017). Their crosslinking status 
can be further modified to tune their properties, such as swelling ability 
or the hydrolytic and enzymatic degradation profile (Freudenberg et al., 
2015; Tsurkan et al., 2013). Due to biocompatibility concerns, natural 
polymer-based hydrogels are preferred over synthetic polymer hydro
gels. In this context, hyaluronic acid (HA), a major constituent of 
vertebrate extracellular matrix (ECM), stands out as a versatile bioma
terial extensively investigated in a wide range of biomedical applica
tions (Miller et al., 2014). HA offers numerous sites for different 
crosslinking strategies. Consequently, it can be tailored for the desired 
applications. For instance, HA crosslinking has been used to reduce the 
rapid in vivo enzymatic degradation of the biomaterial or to achieve 
prolonged drug delivery (Xu et al., 2012). 

In previous studies, we have described a procedure for functional
izing HA with ethylenediamine (EDA) groups resulting in the derivative 
HA-EDA, and discussed its potential for cartilage regeneration applica
tions (Palumbo et al., 2012b). Further crosslinking of HA-EDA enabled 
the production of a 3D porous hydrogel (HA-EDA/HA), which was 
subjected to freeze-drying and stored in the form of sponges. These 
sponges readily turned into a hydrogel upon rehydration with aqueous 
solutions (Palumbo et al., 2015b). 

Here, our aim is to develop a HA-based hydrogel rehydrated with 
secretome for future applications of regenerative medicine, particularly 
for skin wound healing. Freeze-dried sponges were integrated with 
secretome collected from cultured human fetal dermal MSCs (Chinnici 
et al., 2014, 2020; Gaetani et al., 2018). Additionally, we synthesized a 
heparin-crosslinked hydrogel designed to exhibit enhanced affinity for 
secretome bioactive molecules. Both heparin-free and heparin- 
crosslinked hydrogels underwent physicochemical characterization. 
Moreover, their ability to sustain secretome release was assessed 
through Luminex-based quantification, focusing on a panel of growth 
factors and chemokines known for their key role in angiogenesis and 
wound healing (Gillitzer & Goebeler, 2001). Finally, the biological ac
tivity of the released secretome was evaluated using in vitro cell-based 
assays of angiogenesis and cell migration. 

2. Materials and methods 

HA (2000 kDa) was purchased from Altergon Italia Srl (Italy). HA 
with a lower molecular weight compared to the starting polysaccharide 
(220 kDa, polydispersity index 1.8), the tetrabutylammonium salt of HA 
(HA-TBA), and hyaluronic-((2-aminoethyl)-carbamate) acid- 
ethylenediamine (HA-EDA) were synthesized as previously described 
(Fiorica et al., 2013; Palumbo et al., 2012). 1-Ethyl-3-(3-dimethylamino
propyl)-carbodiimide (EDC), N-hydroxysuccinimide (NHS), (4-mor
pholineethanesulfonic acid (MES) buffer, Sephadex G25 resin, and 
heparin (2.5 kDa) were kindly provided by Laboratorio Derivati 
Organici (Milan, Italy). Alexa Fluor 488-Hydroxylamine, and custom
ized panels for Luminex (ProcartaPlex) were obtained from Thermo 
Fisher Scientific (Waltham, MA, USA). Human umbilical vein endothe
lial cells (HUVECs, catalog number C0035C) and human dermal fibro
blasts (catalog number C0135C) were purchased from Life Technologies 
(Carlsbad, CA, USA). Dulbecco’s phosphate buffered saline (DPBS), 
bovine testicular hyaluronidase (HAse), Dulbecco’s Modified Eagle 
Medium (DMEM), and fetal bovine serum (FBS) were all purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Seventy-five-cm2 tissue flasks were 
purchased from Costar Corning Inc. (Costar, NY, USA). Alpha-Minimum 
Essential Medium (MEM) was purchased from Gibco (Thermo Fisher 
Scientific). In vitro angiogenesis assay kit and Amicon Ultra-15 centrif
ugal filter units were purchased from Millipore (Billerica, MA, USA). Six- 
well plastic plates were purchased from Costar Corning Inc. 

2.1. Synthesis and characterization of heparin-free and heparinized HA- 
EDA/HA sponges 

Two hundred mg of freeze-dried HA-EDA and 20 mg of HA were 
mixed and dispersed in 4 ml of double-distilled water (DDW) at 40 ◦C for 
at least 24 h. Subsequently, EDC and NHS were added at a molar ratio of 
0.25 between EDC/NHS and the pendant free amino groups of the HA- 
EDA/HA sponge, and the dispersion was incubated at 37 ◦C overnight. 
The resulting hydrogel was frozen at − 80 ◦C, followed by freeze-drying 
to obtain a porous, sponge-like structure. The obtained material was 
then rehydrated, washed with DDW, and cut into cylindrical samples 
with a diameter and length of 1 cm, which were further freeze-dried. 

The heparinization of HA-EDA/HA sponges was conducted as pre
viously described (Pitarresi et al., 2014), with slight modifications. 
Briefly, heparin was dissolved in MES buffer (pH 5.5) at a concentration 
of 2 % w/v in the presence of an equimolar amount (relative to the 
heparin repetitive units) of EDC/NHS. After 2 h of incubations at 37 ◦C, 
an appropriate volume of the heparin solution was poured onto the pre- 
weighted, freeze dried HA-EDA/HA sponge to satisfy a theoretical molar 
ratio of heparin repetitive units/EDA groups equal to 1 (starting from 10 
mg of HA-EDA, 300 µl of heparin solution was poured). Following 24 h 
incubation at 37 ◦C, the sponges were washed with DDW and subse
quently freeze-dried. Scanning electron microscopy was performed on 
heparin-free (hep-) and heparinized (hep + ) HA-EDA/HA sponges to 
record energy-dispersive X-ray (EDX) spectra using a PhenomX instru
ment (Alfatest srl, Milan, Italy). To investigate the morphology of freeze- 
dried sponges, samples were sputter coated using a LuxorAu gold coater 
(Alfatest) and subjected to scanning electron microscope (SEM) analysis. 

To determine the heparinization degree, HA-EDA/HA sponges were 
functionalized with fluorescently labeled heparin using Alexa Fluor 488- 
Hydroxylamine. The reaction was carried out in MES buffer at pH 5.5, 
with a heparin concentration of 2 % w/v. The carboxylic groups of the 
sulfated polysaccharide were activated using EDC/NHS, as previously 
described (Pitarresi et al., 2014). The molar ratio between EDC/NHS and 
the repetitive units of heparin was set at 0.005. An equimolar amount of 
Alexa Fluor 488-Hydroxylamine relative to EDC/NHS was added to the 
activated heparin solution, and the reaction was conducted for 24 h at 
37 ◦C. The resulting product was purified using gel permeation chro
matography with Sephadex G25 and DDW as the mobile phase, followed 
by freeze-drying. The heparinization degree was indirectly determined 
by assessing the quantity of unbound heparin recovered after washing 
the sponge. 

Swelling experiments for both hep- and hep + HA-EDA/HA sponges 
were conducted in DPBS at pH 7.4 and 37 ◦C. Each sample was weighted 
and then immersed in DPBS for 48 h. Subsequently, the excess buffer 
was removed, and the sample was reweighted. The swelling ratio (q) was 
calculated as the ratio between the weight of the swollen hydrogel and 
the weight of the freeze-dried sponge. 

Chemical hydrolysis over a 30-day period, was carried out on hep- 
and hep + HA-EDA/HA sponges. Specifically, dried sponges were 
initially weighted and then incubated at 37 ◦C in DPBS at pH 7.4. At 
specified time intervals, samples were washed with DDW, freeze-dried, 
and carefully weighted to recorder the loss of weight undertaken. The 
results were expressed as a percentage of the recovered weight relative 
to time. 

Enzymatic hydrolysis was carried out on hep- and hep + HA-EDA/ 
HA sponges over a 24-hour period, as previously described (Bitter & 
Muir, 1962; Palumbo et al., 2015). In brief, freeze-dried sponges were 
incubated at 37 ◦C in DPBS at pH 7.4, with or without bovine testicular 
hyaluronidase (10 U/ml). After 24 h, the quantity of released HA soluble 
fragments was quantified using the carbazole assay. The results were 
expressed as a percentage of released uronic acid over time, with the 
values obtained from the carbazole assay on the aqueous dispersion 
of HA-EDA, HA, and heparin (mixed at the appropriate weight ratio) 
considered as 100 %. To determine whether the presence of unfunc
tionalized HA could impact the hydrolytic and enzymatic stability of the 
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sponges, the carbazole assay was also performed on hep- and hep + HA- 
EDA crosslinked sponges, and the results were compared with the 
carbazole assay results of hep- and hep + HA-EDA/HA sponges. 

2.2. Cell source 

Fetal skin biopsies were obtained from 16- to 22-week gestation 
human fetuses from therapeutic abortions, following a protocol 
approved by IRCCS ISMETT’s Institutional Research Review Board 
(IRRB/00/15) and the ethics committee. A signed informed consent was 
obtained from each donor. MSCs were isolated from fetal dermis using a 
non-enzymatic tissue outgrowth technique, as previously described 
(Chinnici et al., 2014). 

2.3. Collection of secretome and quantification of growth factors and 
chemokines 

Human fetal dermal MSCs were isolated and characterized as pre
viously described (Chinnici et al., 2014). The cells were grown in DMEM 
with 10 % FBS until reaching 80 % confluence. Then, serum-free alpha- 
MEM was added to cultured cells, and secretome was collected 24 h 
later. The collected secretome was subjected to centrifugation at 2000 x 
g for 10 min to remove cell debris. The secreted proteins were quantified 
using Luminex xMAP technology (Luminex 200; Luminex Corp. Austin, 
TX, USA) along with a customized panel of growth factors and chemo
kines relevant to angiogenesis and wound healing, including vascular 
endothelial growth factor (VEGF)-A, hepatocyte growth factor (HGF), 
interleukin-6 (IL-6), interleukin-8 (IL-8), stromal derived factor (SDF)- 
1alpha, growth regulated oncogene (GRO)-alpha and monocyte che
moattractant protein (MCP-1). Briefly, both undiluted and 1:10 diluted 
secretome samples were loaded into the multiplex assay and processed 
in accordance with the manufacturer’s instructions. The concentration 
of soluble factors was calculated using a software provided by the 
manufacturer and expressed in pg/ml. The results were subsequently 
normalized based on the number of adherent MSCs. 

2.4. Functional testing of secretome in in vitro cell-based assays 

The secretome capacity to induce the formation of vessel-like 
structures in HUVECs was assessed by an in vitro angiogenesis assay, 
as previously described (Gaetani et al., 2018). Briefly, 10,000 serum- 
starved HUVECs were suspended in normal culture medium (used as 
negative control) or secretome. These cells were then plated onto 
Matrigel-coated 96-wells and incubated in a humidified atmosphere 
with 5 % CO2 at 37 ◦C. Capillary formation was continuously monitored 
under an inverted microscope (Olympus CKX41, Tokyo, Japan) equip
ped with a camera (Olympus U-TV0.5XC-3). Each pattern observed was 
assigned a score ranging from 0 to 5, according to manufacturer’s 
specifications. Visual patterns were determined based on photographs, 
and three images were evaluated per sample. 

The migratory response of human fibroblasts induced by secretome 
was evaluated using the xCELLigence Real-Time Cell Analyzer (RTCA) 
dual purpose (DP) instrument (Acea Bioscences Inc., San Diego, CA, 
USA), as previously described (Chinnici et al., 2020). In brief, serum-free 
culture medium (used as negative control) or secretome was added to 
each well of the lower chamber of the Cellular Invasion/Migration 
(CIM)-plate. Subsequently, 30,000 serum-starved fibroblasts were sus
pended in serum-free culture medium and placed in the upper chamber. 
The device was incubated at 37 ◦C in a humidified atmosphere con
taining 5 % CO2, and the migration of fibroblasts was recorded every 15 
min over a 7-hour period. The results were expressed as cell index (CI) 
and presented as the mean from duplicate wells, along with the standard 
deviation (SD), at a 7-hour time point. Data analysis was conducted 
using the RTCA Software 1.2 of the xCELLigence system. 

2.5. In vitro release kinetics of secretome from HA-EDA/HA hydrogels 

Secretome from different MSC samples was pooled and concentrated 
5-fold by ultrafiltration using 3 kDa molecular weight cut-off filters 
(Amicon Ultra-15 centrifugal filter unit). Hep- and hep + sponges, each 
measuring 1 cm2 in size with a thickness of 0.5 cm, were plated in 
triplicate onto 12-well plastic plates (Corning). Each sponge was rehy
drated with 200 µl of concentrated secretome, and 600 µl of DPBS were 
added to the surrounding space of the plate. The resulting hydrogels 
were incubated at 37 ◦C in a humidified atmosphere with 5 % CO2. 
Aliquots of released secretome were collected at predetermined time 
points (24 hrs, 48 hrs, and then every 3 days) for 30 days. To maintain 
consistent volumes, the collected secretome at each time point was 
immediately replaced by adding an equal volume of DPBS. The collected 
secretome aliquots were stored at − 80 ◦C until Luminex quantification 
or in vitro cell-based assays. Cumulative release was calculated by 
summing the amounts of soluble factor released at each time point and 
comparing them to the initially loaded amount. The functional activity 
of the hydrogel-released secretome at each time point was assessed in 
tube formation assay and in cell migration assay, as described above. 

2.6. Statistical analysis 

For secretome collection, MSC samples from six different donors 
were used. Differences between two groups were assessed using a two- 
tailed unpaired Student’s t-test, and statistical significance was set at 
p ≤ 0.05. Cumulative release data from three independent experiments 
were analyzed using Origin and expressed as mean ± SD. Cell migration 
data from three independent experiments were analyzed using Graph
Pad Prism 6.0 and expressed as mean ± SD. 

3. Results 

3.1. Production and characterization of HA-EDA/HA sponges 

The derivatization degree in EDA (DD%EDA) of HA resulted in 60 ± 5 
mol%. Pendant EDA groups were exploited to allow a carbodiimide 
mediated crosslinking of the mixed dispersion HA-EDA/HA. The 
dispersion was finally freeze-dried to produce porous 3D sponge-like 
scaffolds, which were later dehydrated with secretome to yield hydro
gels (Fig. 1A). The amount of activating EDC/NHS was determined to 
consume no more than 25 % of the EDA groups on the HA-EDA deriv
ative, ensuring the availability of free EDA groups for heparin func
tionalization, which was accomplished through carbodimide chemistry 
directly on preformed sponges. EDX analysis confirmed the presence of a 
sulfur peak on the hep + sponge, suggesting successful heparin tethering 
(Fig. 1B). The amount of linked heparin was 190 µg ± 19 µg per mg of 
dried sponge confirming a good efficiency of the heparinization pro
cedure since about 30 % of the starting amount of the polysaccharide is 
recovered in the sponge. In terms of physical characterization, the hep 
+ hydrogel exhibited a slightly higher swelling ratio (q) compared to the 
hep- hydrogel (19.42 ± 1.03 vs 17.22 ± 0.93). Furthermore, chemical 
hydrolysis experiments revealed that the hep + hydrogels lost 60 % of 
their weight, while the hep- hydrogel lost 30 % of their weight, 
following extended hydrolysis (10 days) in DPBS (Fig. 1C). Both hep +
and hep- hydrogels released a similar amount of uronic acid (approxi
mately 10 %) during the first hour of incubation in DPBS (data not 
shown). Furthermore, the enzymatic hydrolysis performed with 24-hour 
incubation with 10 U/ml HAase, revealed that the hep + hydrogel 
released 22 % uronic acid compared to 10–15 % released by the hep- 
hydrogel (Table 1). No significant differences in terms of uronic acid 
release were observed between HA-EDA/HA and HA-EDA hydrogels, 
these latter used as control (Table 1). SEM analysis indicated a highly 
porous structure of the freeze-dried HA-EDA/HA sponge (Fig. 1D). 
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3.2. In vitro release kinetics of secretome from hep- and hep + hydrogels 

The amount of growth factors and chemokines in the 5-fold 
concentrated secretome is shown in Table 2. The release kinetics from 
the hep- hydrogel (red dotted line) demonstrated a gradual release of 
factors, with a peak occurring at day 18 for GRO-a, day 16 for MCP-1, 
day 12 for SDF-1 alpha IL-6 and IL-8, day 10 for HGF, and as earlier 
as day 6 for VEGF-A (Fig. 2A, B). Cumulative release indicated a 60–75 
% release of IL-8, IL-6, SDF-1 alpha, GRO-alpha and HGF, a 100 % 
release of VEGF-A, whereas IL-6 was released up to 22 % (Fig. 2A, B). 

The release kinetics of chemokines from the hep + hydrogel (black 
dotted line) were significantly different from those of the hep- hydrogel, 
indicating effective retention of these factors within the hydrogel 
(Fig. 2A). Conversely, the release kinetics of growth factors, particularly 
HGF, from the hep + hydrogel indicated lower retention. In fact, 50 % of 
VEGF-A was released within 6 days, whereas almost the entirety of HGF 

A Freeze-dried 
sponge

Secretome re-
hydrated  
hydrogel

D

Fig. 1. Morphological analysis of sponges, including enzymatic and hydrolytic profile. (A) A freeze-dried HA-EDA/HA sponge before and after rehydration with 
secretome, resulting in the formation of a hydrogel. (B) EDX spectra analysis of hep- and hep + sponges showing the peaks related to the surface elements. (C) 
Chemical hydrolysis of hep- and hep + sponges incubated in DPBS at 37 ◦C for 30 days. The results were expressed as recovered weight as a percentage of the starting 
weight of sponges over time. (D) SEM analysis of HA-EDA/HA freeze-dried sponges. The larger image is obtained by mapping a surface area of 8.4 mm2. EDX: energy- 
dispersive X-ray; hep: heparin. 

Table 1 
Enzymatic hydrolysis of the sponges. Amount of soluble HA fragments expressed 
as a percentage of uronic acid released from hep + and hep- sponges following 
incubation with DPBS or 10 U/ml of HAase for 24 h.   

Hep+HA-EDA/ 
HA 

Hep-HA-EDA/ 
HA 

Hep+HA- 
EDA 

Hep-HA- 
EDA 

DPBS pH 
7.4 

13.06 ± 3.2 % 13.97 ± 1.15 
% 

11.42 ± 5.0 
% 

10.34 ± 8.9 
% 

HAse 10 U/ 
ml 

22.50 ± 4.0 % 10.18 ± 1.9 % 22.3 ± 5.0 % 15.37 ± 2.6 
%  

Table 2 
Concentration of growth factors and chemokines in the 
5-fold concentrated secretome prior to loading into the 
sponges.  

Soluble factors pg/ml 

VEGF 14767 ± 323 
HGF 2008 ± 352 
IL-6 2060 ± 581 
IL-8 7298 ± 608 
SDF-1 alpha 8157 ± 1681 
GRO-alpha 1882 ± 33 
MCP-1 5100 ± 639 

The plotted values (mean ± SD) represent aliquots of 
secretome collected from six samples (n = 6). 
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Fig. 2. Release kinetics of growth factors and chemokines from hep- (red dotted line) and hep+ (black dotted line) hydrogels, performed at 37 ◦C in a humidified 
atmosphere with 5 % CO2 in DPBS. (A) Cumulative release of growth factors VEGF-A and HGF. (B) Cumulative released of chemokines SDF-1 alpha, GRO-alpha, MCP- 
1, IL-6 and IL-8. The concentrations of soluble factors at each time point were quantified using a customized Luminex panel and expressed as pg/ml over time (mean 
± SD, n = 3). The factors concentrations were also plotted as cumulative release (Origin) and expressed as a percentage over time. 
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(approximately 90 %) was released within 12 days (Fig. 2B). 3.3. Functional testing of released secretome: In vitro assays of 
angiogenesis and cell migration 

Positive control, HUVECs suspended in 5-fold concentrated secre
tome achieved the “close polygons” pattern (score 4) within six hours 
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Fig. 3. Functional testing of secretome released from the HA-EDA hydrogel. In vitro angiogenesis assay. Representative images were captured 6 h after seeding 
HUVECs onto Matrigel. (A) Positive control: HUVECs in secretome before loading into the sponge. (B) HUVECs in secretome released from the hep- hydrogel at the 
day 6 time point. (C) HUVECs in secretome released from the hep + hydrogel at the day 6 time point. (D) Negative control: HUVECs in serum-free normal culture 
medium (alpha-MEM). In vitro real-time migration of fibroblasts recorded with XCELLigence for 7 h. Secretome before loading into the sponge and serum-free alpha- 
MEM were used as positive and negative control, respectively. (E) Fibroblasts migration induced by secretome released from the hep- hydrogel at different time 
points. (F) Fibroblasts migration induced by secretome released from the hep + hydrogel at different time points. Secr: secretome; pos ctrl: positive control; neg ctrl: 
negative control; hep: heparin. Scale bars: 200 µm. 
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(Fig. 3A). A similar pattern (score 4) was achieved by HUVECs sus
pended in secretome released from the hep- hydrogel at day 1 to day 12 
time points (Fig. 3B representing day 6 release). A “sprout of new 
capillary tubes” pattern (score 3) was observed when HUVECs were 
suspended in secretome released from hep + hydrogel up to day 6 
(Fig. 3C representing day 6 release The “individual cells, well separated” 
pattern (corresponding to score 0) was observed in the negative control, 
where HUVECs were suspended in serum-free culture medium (Fig. 3D), 
as well as in HUVECs suspended in secretome released at later time 
points (data not shown). 

Secretome released from the hep- hydrogel from 1 h to day 6 induced 
a migratory response of fibroblasts, achieving CI values similar to those 
of the positive control, which represents cell migration induced by 
secretome before its loading into the hydrogel. A lower migratory 
response was observed at later time points (e.g., day 9 release), while 
even later time points indicated an absence of cell migration with CI 
values similar to those of negative controls (Fig. 3E). The CI values of 
secretome released from the hep + hydrogel indicated an absence of cell 
migration and values similar to those of negative controls at all the 
assessed time points (Fig. 3F). 

4. Discussion 

Several challenges must be addressed before secretome-based treat
ments can be translated into clinically relevant therapies. One crucial 
challenge concerns the delivery of soluble factors to the healing tissue, 
as it can significantly impact treatment efficacy. Therefore, it is neces
sary to develop delivery strategies that render secretome-based therapy 
more clinically applicable (Gwam et al., 2021). A limitation associated 
with the use of delivery devices based on physically crosslinked HA is 
the relatively short in vivo half-life of the biomaterial, which ranges from 
a few hours to 2–3 days, depending on the type of tissue being treated 
(Carruthers & Carruthers, 2007; Xu et al., 2012). Here, the HA derivative 
HA-EDA was synthesized using a well-established chemical crosslinking 
procedure (Palumbo et al., 2012b; Palumbo et al., 2015). Briefly, the 
hydroxyl groups of HA were functionalized with EDA, and unfunction
alized HA was incorporated to enhance water retention and the 
compactness of the biomaterial. This process resulted in the formation of 
a HA-EDA/HA with a 3D sponge-like structure following freeze-drying. 
Interestingly, the HA-EDA/EDA sponge acquired a hydrogel consistency 
upon rehydration with secretome. 

Additionally, to enhance the affinity of the HA-based hydrogel for 
certain secretome molecules, the unreacted pendant EDA groups were 
functionalized with heparin, serving as a substitute for the natural ECM 
component heparan sulfate. The newly obtained heparinized hydrogel 
displayed a greater water affinity when compared to the hep- hydrogel, 
suggesting a potential enhancement in hydrophilicity attributed to the 
presence of heparin sulfate groups. Nonetheless, neither hydrogel type 
exhibited significant shape alterations during release kinetics analysis 
(one month at 37 ◦C), and both demonstrated partial degradation 
without complete breakdown (no significative fragmentation and 
retention of their cylindrical form). This observation was supported by a 
similar swelling ratio (q) for both hydrogel types. 

Heparin crosslinking may also contribute in increasing the sensitivity 
of the hydrogel to enzymatic digestion. From an applicative perspective, 
the potential high sensitivity to both chemical and enzymatic hydrolysis 
could be harnessed to achieve a faster reabsorption of the hep +
hydrogel when applied to the wound bed (Fronza et al., 2014). 
Conversely, a hydrogel with slower reabsorption rates, such as the hep- 
hydrogel, may be more suitable for applications where a complete 
degradation of the biomaterial is not necessary, such as topical treat
ments that involve removing hydrogel patches during repeated 
applications. 

Both hep + and hep- hydrogels were capable of accommodating 
substantial amounts of soluble factors contained within 200 µl of 
concentrated secretome. As expected, the hep- hydrogel exhibited a 

greater capacity to sustain the release of soluble factors compared to the 
hep + hydrogel. Specifically, 60–75 % of the initially loaded amounts 
were released over an average period of 12 days. The only exception was 
the low release rates of IL-6 (22 %), possibly attributed to non-specific 
adsorption on the biomaterial. 

The observed low release rates of chemokines (4–15 % over a period 
of 8–9 days) in the hep + hydrogel suggest a successful role of heparin 
crosslinking in enhancing the affinity of the HA hydrogel for these 
molecules. Nonetheless, despite the well-documented high affinity of 
growth factors for heparin (Zhao et al., 2012; Zhou et al., 1999), VEGF-A 
and HGF exhibited significantly higher release rates (50 % and 90 % 
within 6 and 12 days, respectively) from hep + hydrogel compared to 
chemokines. This discrepancy may be attributed to a combination of 
concentration and molecular weight of these molecules, influencing 
their diffusion through the porous structure of the hydrogel and leading 
to competition for heparin binding sites. Accordingly, the larger mo
lecular weight (34 kDa) and lower concentration (approximately 2000 
pg/ml) of HFG, in contrast to the smaller chemokines and the highly 
concentrated (approximately 14000 pg/ml) VEGF-A, may explain its 
rapid release from the hep + hydrogel. The affinity for heparin (KD 
values) and molecular weights of the considered molecules are detailed 
in Table 3. Interestingly, aliquots of secretome released from the hep- 
hydrogel, but not from the hep + hydrogel, over a 6–9-day period, eli
cited biological responses in target cells with efficiencies comparable to 
those of the positive controls. This observation suggests that the con
centration of released factors was sufficient to support the desired cell 
responses. 

Overall, the combination of the HA-EDA/HA sponge with MSC 
secretome to form a hydrogel seems well-suited for topical applications 
of regenerative medicine. The sustained release of secretome from the 
hep- hydrogel may be indicated for treatments with extended durations, 
particularly those necessitating repeated applications to a wound. 
Conversely, the hep + hydrogel can serve as a depot enriched with key 
molecules that facilitate the wound healing process. Indeed, the reten
tion of chemokines from the hep + hydrogel at the wound bed has the 
potential to promote the recruitment of resident cells and effectively 
elicit the endogenous repair process. Moreover, given its high sensitivity 
to enzymatic digestion, the hep + hydrogel could be further tailored to 
achieve controlled release of secretome molecules. In this context, the 
hep + hydrogel could be targeted by various in vivo enzymes, such as 
heparanase, whose activity increases during wound healing (Gurtner 
et al., 2008). 

5. Conclusions 

The conventional single-factor approach for wound healing appli
cations has frequently fallen short of meeting expectations in numerous 
clinical trials (Beohar et al., 2010; Robson, 2003). In contrast, 
secretome-based therapy, which involves a combination of bioactive 
molecules, offers more promising prospects for success. Our HA-based 
hydrogel integrated with secretome shows potential for addressing 
chronic skin wounds. This versatile device can function as a topical 

Table 3 
Affinity for heparin (KD) and molecular weights of the considered secretome 
factors.  

Soluble factors KD MW 

VEGF-A 10-8 M 27 kDa 
HGF 10-9 M 34 kDa 
SDF-1 alpha (CXCL-12) 10-8 M 8 kDa 
MCP-1 (CCL-2) NA 13 kDa 
GRO-alpha (CXCL-1) NA 11 kDa 
IL-6 10-7 M 11 kDa 
IL-8 10-7 M 22 kDa 

KD values were obtained from the heparin-protein interaction dataset. NA: not 
available. MW: molecular weight. 
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depot sustaining the release of bioactive molecules facilitating wound 
repair. Furthermore, the presence of heparin underscores the signifi
cance of tailoring the device to achieve the desired release schedule. 
While the integration of MSCs with biomaterials to form engineered 
tissues (Li et al., 2018; Wagenbrenner et al., 2021) or for cell delivery 
(Snyder et al., 2014) is a well-documented approach, the direct incor
poration of secretome into a biomaterial sustaining or controlling its 
release is described in only a limited number of studies (Brennan et al., 
2020; Liu et al., 2019; Shoma Suresh et al., 2020). In vivo animal models 
of disease are essential for elucidating the safety and efficacy of this 
approach, facilitating the translation of these findings into clinically 
relevant results. 
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