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The eﬀect of healing phenotype-inducing cytokine
formulations within soft hydrogels on encapsulated
monocytes and incoming immune cells
Ivana Ščigalková,a Julie Bystroňová,a Lenka Kovářová,ag Martin Pravda,a
Vladimı́r Velebný,a Vladimir Riabov,bc Harald Klüter,bd Julia Kzhyshkowskabcd
and Nihal Engin Vrana *ef
The adverse immune responses to implantable biomedical devices is a general problem with important
consequences for the functionality of implants. Immunomodulatory soft hydrogel-based interfaces
between the implant and the host can attenuate these reactions. Moreover, encapsulation of the
patient's own immune cells into these interfaces can lead to the personalisation of implants from the
immune reaction point of view. Herein, we described a co-crosslinkable composite hydrogel (composed
of gelatin and hyaluronic acid), which could be used for the encapsulation of macrophages in the
presence of an anti-inﬂammatory phenotype-ﬁxing cytokine cocktail. To mimick the incoming immune
cells on the coating surface in vivo, peripheral blood mononuclear cells were seeded on the hydrogels.
The encapsulation of monocytic cells into the composite hydrogels in the presence of cytokine cocktails
at 5 or 10 concentrations led to the spreading of the encapsulated cells instead of the formation of
clusters. Moreover, the secretion of the anti-inﬂammatory cytokines IL-1RA and CCL-18 was signiﬁcantly
increased. The attachment of PBMC to the surface of the hydrogel is dependent on the hydrogel
composition and also signiﬁcantly increased in the presence of the cytokine cocktail together with the
number of CD68+ cells on the hydrogel surface. Our study demonstrates that the delivery of

Received 23rd April 2019
Accepted 17th June 2019

a polarisation cocktail with biocompatible hydrogels can control the initial response by the incoming
immune cells. This eﬀect can be improved by the encapsulation of autologous monocytes that are also
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polarised by the cytokine cocktail and secrete additional anti-inﬂammatory cytokines. This interface can
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ﬁne tune the initial immune response to an implanted biomaterial in a personalised manner.

Introduction
Implantable medical devices have established themselves as
a robust solution to myriad medical conditions in a variety of
forms. From pacemakers to dental implants to engineered
articial tissues, these systems can take over the original
function of the lost organ or tissue to a certain extent, which
provide the patients with an improved quality of life. However,
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although these systems are generally biocompatible, the presence of foreign materials generate immune responses,1 which
start due to the presence of immune cells related to innate
immunity. The extent and severity of the response depends on
the location of the intervention, the physicochemical properties
(surface roughness, hydrophilicity, topography, etc.) of the
implanted material2,3 and the nature (natural, synthetic,
degradable, non-degradable, etc.) of the material. Moreover, the
patient's unique immunoprole plays an important part in the
outcome of these implantations. Currently, the personalization
of implants using additive manufacturing techniques for better
anatomical and biomechanical ts has made signicant
advances.4,5 Another potential aspect of personalization that has
been advancing slowly but is equally important is the personalization of the implant/host tissue interface for controlling
patient-specic immune reactions.
Macrophages are innate immune cells that act as phagocytes
and antigen-presenting cells. Tissue-resident macrophages
either originate from the yolk sac and the fetal liver or they are
recruited from the peripheral blood mononuclear cells, namely,
the peripheral blood monocytes. The recruitment and
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diﬀerentiation of monocytes into macrophages are triggered by
various stimuli, mostly related to infection, tissue damage and
inammation. Depending on the local microenvironment and
the present cytokines, macrophages can polarize to M1 or M2
subtypes.6–8 The M1-type macrophages are associated with
inammation during the early stages of wound healing. They
produce pro-inammatory cytokines and clear the tissue of
microorganisms, damaged cells and matrix debris. Later, the
M1-type macrophages switch to the M2-type macrophages,
which contribute to tissue repair by releasing various growth
factors and cytokines that promote angiogenesis and cell
proliferation.9,10
Macrophage diﬀerentiation and polarization in vitro can be
promoted by the signals observed in vivo: the monocytes are
activated by M-CSF (for M2) or GM-CSF (for M1)11–13 and then
polarized by the cytokines. Usually, IFN-g, TNF-a and bacterial
lipopolysaccharide (LPS) are used for M1 polarization, whereas
IL-4 and IL-13 or IL-10 are used for M2 polarization.6,9,14 More
recently, we have developed a mixture of M-CSF, IL-4, IL-10 and
TGF-b1 and demonstrated that it is eﬃcient in macrophage
polarization and stabilization of the M2 phenotype.15,16 M-CSF is
a hematopoietic growth factor present in blood. It is used for
the in vitro activation of monocytes prior to their M2 polarization.15 IL-4 was the rst cytokine recognized to have an immunomodulatory eﬀect.17 It was originally recognized as an
inhibitor of classical macrophage activation; however, now, it is
considered to be an inducer of M2 alternative activation.6 TGFb1 is a growth factor with a wide range of actions in various
tissues: it is involved in the development and homeostasis of
bone, cartilage and skin, T-cell and B-cell maturation and
regulation of the immune response.18 IL-10 is an antiinammatory cytokine that is produced similarly as IL-4 by
Th2 lymphocytes; however, macrophages are also a major
source of IL-10 during infection. The production of IL-10 leads
to the inhibition of inammation and enhanced survival of
cells.19
However, the M1 or M2 phenotype is not permanent.
Macrophage diﬀerentiation is a dynamic process inuenced by
both exogenous and endogenous stimuli. In response to them,
the macrophages can rapidly switch from one phenotype to the
other.6,20 Therefore, a smooth transition from the inammatory
stage to the healing stage (M1 to M2 switch) and stabilization of
the M2 phenotype are essential for the successful integration of
the implanted system with the host tissue; signicant attention
is being paid towards controlling the immune response around
the implants, and various immunomodulatory strategies have
been evolved.
In this regard, one of the immunomodulatory strategies is
the employment of biomaterials as a coating for the implant.
The coating would aﬀect the diﬀerentiation and polarization of
the patient's incoming monocytes/macrophages.10 It is advantageous to use materials derived from or mimicking the extracellular matrix for this purpose. Hyaluronic acid (HA) and
gelatin (GTN) fulll these requirements. Hyaluronan is one of
the main components of the extracellular matrix, and it is
involved in the regulation of wound healing, angiogenesis and
immunomodulation.11,21–24 Due to its polyanionic nature, it has
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been widely used in coatings.25 Gelatin is a natural polymer
prepared by the partial hydrolysis of collagen, the chief
component of connective tissues. The hyaluronic acid-tyramine
conjugate (HA-TA) and gelatin modied by hydroxyphenyl propionic acid (GNT-HPA) have been recently described as
biopolymer derivatives for the preparation of covalently crosslinked hydrogels suitable for application in the eld of tissue
engineering and regenerative medicine.26 Due to the presence of
hydroxyphenyl moieties, both modied biopolymers undergo
a horseradish peroxidase (HRP)-mediated co-crosslinking
reaction, which can be performed under physiological conditions in the presence of living cells.27
Although GTN/HA hydrogels have been widely used in cell
encapsulation applications, mostly for cartilage tissue engineering,28 they have not been studied with combined antiinammatory cytokine cocktail secretion. HA and collagen
hydrogels have been used separately for immunomodulation
but not in a co-crosslinkable conguration.29,30 Both GTN and
HA have pendant groups that enable the development of their
derivatives. The advantages of a blend of GTN and HA are the
simultaneous use of the cell adhesive sequences in gelatin for
the viability and the movement of the encapsulated cells, the
ability of HA to retain the growth factors and high volume of
water and the intrinsic interactions between GTN and HA that
further reinforce the structures. Moreover, the immunomodulatory eﬀect of the coating can be intensied when the material
is combined with appropriate cytokines, and the use of multiple
cytokines/hormones/growth factors can have distinct synergistic eﬀects. These cytokines are released aer implantation
and modulate the local microenvironment in the wound. Both
GTN and HA-TA have the ability to bind and release small
molecules such as cytokines, growth factors or some
drugs.16,25,31,32 Thin coatings based on HA were used as reservoirs for the anticancer drug paclitaxel, which was released via
diﬀusion. The anti-inammatory cytokine IL-4 was loaded onto
the HA-aldehyde-based lms with subsequent attenuation of
the secretion of pro-inammatory cytokines by primary
macrophages. Transglutaminase-crosslinked gelatin structures
can be loaded and can release growth factors and cytokines. The
loading eﬃcacy of the cytokines on these coatings was estimated to be 10%. The lms based on transglutaminasecrosslinked GTN and HA-TA were prepared by spin coating
and used as a release system for the cytokine mixture. The
coating can be loaded with a single cytokine25 or with a mixture
of two or more cytokines. A release system with sequential
delivery of IFN-g and IL-4 was developed to facilitate the M1 to
M2 switch.33,34 The employment of a mixture of antiinammatory cytokines, i.e. IL-4, IL-10 and TGF-b1, resulted
in the stabilization of the M2 phenotype in the monocytes
seeded on the HA-TA + GTN-based coatings.16
In addition to the employment of biomimetic coatings and
the delivery of cytokines, another strategy is the isolation of the
patient's immune cells followed by their encapsulation in the
coating-material and in vitro polarization into the M2-type
macrophages for personalization of the implant/host interface. Aer implantation, the encapsulated M2 cells would
produce desired cytokines and create a local healing supporting
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microenvironment that would lead to the M1-to-M2 polarization of the incoming monocytes/macrophages. Previously, we
have shown the benecial eﬀects of the encapsulation of cells
in degradable natural polymer-based hydrogels on the development of anti-inammatory phenotypes using the model
monocyte cell line THP-1.35,36 However, how the presence of an
M2 phenotype-inducing cytokine mixture would aﬀect the
polarization of encapsulated monocytes/macrophages in a 3D
system has not been investigated to date. Moreover, the
potential eﬀects of the abovementioned cytokine cocktail on
other immune cells (cells present in the peripheral mononuclear blood – PBMCs) have not been analyzed.
In this study, our aim was to determine the eﬀect of a cytokine cocktail on the encapsulated monocytes in an ECM
mimicking hydrogel and the potential responses of the
incoming immune cells. In the rst part of this study, we
investigated the eﬀect of the cytokine mixture and concentrations of cytokines on the encapsulated THP-1 cells. The second
part of this study deals with the interaction of peripheral blood
mononuclear cells (PBMC) with the hydrogel layers that
imitates the interaction of the coated implant with the patient's
incoming immune cells. We investigated the ability of PBMCs to
adhere to the hydrogel coatings with diﬀerent contents of HATA and GTN-HPA and the eﬀect of the cytokine mixture on
the PBMC attachment and phenotype of its components.

Results and discussion
Elastic modulus
The viscoelastic properties of hydrogels based on three initial
types of material (HA-TA, HA-TA with GTN-HPA and GTN-HPA)
were determined. Elastic (G0 ) modulus, viscous (G00 ) modulus
and loss angle (d) were chosen as the parameters for the evaluation of the viscoelastic properties. Since material stiﬀness can
aﬀect the cell behavior, it is necessary to ensure that the tested
materials have similar properties. The concentration of the
crosslinking agents was decreased in the case of the HA-TA
material (Fig. 1A) to achieve hydrogel viscoelastic properties
comparable to those of the HA-TA + GTN-HPA (Fig. 1B) and
GTN-HPA (Fig. 1C) materials. A comparison of the elastic
moduli of hydrogels determined from the plateau region of
diﬀerent material types is shown in the graph in Fig. 1D. The
HA-TA + GTN-HPA hydrogels had only slightly higher G0 values
(1.2 kPa) as compared to the GTN-HPA hydrogels (1.0 kPa).
Eﬀect of increased concentration of the CK cocktail on the
encapsulated THP-1
In the rst part of this study, the THP-1 cells were encapsulated
into the HA-TA + GNT-HPA hydrogels followed by culture for 8
days in a standard culture medium (w/o CK) or in a medium
containing cytokines at doses ranging from 10 ng ml1 M-CSF,
IL-10, and TGF-b1 and 3 ng ml1 IL-4 (CK 1) to 100 ng ml1 MCSF, IL-10, and TGF-b1 and 30 ng ml1 IL-4 (CK 10). Aer 8
days, the medium with the cytokines was removed, and the
encapsulated cells were cultured in a culture medium without
the cytokines for the next 7 days (Fig. 2A).
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Fig. 1 (A–C) The elastic modulus G0 , viscous modulus G00 and the loss
angle d of the hydrogels of diﬀerent compositions prepared using
crosslinking agents at various concentrations. (A) The hydrogel based
on HA-TA, HRP 0.16 U ml1, H2O2 0.002% (B) the hydrogel based on
HA-TA with GTN-HPA, HRP 0.4 U ml1, H2O2 0.005% (C) the hydrogel
based on GTN-HPA, HRP 0.4 U ml1, H2O2 0.005%. (D) The hydrogel
elastic modulus determined from the plateau region of various types of
materials. The data are presented as mean  SD, n ¼ 3.

The phenotype of the encapsulated cells was dependent on
the concentration of CK in the culture medium. The cells
cultured in the hydrogels in a medium without CK remained
spherical and created spheroid-like clusters. The cells cultured
with CK at increasing concentrations gained either irregular or
elongated shapes and did not create clusters. With the
increasing concentration of CK, more elongated cells were
present in the hydrogel (Fig. 2).
The production of all cytokines by the encapsulated cells
was proportional to the concentration of CK used for their
diﬀerentiation. The release of IL-1RA, TNF-a and IL-1b was
dependent on the presence of CK in the culture medium and
decreased rapidly aer CK was removed. The production of
the M2 marker CCL18 was delayed, which manifested in the
second week of cultivation and reached its maximum at day
12. The production of M2 markers in the encapsulated cells
corresponded to their production in the non-encapsulated
cells when CK 5 and CK 10 were applied. Under the
encapsulation conditions with CK 10, by day 12 and 15,
CCL-18 was produced more signicantly as compared to the
case of the non-encapsulated control (p ¼ 0.004). However,
when CK at these concentrations was present in the medium
(i.e. at day 5 and day 8), signicantly more TNF-a was
produced by the encapsulated cells than by the nonencapsulated cells (Fig. 3). However, note that even at its
highest levels, the pro-inammatory cytokine production is
2 magnitudes lower than that of the anti-inammatory
cytokines.

PBMC adhesion to coatings of diﬀerent compositions
As the patient's immune cells are expected to interact with the
implants, we have studied the interaction and ability of the
PBMCs to attach to the coatings made from HA-TA, HA-TA +
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Fig. 3 Cytokine release by the encapsulated cells. Cytokine release by
the non-encapsulated and encapsulated THP-1 cells stimulated by the
increasing dose of CK. ELISA. The data are presented as mean  SD, n
¼ 3.

Inﬂuence of the CK concentration on the morphology of the
encapsulated cells after 8 days. (A) Schematic of the experiment.
Asterisks represent the change of medium, and the blue arrows
represent the collection of supernatants for ELISA. (B) Live/dead
staining; ﬁrst row – overall view, second row – detailed view focused
on the cell shape. (C) Total number of cells per image. (D) Percentage
of cells in the hydrogels with irregular and elongated morphology. (E)
Average size of the elongated cells in the hydrogels. The graphs (C–E)
were obtained by image analysis of the live/dead images. Image
analysis was performed for at least 3 images, and each image was
obtained from a diﬀerent piece of hydrogel. The data are presented as
mean  SD.
Fig. 2

with CK than to the materials without CK (Fig. 5D). Although
the average number of cells attached to the materials was higher
for the samples pretreated with CK 10 than the case of CK 5,
the diﬀerence was not statistically signicant. A similar pattern
was observed for the presence of CD68+ macrophages. Moreover, the ten-times increased concentration of CK used in the
pre-treatment resulted in higher portion of cells with elongated
morphology than the ve-times increased concentration of CK.

Discussion
Elastic modulus

GTN-HPA and GTN-HPA. PMA was added to the culture medium
to induce the adhesion of the suspended cells.
The cells did not attach to the hydrogel coatings consisting
of pure HA-TA but attached to the HA-TA + GNT-HPA and GTNHPA hydrogels, where they maintained rounded morphology.
When PMA was added, more cells attached to the hydrogels and
tended to grow in groups (Fig. 4).

The aim of this study was to evaluate the inuence of material
composition on macrophage polarization. Since the mechanical
properties of a material can aﬀect the polarization of macrophages,39,40 it is necessary to ensure that the tested materials
have similar properties. In our previous study, we have
demonstrated that the HRP-mediated crosslinking reaction of
HA-TA- and GTN-HPA-based polymers is a highly tunable
system where the degree of crosslinking and therefore the

PBMC attachment to the hydrogel coatings pretreated with CK
Since the PBMCs did not attach to the coating made from pure
HA-TA, the following experiment was performed only with the
coatings made from HA-TA + GTN-HPA and GTN-HPA. The
coatings were allowed to absorb the culture medium with or
without ve- or ten-times increased concentration of the cytokine mixture (w/o CK, CK 5 or CK 10) for three days. Aer
this, the medium was removed, and PBMCs in a fresh medium
without CK were seeded on the hydrogel coatings. The cell
attachment and the phenotype were assessed aer 4 days
(Fig. 5A).
The cell number and phenotype were strongly inuenced by
the CK pre-treatment on both types of hydrogel coatings;
signicantly more cells attached to the materials pretreated
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Fig. 4 PBMC adhesion to the hydrogel coatings after 4 days. (A) Cell
adhesion to the hydrogel coatings. CellTiter-Glo assay, day 4. The data
are presented as mean  SD, n ¼ 3. (B) Morphology of the attached
cells.
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PBMC adhesion to the coatings after 4 days. (A) Schematic of
the experiment. Asterisks represent change of medium. (B) Cell
adhesion to the hydrogel coatings. CellTiter-Glo assay. The data are
presented as mean  SD, n ¼ 3. (C–F) Phenotype of the cells attached
to the hydrogel coatings: (C) morphology of the attached cells. (D)
Percentage of the elongated cells. (E) CD68 immunostaining of the
attached cells. CD68 – green, cell nuclei – blue. (F) Percentage of the
CD68+ cells. The number of elongated cells and the number of
CD68+ cells were obtained by image analysis of the
microphotographs.
Fig. 5

stiﬀness of the hydrogel can be adjusted by the concentration of
hydrogen peroxide and activity of HRP.36 To achieve comparable
mechanical strength between hydrogels containing diﬀerent
ratios of HA-TA and GTN-HPA, decreased concentration of the
crosslinking agents was used in the case of the HA-TA hydrogel.
The prepared HA-TA + GTN-HPA hydrogels had only slightly
higher G0 values as compared to the GTN-HPA hydrogels; the
other mechanical properties were comparable among all the
three materials. This ensures that the eﬀects are due to the
composition rather than the mechanical properties as it has
been shown that the mechanical properties can aﬀect the
macrophage/immune cell behavior, where on the soer hydrogels, there was less pro-inammatory cytokine secretion,40 and
with polyethylene glycol (PEG) hydrogels, it was shown that the
soer hydrogels (in the range of 100–800 kPa) resulted in less
activation of the macrophages.
Eﬀect of increased concentration of the CK cocktail on the
encapsulated THP-1
The immunomodulatory eﬀect of a biomaterial can be achieved
by the incorporation of monocytes and their in vitro polarization
within the material. The monocytes are usually activated by MCSF and then polarized with anti-inammatory cytokines such
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as IL-4, IL-10, and IL-13 or their mixture.9 Polarization can also
be achieved by a specic mixture of IL-4, IL-10 and TGF-b1,
which seems to be more eﬃcient in the long-term stabilization
of the M2 phenotype.15,16 Although the typical concentration of
cytokines for in vitro polarization ranges from 10 to 50 ng ml1,
when the cytokines are loaded onto a release system or used for
the polarization of the encapsulated cells, higher concentrations are used.16 For example, in the foam conguration, up to
325 ng per scaﬀold of the cytokines was used to ensure biological activity.33 However, the limits for the potential adverse
eﬀects of excessive cytokine presence need to be quantied.
Previously, a cocktail system was used to induce M1-like
polarization using a mixture of MCP-1, IL-6 and IFN-g,11
where the presence of sulphated HA decreased the ability to
induce M1 polarization. The aim of the rst part of the study
was to identify how much higher concentration of CK must be
present in a culture medium for the encapsulated cells to
undertake a phenotype corresponding to the phenotype of the
non-encapsulated cells cultured with the standard concentration of CK.
We have identied that ve- or ten-times increased concentration of CK must be used for the activation of the encapsulated THP-1 cells. A majority of the activated cells gained nonspherical, irregular morphology, and a smaller portion was
elongated. According to some researchers, M2-type macrophages have mixed irregular and elongated morphology with
predominant elongated morphology11,13 although the inuence
of encapsulation in a 3D scaﬀold has not been fully explored by
them. However, deducing the polarization stage of macrophages from their morphology can be misleading since the
morphology is highly variable and inuenced by many
factors.16,42,44 For more precise analysis of the phenotype of the
encapsulated THP-1 cells, cytokine production was assessed.
With ve- or ten-times increased concentration of CK, the
production of the M2 markers in the encapsulated cells corresponded to their production in the polarized non-encapsulated
cells. However, increased production of the M2 markers was
accompanied by an increased production of the M1 markers,
especially TNF-a, although at much lower concentrations.
Macrophage polarization is a complex process,41–43 which can be
inuenced by many factors including mechanical cues,40,41
growth factors from fetal bovine serum (FBS) in a culture
medium,44 or even the level of glycemia.45 Previously, Riabov
et al. observed the decreased production of TNF-a in the
primary monocytes seeded on the surface of gelatin-based
coatings containing the same cytokine cocktail.16 However,
Riabov et al. studied the eﬀect of the cytokine cocktail in
a serum-free medium. In our experiment, FBS present in the
culture medium could have aﬀected the polarization of the
encapsulated cells. Furthermore, the eﬀect of a 3D microenvironment was absent in the study reported by Riabov, and Cha
et al. demonstrated the eﬀect of the properties of the hydrogel
used on the macrophage polarization.35 Therefore, it is possible
that the encapsulated cells are inuenced by the composition of
the culture medium (i.e. the presence of FBS) and the
mechanical cues from the surrounding hydrogel; moreover,
they are more susceptible to cytokine stimulation and also have
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higher potential overall for cytokine secretion, which can be
advantageous within the context of personalized coatings.
Another possible explanation is that the phenotype of the THP-1
cells, although widely used as an in vitro model of human
macrophages, can diﬀer from the phenotype of primary
monocyte-derived macrophages.40,43 However, the distinct
eﬀects of encapsulation and the concentration of the cytokine
cocktail present are transferable to the primary cells.
Although the expression of IL-1RA, TNF-a and IL-1b was
directly dependent on the presence and concentration of the
polarization medium and decreased shortly aer it was
removed, the expression of CCL18 was triggered by the CK
treatment but manifested later. This phenomenon was
observed on gelatin hydrogels by Dollinger, who used
a commercially available polarization medium.10 According to
Kodelja et al., the monocyte-to-macrophage diﬀerentiation is
a prerequisite for CCL18 expression.46 In our previous studies,
the production of CCL18 was detected on day 6 of the
monocytes-to-macrophage diﬀerentiation;47 therefore, it could
be argued that the encapsulated cells needed more time to
mature and produce CCL18.
Adhesion of the cells to the coatings of diﬀerent compositions
Aer implantation, the patient's immune cells are expected to
interact with the implanted biomaterials in vivo. Therefore, in
the second part of this study, we tested the interaction of
PBMCs with coatings of diﬀerent composition, with or without
PMA in the culture medium.
PMA has a stimulating eﬀect on immune cell activation,
adhesion and phagocytosis and is widely used for in vitro
immune cell activation.48 However, the eﬀect of PMA is very
widespread; thus, in future studies, specic cocktails acting on
diﬀerent components of PBMC can be used for a more precise
control over the reaction.
The cells were unable to attach rmly to the HA-TA coatings,
and they attached only to GTN-HPA-containing coatings (i.e.
HA-TA + GTN-HPA and GTN-HPA) via integrin-mediated adhesion to the adhesive sequences present in gelatin. When PMA is
added, more cells adhere to both GTN-containing materials,
which is natural since PMA stimulates b integrin-dependent
adhesion. The enhanced adhesion of PMA-activated cells indicates that under inammatory conditions in a wound, the
activated immune cells will react more rapidly with the
implant.49,50
PBMC attachment to the hydrogel coatings pretreated with CK
Both gelatin and hyaluronan can bind diﬀerent drugs, growth
factors, and serum components.16,25,28,29 Thus, an HA-TA + GTNHPA-based coating would serve not only as a delivery system for
in vitro polarized cells, but also as a reservoir and a release
system for the CK mixture aer implantation, which can control
the phenotype of the incoming cells. In the rst part of this
study, we identied that CK 5 and CK 10 should be used for
the in vitro polarization of the encapsulated cells. In this part,
we studied the interaction of PBMC with the hydrogel coatings
loaded with cytokines at these concentrations.
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The phenotype of the attached cells was more inuenced by
the concentration of loaded CK than by the composition of the
material. Riabov et al. observed a similar pattern where a CK
pretreatment had a generally stronger eﬀect on the phenotype
of the primary monocytes than the presence or absence of the
GTN/HA coatings. On the other hand, the coatings alone
inhibited TNF-a production in the monocytes regardless of the
CK treatment.16
Our results suggest that the loading by CK 5 is suﬃcient for
the activation of the incoming monocytes and their diﬀerentiation into the CD68+ macrophages; however, a further increase
in the CK concentration (CK 10) leads to a higher portion of
cells with elongated morphology, indicating M2 polarization.

Conclusions
To have a better control over the response to implanted materials,
the use of a hydrogel-based immunomodulatory surface coating is
a potential way of interacting with the immune cells of the patients.
For rendering these coatings more potent and personalised, autologous, phenotype-controlled macrophages can be used in the
hydrogels as natural hydrogels are suitable for cell encapsulation.
Herein, we demonstrated the potential eﬀects of an M2 phenotypeinducing cytokine cocktail on both the encapsulated monocytes and
the PBMC cells for their potential use as immunomodulatory
coatings. The presence of the cytokine cocktail changed the cellular
morphology in a concentration-dependent manner and also
induced higher secretion of several cytokines. The presence of the
cytokine cocktail also inuenced the number and morphology of
the cells attached to the coatings. The incorporation of specic
phenotype inducing cytokine cocktails into degradable hydrogel
structures can create a dynamic interface between the implanted
materials and the host tissue and can aid in the resolution of
inammation and the integration of the implanted systems.

Experimental
Hyaluronan polyaldehyde was produced by Contipro a.s. 3-(4Hydroxyphenyl)propionic (HPA), 2-(N-morpholino)ethanesulfonic acid hydrate (MES), N-(3-dimethylaminopropyl)-N0 ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(HOSu), gelatin from porcine skin gel (Bloom degree 300; Type
A), dimethylformamide, tetrahydrofuran, ethyl acetate, methanol, triuoroacetic acid and horseradish peroxidase – type I
(HRP) were purchased from Sigma Aldrich. Hydrogen peroxide
30% was purchased from Penta s.r.o.
Synthesis of hydroxyphenyl-modied gelatin (GTN-HPA)
GTN-HPA was synthesized using a method previously described by
Wang et al.:37 3-(4-hydroxyphenyl)propionic acid (3.4 g; 20.5 mmol)
was dissolved in 50 ml of DMF. MES (10 g), HOSu (3.5 g; 30 mmol)
and EDC (3.9 g; 20.5 mmol) were dissolved in 100 ml of demineralized water. Both solutions were mixed together and stirred for 60
minutes at room temperature. Moreover, GTN (10 g) was dissolved
in demineralized water (500 ml) by heating to 40  C. All the
components were nally mixed and stirred overnight at room
RSC Adv., 2019, 9, 21396–21404 | 21401
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temperature. Conjugated GTN-HPA was puried by ultraltration,
and it was obtained in the solid form by freeze-drying.
Hyaluronan-tyramine conjugate (HA-TA) preparation
Synthesis
of
6-amino-N-[2-(4-hydroxyphenyl)ethyl]hexanamide (Ahx-TA). 6-[(tert-Butoxycarbonyl)amino]hexanoic acid
(1.00 g, 4.3 mmol) was dissolved in 50 ml of tetrahydrofuran
(THF). To this solution, a solution of 1,10 -carbodiimidazole
(0.70 g, 4.3 mmol) was added. The mixture was heated to 50  C
for 60 minutes. Then, the reaction vessel was purged with an
inert gas. To the reaction mixture, tyramine (0.59 g, 4.3 mmol)
was added. The mixture was further heated for another 2 hours.
Then, THF was removed via reduced pressure distillation. The
evaporation residue was dissolved in 50 ml of ethyl acetate. The
solution was washed with 150 ml of puried water (divided into
three parts). Ethyl acetate was removed via reduced pressure
distillation. The evaporation residue was dissolved in 50 ml of
MeOH, and 2 ml of triuoroacetic acid (TFA) was added. The
solvent was removed by reduced pressure distillation.
HA-TA synthesis. Hyaluronan polyaldehyde (5.00 g,
12.50 mmol dimers of HA)38 was dissolved in 500 ml of demineralized water. The pH of the solution was adjusted to 5 using
acetic acid. Then, tyramine or 6-amino-N-[2-(4-hydroxyphenyl)
ethyl]hexanamide (0.625 mmol or 2.5 mmol) was added to the
reaction mixture, and the mixture was further stirred for 1 hour
at room temperature. Then, a solution of picoline–borane
complex (0.35 g, 3.13 mmol) in 50 ml of 50% propan-2-ol was
added to the abovementioned mixture. The reaction mixture
was further stirred for 12 hours at room temperature. Lowmolecular ballast substances were removed from the product
via ultraltration.
Hydrogel/coatings preparation
Hydrogel preparation was described in our previous study.36
Briey, the HA-TA derivative was dissolved in a mixture of 0.9%
NaCl + RPMI (1 : 1) at RT overnight, and the GTN-HPA conjugate was dissolved in the HA-TA solution at 37  C for next 2 h.
The two-compound system was used for hydrogel/coating
preparation. The solution (HA-TA or HA-TA + GTN-HPA (1 : 10
w/w) or GTN-HPA) was equally divided into two parts. An
adequate amount of HRP stock solution (8 U ml1) was added to
one part and H2O2 stock solution (0.1%) was added to the other
part. Aerwards, equipment with a static mixer was used for
mixing both the parts and dosing the material into Teon
moulds with a diameter of 11 mm or into coating wells in 24well culture plates. The gels were formed within seconds; the
samples were allowed to set for 15 minutes at room
temperature.
Evaluation of the viscoelastic properties
Hydrogel samples were prepared from HA-TA or HA-TA + GTN-HPA
or GTN-HPA 4% (w/v) solutions. HA-TA with Mw 292 kDa and DS 2%
was used in combination with GTN-HPA with HPA substitution
(15 mg g1). Diﬀerent HRP activity and H2O2 concentrations have
been used to achieve comparable elastic moduli of these materials:
HRP activity used for HA-TA + GTN-HPA and GTN-HPA samples was
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0.4 U ml1 and H2O2 concentration was established at 0.005%. For
HA-TA hydrogel without GTN-HPA, the HRP activity and H2O2
concentration were decreased to 0.16 U ml1 and 0.001%,
respectively.
The viscoelastic properties of the hydrogels were measured by an
AR-G2 Rheometer (TA Instruments). A cross-hatched surface
geometry was used to avoid slippage of the hydrogel. A strain sweep
test with a displacement range of 103 to 2 radians and a frequency
of 1 Hz was performed. The elastic modulus was used for the
evaluation of hydrogel viscoelastic properties (n $ 3).
Cell culture
THP-1 cells were bought from ATCC (TIB-202™). The culture
medium consisted of high glucose RPMI-1640 medium
supplemented with 10% FBS, 1% penicillin–streptomycin
solution, 2 mM L -glutamine, and 1 mM sodium pyruvate (all
from Sigma Aldrich).
PBMCs were isolated from the fresh samples of human
peripheral blood from 2–3 donors using density gradient
centrifugation with Ficoll® Paque Plus (GE Healthcare).
Fresh PBMC were isolated for each experiment. The culture
medium was the same as that used for the THP-1 cells.
Eﬀect of increased concentration of the cytokine mixture on
the encapsulated THP-1
Herein, 1.5  10 6 THP-1 cells were encapsulated per ml of
the HA-TA : GTN-HPA hydrogel. The material solution was
sterilized by ltration. The cell suspension was added into
the solution aliquot with HRP. The solution was mildly
stirred to homogenize the cells and the hydrogel samples
were prepared and le 15 minutes to set. Aerwards,
hydrogels were transferred in a 24-well culture plate and
submerged in 1 ml of culture medium each.
For the rst 8 days, the culture medium with diﬀerent
concentration of the cytokine mixture (CK) was used:
(A) Standard culture medium without cytokines (w/o CK)
(B) Medium with 10 ng ml1 M-CSF, 10 ng ml1 IL-10, 10 ng
1
ml TGF-b1, 3 ng ml1 IL-4 (CK 1)
(C) Medium with 30 ng ml1 M-CSF, 30 ng ml1 IL-10, 30 ng
1
ml TGF-b1, 9 ng ml1 IL-4 (CK 3)
(D) Medium with 50 ng ml1 M-CSF, 50 ng ml1 IL-10, 50 ng
1
ml TGF-b1, 15 ng ml1 IL-4 (CK 5)
(E) Medium with 100 ng ml1 M-CSF, 100 ng ml1 IL-10, 100
ng ml1 TGF-b1, 30 ng ml1 IL-4 (CK 10)
M-CSF and TGF-b1 were obtained from Promokine, and IL10 and IL-4 were obtained from Sigma Aldrich.
Aer 8 days, the medium with the cytokines was removed,
and the hydrogels were cultured in a standard culture for the
next 7 days. The non-encapsulated THP-1 cells cultured in the
medium with CK 1 served as the control. The cell morphology
was determined from the live/dead images. At appropriate time
points, cytokine release was analyzed by ELISA.
PBMC adhesion to the coatings of diﬀerent compositions
The culture wells in 24-well plates were coated with HA-TA,
GTN-HPA or HA-TA : GTN-HPA. Then, 3  105 PBMC were

This journal is © The Royal Society of Chemistry 2019

Paper

seeded per well in a standard culture medium or in a medium
containing 100 nM PMA. Aer 96 h, the non-adherent cells were
removed, and the number of adherent cells was evaluated via
the CellTiter Glo assay.
PBMC adhesion to the coatings pretreated with cytokines
The culture wells in 24-well plates were coated with a 2 mm
thick layer of HA-TA : GTN-HPA and 1 ml of medium with CK
5 or CK 10 was added. The hydrogels layers were allowed to
absorb the cytokines for 72 h at 37  C. Aer that, the medium
with CK was removed, the coatings were rinsed with RPMI-1640,
and freshly isolated PBMCs were seeded on them in a standard
culture medium. Aer 4 days, the number of adherent cells,
their morphology, and the number of CD68+ cells were
evaluated.
Cell growth and phenotype assessment
Live/dead staining was used for the evaluation of cell
morphology and viability. The culture medium was replaced
with PBS. Calcein-AM, and propidium iodide staining solutions
(both from Sigma Aldrich) were added at a nal concentration
of 1 ng ml1. Everything was incubated for 15 min, protected
from direct light. The images were obtained using the uorescent microscope Nikon Eclipse-Ti.
Cell number evaluation: the coatings with the cells were
gently rinsed, and 200 ml PBS and 40 ml of CellTiter-Glo reagent
(Promega) was added. The plate was incubated for 15 min using
an orbital shaker at 200 rpm, protected from light. Aer this, the
plate was removed from the shaker and incubated for another
10 min. The luminescent signal (RLU) was read using the
uorescent reader TECAN Innite 200.
Immunouorescent staining: the coatings with the cells
were gently rinsed with PBS, xed in 4% paraformaldehyde for
10 min, permeabilized with 0.2% Triton X-100 for 5 min, and
washed several times with PBS. The cells were incubated with
anti-CD68-Alexa488 (SantaCruz) diluted 1 : 100 in 0.1% BSA/
PBS for 2 h. The cell nuclei were counterstained with Hoechst.
ELISA: the supernatants from the encapsulated and control
THP-1 cells cultured in the media with diﬀerent concentrations
of the cytokine mixture were collected at 72 h interval and
stored at 80  C. ELISA was performed in Protobios LLC (Tallinn, Estonia) as per the instructions of the providers. The
release of the M2 markers IL-1RA and CCL18 and the M1
markers TNF-a and IL-1b was assessed.
Statistical analysis
All the quantitative results are presented as mean  standard
deviation (SD). The Student's t test for unpaired observations
was applied for statistical analysis. The diﬀerences between the
samples with p-value < 0.05 were accepted as statistically
signicant.
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