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ABSTRACT

3D bioprinted hydrogel constructse advancedsystemsof a great drug delivery application
potential. One of the bioinks that has recently gained a lot of attention is gelatin methacrylate
(GelMA) hydrogel exhibiting specific properties, including UV crbeking possibility.
Thepresenstudy aimed to develop a new bioink composed of GelMA and gelatin modified by
addition of polymefpolycaprolactone or polyethersulphonagrosphereserving adbioactive
substancecarriers The prepared microspheres suspension in GelMA/gelatin bioink was
successfully bioprinted and subjected to various tests, which showed that the addition of
microspheres and their type affectsphgsicochemicgbroperties of the printouts. The hydrogel
stability and structure was examined using scanning electron andlopitroscopy, its thermal
properties with differential scanning calorimetry and thermogravimetric anadysls its
biocompatibility on HaCaT cells using viability assay and electron microséom@lysesalso
included tests of hydrogel equilibrium swefjinratio and release of marker substance.
Subsequentlythe matrices were loaded with ampicillin and the antibiotic release was validated
by monitoring the antibacterial activity @taphylococcus aure@ndEscherichia colilt was
concluded that GelMA/gatin bioink is a good and satisfying material for potemtiatiicaluse
Depending on the polymer used, the addition of microspheres improves its structure, thermal

and drug delivery properties.

KEYWORDS

3D bioprinting, bioink, microspheres, drug delivegglatin methacrylate, crodisking
HIGHLIGHTS

x Gelatin methacrylate (GelMA) modified with polycaprolactone (PCL) or
polyethersulfone (PEShicrospheres as a new useful bioink in 3D bioprinting.

X The type of microspheres used affects the sweltimgrmaland transport properties of
the 3D bioprinted matrices.

x The microspheroaded 3D bioprinted matrices may find potential applications as
controlled drug delivery systems or wound dressings.



INTRODUCTION

3D bioprinting involves a variety of advanced manufacturing technologies to produce
functional 3D tissues and organs layer by layer using bioink, which includes biological
materials, additives and living cell§] £3]. Currently, 3D bioprinting technology, is widely
used in the design and manufacture of drug delivery systems for therapeutic appljdatons
[6], tissue engineering and regenerative medicine to develop complex tissue structures that
mimic native organsand tissueq7] £10]. The advantages of using 3D bioprinting in the
biomedical field are the development of patispécific personalized designs, high precision
and ondemand creation of complex structures in a short [ghe

As mentioned above, tinks are the materials used in the preparation of processed
(bioartificial) living tissues using 3D bioprinting technology. They can comprise only cells, but
an extra carrier substance (a biocompatible synthetic or a natural polymer gel or a gel based on
the combination of both), which surrounds the cells and acts as a 3D molecular scaffold, is often
included. The bioinks used in 3D bioprinting technology should primarily be highly
biocompatible and nontoxic, mechanically stable after printing, and shpyaldde high
resolution during printing, as well as printing temperatures below physiological temperatures
[11] £#13]. Commonly used materials for 3D printing are: polymers, elastomers, ceramics and
hydrogels. The most widely used synthetic polymers delupolycaprolactone (PCL),
pluronic, polyvinylpyrrolidone (PVP) and polyethylene glycol (PEG). In turn, the most
commonly used natural polymers are: gelatin, hyaluronic acid, collagen and nja#]gel

Gelatin is a naturalvater soluble protein that comes from the partial hydrolysis of
collagen. With its chemical structure and biological functions, it resembles collagen in the
native extracellular matrix (ECM). For this reason, it is considered an ideal material that can
mimic the naturastructure of the ECMGelatin is a biocompatibienontoxic and non
immunogenic polymeanda biomimetic peptide with the ability to prevent cell apoptfiss.

In addition, gelatin promotes cell proliferation and differentiation in a specific dirgdt6].
Among other things, these features and the adaptability of gelatin's rheological properties have
determined its high popularity as a bioink for use in 3D bioprir{tiiid, [18].

On the other hand, among the undoubted disadvantages of gelatin that pose an obstacle
to the development of bioplastics for medical applications are its poor mechanical and thermal
properties. For this reason, in order to obtain a material for use ie gsgineering, among
other applications, gelatin is modified with methacrylic anhydride. Recently, gelatin
methacrylate (GelMApased hydrogels have been widely used in tissue engin€egin@ther



applications of GelMA hydrogels include fundamental ceflearch, cell signaling, drug and
gene delivery, and biosensifis], [20].

An interesting direction for modifying the properties of newly developeshksaan
be, for example, the addition of microspheregrbspheres are spherical micropartiolgth
diameters in the range of #1000 m that can be loaded with hydrophilic and hydrophobic
drugs or other bioactive components (e.g. DNA or proteins). They are usually made from
biodegradable and biocompatible polymers, such as: cellulose, polydimeesul
polycaprolactonepoly(lactic acid) and poly(glucolic acid). Drug release from microspheres
occurs by degradation/erosion of the polymer matrix and simultaneous diffusion of the drug
substance. Administration of medication via microparticulate sysigdvantageous because
microspheres can be tailored for desired release profiles and used-&pesitiec delivery of
drugs and in some cases can even provide aaygeted relead@l], [22].

A lot of attention is currently being paitt the development of new bioinks with
improved performance properties and for increasingly broader applications, including drug
delivery systems and tissue engineering. Our previous [@8fknvolved an attempt to develop
a new bioink based on creBaked gelatiralginate hydrogel for potential use as an antibiotic
delivery systemOver the past few years, there have been several papers proposing new
microsphereanodified bioinks for use in 3Dioprinting [24] £36]. Mirani et al.[29] used an
alginategelatin methacryloyl (GelMAphotoinitiator (PI) solution with suspendedi-trans
retinoic acid (ATRAJoaded microspheres as the 3D bioprinting material. FTdim@ensional
porous hydrogel meshes loaded with ATHRAded polymer microspheraave been shown to
be responsible for, among other things, prolonged ATRA release and induce apoptotic cell
death in U887 MG (malignant glioma)Chen et al[30] successfully developed bioprinted
multiscale composite scaffolds based on gela@hacryloyl (GelMA)/chitosan microspheres
as a modular bioink that mimicked the 3D integrated miarad macroenvironment of the
native nerve tissue very well. Among other things, the effect of these microspheres was shown
to increase neurite growth andbregate PC12 cells. Sharma et al.[B1] presented the
possibility of using guggulsterofreleasing microspheres contained in a new fibased
bioink to bioprint 3D tissues similar to those in the brain. Studies have shown that the addition
of drug rdeasing microspheres to bioink improves cell survival and differentiation. In a
subsequent study, Sharma et al. showed that the incorporation of microspheres in bioink
enhanced the mechanical strength, lowered the degradation rate, and increased ¢he elasti
modulus of bioprinted32]. In a recent papdR4], Kanungo et al. presented research on an

attempt to develop a bioink composed of pectin and Pluronit¢®7containing gelatisoated
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pectin microspheres as vascularizappomoting agents for potgal use in tissue
bioengineering. When incorporated into bioink for scaffolding, the microspheres distributed
evenly and did not display any negative effects on bioprintability. In addition Bonany3& al.
introduced three types of microspheres wlifferent mineral contds (gelatin, hydroxyapatite
nanoparticle containing gelatin; and calciwgeficient hydroxyapatite) into an alginatesed

bioink. The results showed that the addition of microspheres generally improved the rheological
properties © the ink, favored cell proliferation and positively affected osteogenic cell
differentiation.

So far, the research presented in the literature is primarily concerned with attempts to
develop special bioinks modified witlhrug-loadedmicrospheres, which act as microreservoirs
with internalreleaseof bioadive moleculesvhich improvethe survival and differentiation of
living cells suspended in the bioink. Such bioinks are desigrigthrily for 3D bioprinting of
tissue scaffolds. Hower, there is m acute shortagef researclon thedevelopment obioinks
containing microsphergsnicrocarriers}o 3D bioprint construct&/ith external drug releasg
this kind of bioprintoutcan be used as drug delivery systems or dressings foitdrbaeadl
wounds.In accordance with the assumptions of the presented resglaicihg microspheres in
the 3Dbioprinted matrices can guarante#t of benefits as followgirolonged and controlled
release of themmobilizedsubstance, increagelrug @paciy of the entire systepeliminaton
of burst effect and the dict action of drug in the diseased aféar. these reasos, an attempt
to develop such a biltk wasthe aim ofthis work

The focus wasn developing GelMAgelatinbased bioinknodified withtwo different
types ofmicrospheresnade ofpolycaprolactone (PCLgr polyethersulfone (PES) for potential
use in 3D bioprintingThese two types of microsphemgerepreparedasdescribed in detail in
our previous work37]. The properties of the gelatin methacrylatesed bioink were enhanced
by the addition of pure gelatin to combitiee benefits of both sutamcesThe studies of the
printability of bioinks containing GelMA and gelatim different ratiosvas conducted by ¥ii
et al.[38], indicating such concentrations of ingredients in which smooth and uniform filaments
were formed during bioprinting. The addition of gelatin increéisewviscosity and stability of
the bioink, as well as the flexibility of the 3D bioprinted model.

Presentedresearch included evaluating tl3® bioprinting feasibility of a newly
developed bioinknodified with microspheres using an extrusion techniquaracterizing the
morphology of such 3ioprinted matrices, assessing their thermal properties and degree of

swelling, and evaluating their transport and antibacterial properties.



MATERIALS AND METHODS

Materials

Gelatin type B (CAS Number: 900M0-8) from bovine skin (gel strength 225 g Blogm)
methacrylic anhydride (CAS Number: 76G- - sodium chloride (NaCl, CAS Number:

764714 . SRWDVVLXP FKORULGH -840 &%$6 1SRWIBWVLXP
phosphate monobasic (KPIQs, CAS Number: 77877- VRGLXP SKRVSKDWH
(NaoHPQs, CAS Number: 75589 DQG DJDU &$6-130Pvek Purchased

from SigmaAldrich. Polycaprolactone (PCL, M= 70 kDa, CAS Number: 249881 #) was

purchased from Scientific Polymer ProdudiSA) and polyethersulfone (PESW™ 42 kDa,

Ultrason E2020) from BASF (Germany). Dimethylformamide (DMF, Chempur, Poland, CAS
Number: 6842+ . D Q @nethyt2-pyrrolidone (NMP, Chempur, Poland, CAS
Number: 87250+ ZHUH XVHG D W NoReYsHRTWavid IFES réspectively).
(WKDQRO (W2+ 3ROPRV 3RODQG =« -salver¥ toXindbce pbage D 3 &/
separation in a precipitation bath. Lithium pheBy,6trimethylbenzoylphosphinate (LAP,

Allevi, USA, CAS Number: 850739 *5%) was used as laydrogel UV-crosslinking
photoinitiator. A drug marker rhodamine 640 perchlorate\(#591.05Da, CAS Number:
7210201 4) was purchased from Exciton (USAmpicillin sodium salt antibiotic (CAS

Number: 69528) was obtained from A&A Biotechnology (Poland)he nonpathogenic
GrampositiveStaphylococcus aureasmd Gram negativEscherichia colbacteriad K12 DSM

423, from DSMZ, Germany) were chosen as madeltoorganismsThe culture medium was

a Tryptone Salt Broth (TSB, Sigma Aldrichfhe chemicals were used without further
SXULILFDWLRQ $00 VROXWLRQV ZHUH SUHSDUHG ZLWK 0OLC
Millipore, USA).

Gelatin methacrylatesynthesis

Gelatin methacrylate (GelMA) was prepared using a protocol first reported by Van Den Bulcke
et al.[39] by reaction of gelatin with methacrylic anhydride (MA)this reaction, the hydroxyl

and amine groups of the amino acid residues are substituted with methacryloyl gigupes (

1A). A constant pH is impaant to maintain the reactivity of protein functional groupslatin

(5 g) was dissolved in phosphate buffer (PBS, pH4¥ & 50°C. After 1h MA (5 mL) was
added gradually (0.B1L/min) to the vigorously stirred solution. The reaction was run for at
50°C and after 3 h it waguenched with 250 mL PB2@{°C). The diluted reaction mixture was
then dialyzed against deionized water through a dialysis tubingX4XDa cutoff) for 7 days

to remove potentially cytotoxic lownolecularweight residues of MA. Dialysis water was



changed every 24 hours. The resulting solution was then fdeetk @8 h at 12 P&,70°C)

leading to a white solid produetGelMA *which could be stored in a freezer.

Microsphere formation

A technology, the diagram of which is shown kigure 1C, combining pulsed voltage
electrospray with wet phase inversion was usegrepare microspher¢37]. In this process
developed in our group, the polymer solution is pumped through a metal nozzle attached to a
high pulsed voltage. Microdroplets are created by the electrospray process at the nozzle outlet.
Afterwards, they e collected in a welhgitated precipitation bath containing a polymer-non
solvent. Based on the Gibbs phase rule, wet phase inversion occurs in this bath, resulting in the
formation of hardened polymer microspheres. The procedure can be changed lyraticgrp
different materials (such as drugs) into the polymer solution or bath to immobilize them inside
the microspheres. The microspheres were prepared with a 15% solution of PCL in DMF as well
as a 15% solution of PES in NMP. The electrical parametetiseirstudy were set to the
following values: electrical voltage = 8 kV, pulse frequencl/= 60 Hz, and pulse duration

2= 6 ms and the polymer solution flow rate was 1.5 mL/h. Throughout the procedure, the
temperature did not exceed 25°C and the humiddg not greater than 40%. Microspheres

with immobilized active substance were prepared from a polymer solution containing 0.57 mg/g
(mass/polymer mass marker) of rhodamine or ampicillin and using a precipitation bath
containing 0.1 mg/mL of the substanEellowing microsphere formation, the bath suspension
was transferred to a falcon and centrifuged to remove the excess ethanol. Then the microspheres
were dried, weighed and suspended in distilled water for further use in the bioink preparation.
The obtaied microspheres had average diameters of 14.38 + 6.28 yum for PCL and
6.20% 2.43um for PES.
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Figure 1. Bioink preparation, 3D bioprinting and Ugttosslinking of microspherdoaded GelMA/gelatin
matrices. (A) Reaction of gelatin and methacrylic anhydride for gelatin methacrylate production. Protein chains
are schematically marked with a red line, only anainé hydroxyl groups and their substitutions with methacryloyl
groups are shown. (B§implified exemplaryscheme ofeactions during the U¢rosslinking of GelMA to form

hydrogel networkstthe free radical chain polymerization of the methacryloyl sultitits.(C) The microsphere
production process scheme using the method combining electrospray and phase inversion developed previously
by the authorg37]. (D) The syringe coupler method scheme proposed by Allevi,[#]. (image used with
permission from Allevi) for bioink preparation. Scheme presents mixing microspheres suspension with GelMA
solution. (E)3D bioprinting setup scheme. (F) A digital 3D mesh matrix model desigrete using the
DesignSpark Mechanical 4.0 soére.



Bioink preparation

The bioink presented in this work should be prepared just before it is used in the 3D bioprinting
processFor this purpose, three preliminary mixtures were prepared and then combined into the
final formulation. Mixture A was a solution of gelatin (10.8 g) in PBS (20 maiter 3 hours

of stirring at 40°C a 35% solution was obtained. Mixture B was a solutiGeld1A (1.19 g)

in PBS (7.31 mL) with the addition of LAP (50 mg). A photoinitiator was added to the PBS,
stirred for 30 min at 60°C, then GelMA was added and after stirring for 60 min at 60°C a
solution containing 14% GelMA and 0.7% LAP was obtained.tix C was a suspension of
microspheres (PCL or PES, with or withdoibactive ingredient) inPBS (or 0.1 mg/mL
bioactive ingredient solutiom PBS. Appropriate amount of microspheres was suspended in

2 mL of PBSresulting in formation of a suspensiond&fsired microsphere concentration (e.g.

30 mg to get 5 mg/mL bioink suspension in the next step). Once all mixtures weretheady,
syringe coupler methodr{gure1D) was used to prepare the suspension for 3D biopriming.
similar methodology was employed by Jeon et al., as evidenced in thefddbrkhe mixtures

were transferred to syringes: 1.9 mL of mixture2AL mL of mixture B and 2 mL of mixture

C. First, the syringes A and C were linked with a syringe coupler, and the contents were mixed
by moving the plungers back and forth #80 times.The resulting suspension of microspheres

in gelatin solution washen placed in one of the syringes which was connected with a syringe
coupler to the third syringe containing the mixture B. Again, the plungers were moved back
and forth 40 £50 times. In this manner, a suspension of microspheres with concentrations
5 mg/mL or 10mg/mL in a 11% gelatin and 5% GelMA solution in PBS with a 0.25% addition

of LAP was obtained.

3D bioprinting of GelMA/gelatin matrices
Once the bioink was ready, it was set in the heating holder of biop(iterre 1E) and then
3D model could be printe@FigurelF) forming hydrogel matrices crod¢imked using UV light.

As a digital model of a bioprinting matrix, a cubic métie grid size was set as 1 mm and line
width as 0.2 mmyvith dimensions of 20nm x 20mm x 12 mm made of 6 layers (0.2 mm in
height eachyvas designedFigure 1F). The 3D model project was made in the DesignSpark
Mechanical 4.0 software, exportesl @ STL file, sliced by Repetietost/Slic3r software and
converted into &ode. The microspheieaded GelMAgelatin matrices were printed using
Allevi 2 3D bioprinter (Philadelphia, USAigurelE presents the scheme of the experimental
setup. Bioprinting parameters were set as folldesiperature of the bioink in the syringe of



28°C, temperature of the collector Petri dish of ~155@ting pressure of4b kPa (B psi),

printing speed of 10 mm/s, G3@zzle (inner diameter of 0.164 mm), layer height of 0.2 mm.

The crosdinking of the bioprintout from the GelMA/gelatin bioink was carried out in two
stages: first, the gelatin was thwlly crosslinked directly on the collector, hydrogen bonds
were formed, and then the initially hardened mat@sexposed to UV light, initiating GelMA
crosslinking. During UV-curing of the GelMAgelatinhydrogel in the presence of LAP, free
radicals are generated from the photoinitiator. They initiate chain polymerization of
methacryloyl substitutions and propagation between methacryloyl groups located on the same
or different chains takes pla¢€igure1B). In the described research, samples of a freshly
printed hydrogel matrix were placed in a chamber emitting ultraviolet light with a wavelength
of 365 nm in a vertical position so that theiee sample was evenly illuminated. Two lengths

of crosslinking time were tested: &in and 10 min.

Ten types of samples (without immobilizetactive substance) differing in the content of
microspheres in the bioink and crdsking time were prepared the manner described above.

The obtained GelMAyelatinmatrices are summarized in Table 1. vathroper denotation for

each of them (the first number corresponds to the microsphere content in the bioink, the second

number tto the U\tcrosslinking time expressed in minutes).

Tablel. List of bioprinted GelMAgelatinmatrices differing in microsphere contentd crosdinking time.

Sample Details

00 no microspheres no UV-crosslinking

05 no microspheres 5 min of UV-crosslinking
0_10 no microspheres 10 min of U\tcrosslinking
5 0 PCL |5 mg/mL PCL microsphereq noUV-crosslinking
10_0_PCL| 10 mg/mL PCL microspherg no UV-crosslinking

5 5 PCL |5 mg/mL PCL microsphereq 5 min of UV-crosslinking
5 10 PCL |5 mg/mL PCL microsphereq 10 min of U\tcrosslinking
5 0 PES |5 mg/mL PES microsphereq no UV-crosslinking

5 5 PES |5 mg/mL PES microsphereq 5 min of UV-crosslinking
5 10 PES|5 mg/mL PES microsphereq 10 min of U\tcrosslinking

In addition, six types of samples for testing the transport properties of bioprinted matrices
(microsphere content: 0 mg/mL or 5 mg/mL and cilogsng time 5 or 10 minutes) arfdur

types of samples for testing antibacterial properties (microspherentdhteg/mL or 5 mg/mL

10



and crossdinking time 10 minuteswere preparedThe GelMAgelatin matrices for studies
requiring anhydrous samples were frozen (842@tC) and lyophilized (24 h at 12 R@0°C).

Characterization of the crosBnked GelMA/gelatin matrices

The 3D bioprinting feasibility with proposed new bioink was assessed on the basis of
observations made during the process, as well as based on prexantsed using digital
microscope (Keyence, VHX000). After that,lte samplesvere lyophilized andbservedvith
scanning electron microscopy (SEM, HITACHI S480flne samples were coated with 10 nm

thick gold layer for it.

Fourier Transform Infrared Spectroscopy (FTIR) was usedetermine which functional

groups are present in the analyzed sample and thus the influence of microsphere use as well as
crosslinking on it. The FTIR spectra of GelMA/gelatin matrices was recorded using the NEXUS
instrument equipped with and attenwhtetal reflection (ATR) accessory in the frequency

range of 504000 cm' with an average of 64 scans at 2'crasolution.

Thermal properties of samples were investigated using differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA)Differential scanning calorimeter (DSC, TA
Instruments 2920) equipped with a RCS90 cooling system was used to deterntinesrttze
transition points and enthalpies (calculated as an area under the péa)GxIMA/gelatin
matrices.The samples were wghed (~2-3 mg) in an aluminum TA pan and segled empty
sealed pan was used as a reference. The samples were co8@tCtand then heated up to
200°C with a heating rate of 20°C/mihA Instruments TGA G500 apparatus was used to
perform thethermogavimetric analysis under oxygen flow of 60 mL/min to define the eross
linking influence on a thermal stability of matrices. The samples312mg were heated up

to 1000°C at a heating rate of 10°C/min.

Samples for FTIR, DSC and TGAere frozen (8 h a20°C) and lyophilized (24 h at 12 Pa,
-70°C)before the malyses.

Cell culture and cytotoxicity assays

HaCaT cells (spontaneously transformed human keratinocytes) were cultured at 37°C in 5%
CO XVLQJ '0(0 'XOEHFFRYV ORGLILHG (DJOH OHGLXP . PHGI
(v/v) foetal bovine serum. HaCat cells {iflls per well) were seeded in 96 well plates and

allowed to attach for 24 hours. After sterilization with UV irradiation ftwodr, the hydrogels

were hydrated in culture medium for Bdurs The corresponding hydrogel eluates G2&/'ml)

was prepared and the culture medium of the HaCaT cells seeded in 96 well plates was replaced

11



by 100ul of the hydrogel eluate at various dilutionp (o 50-fold). After 24 hoursof incubation

with the hydrogel eluates, cell viability was analyzed using MTT assay carried out as previously
described23] or with the CyQUANT® Cell Proliferation Assay Kit (Invitrogen, France) with

a measurement of fluoresem at 520hm on a Pherastar fluorimeter. Alternatively, HaCaT
cells were also seeded directly onto the hydrated hydrogelsu{l@fOcell suspension in 96
wells plate corresponding to5k10® cells/well). After 16hours the number of viable cells was
determined by adding 1fil of Alamar blue HS Cell Viability Reagent (Thermofisher, France)
and fluorescence was measurechdur later on a Pherastar fluorimeter (excitation 540
nm/emission 590 nmpPata (n=3 to 18) were analysed statistically using the Stueest or

the ManAWhitney test.

Scanning electron microscopy analysis of eeéeded matrices

HaCaT cells (1.21C° cells/well in 12 wells plate) were seedeuto the different hydrogels
previously hydrated and washed 3 times in cell culture medium. Afteod&of culture, the
hydrogels were washed with PBS, fixed with 2.5% glutaraldehyde in PHEM buffer (pH 7.2)
for 1 hour at room temperature and washed iaga PHEM buffer. Fixed samples were
dehydrated using a graded ethanol series1@Mo), followed by 10 minutes in graded
ethanol/hexamethyldisilazane (HMDS), and then HMDS alone. Subsequently, the samples
were sputter coated with a hén thick gold filmand then examined under a scanning electron
microscope (Hitachi S4000) using a lens detector with an acceleration voltagekdf &ttO

calibrated magnifications.

Swelling propertie®f the crosslinked GelMA/gelatin matrices

3D bioprinted, crosslinkednd lyophilizedGelMA matriceswvere cut and weighted. Theheir
equilibrium swelling ratio (ESR) in PBS at 37 °C was determined using a gravimetric method.
Each sample (60 £150 mg,Wg) was placed in closed bottle with 10 ml of swelling medium
(PBS).After predetermined immersion timetervals theywere retrieved andieighed \Wt)

and placed again in PESurface water was gently removed with a tissue before measurements)
The watefESCat timet was calculated according to the following equation:

9¢ .
'54L9— ®&rr Q)

where Wt is thessampleweight at a particular time (t) and Wd is the weight eédimatrix.
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The experimentvas performed three times for different samples of each type of GelMA/gelatin

matrix were used to perforand average ES®alueas calculated

Model drug molecule (rhodamine) releasem the GelMA/gelatin matrices

The release profile of rhodamine 640 fr@delMA/gelatin matricesvas determinedor six

types of samplestwith marker and no microspheres, with markeexded PCL microspheres

and with marketoaded PES microspheres, eagtoup of samples UMrosslinked for

5 or 10 minutes.Rhodamine 640 was used in the experiments because its concentration in the
solution @n be easilyquickly and accuratelgetermined spectrophotometrically, which allows
thetransport properties of the system to be observed (inclypdisgjble burst effetA sample

of 22.1 +38.1mg of each freezaried GelMA/gelatin matrixwasplaced in a glass container

with 3.65 £6.3mL of deionized watefthe amounts were selected so as to maintain a constant
proportion between the weight of the sample and the volume of watéy. The content of the
container was stirred all the tira@dthetotal volume did not change during the experimént

flow spectrophotometric method proposed before by Grzeczkowicz[4Rhlvas used for the

tests to determine rhodamine concation (light wavelength of 57dm used)Measurements

of absorbance were mads follows:every 2 minutes for the fir&hours, everylO minutes for

the nextl hour,every 30 minutes for the next 2 hours, after 6, 7 anldo24s On the basis of

the data, the rhodamine relegmsefilesfrom GelMA/gelatin matricesvere plotted on graphs

The transport properties of the tested matrices were descernageematically with a linear
function fitted to the plotted experimental points of the initial one hour of the substance release.
A line describing each casg £ ax) wasfitted in OriginPro software. The coefficieatefines

the slope of the line andubk the substance release rdteaddition, a graph showing the
concentration of rhodamine in solution after release in various samples for 24 hours was plotted
to check whether (and how) the addition of microspheres incréasesnount of rhodamine
released fromthe matrix compared tanewithout microspheres. The experiments were done

three times, thaveragdight absorbancé&hus markeconcentration) values were calculated.

Antibacterial activity ofthe GelMA/gelatin matricesvith ampicillin-loadedmicrospheres

For the antibacterial tests four types of GelMA/gelatin matrices were prepared,-afos/
linked for 10 minutestwith no ampicillin, with ampicillin (no microspheres), with ampicilin
loaded PCL microspheres and with ampiciltiaded PESnicrospheres. The sterilization was
provided by the UV crosknking. Staphylococcus aureu$§. aureus Gram positive) and
Escherichia coli(E. coli Gram negative) bacteria were used to examine the antibacterial

activity of the samplesvlicrobiologicalagar (15 g-t*) was added to PBS to prepare Mueller
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Hinton agar (GMH) plates. Two rectangular distiteach for one type of bacteriawere
inoculated individually with 1 mL 08. aureusr E. colisuspensionThe optical density at 620
nm (OD600) of the baerial suspension was then adjusted to 0.75 + 0.(&. faureusnd 0.80

+ 0.01 forE. coli. Immediately aftethe inoculationthe samples were put orttee dishedo
check the ability of the drulpaded matrices to prevent bacterial growth. The plate then
incubated overnight at 37°C in aerobic conditions so the bacterial biofilm could be formed. The
plates were pictured to show inhibited bacterial grofthike clear zones) he study outcomes
were measured by quantifying the area of the inhibitiome through three replicates of each
test conditionfive measurements for eadkverage area values were calculated and statistical
significance of the measurements was determined using-&ananalysis of variance test
(ANOVA) followed by a posthoc Tukey HSD testThe results were presented in a bar chart,

which included the avege values and standard deviations, facilitating their comprehension.

RESULTS AND DISCUSSION
3D bioprinting feasibility

The 3D bioprinting is multstep process, and at each stage certain decisions must be made
regarding its conditionaffecting the final ppduct +a hydrogel matrix. First, the composition

of the bioink should be developedn the basis of own experimental selection as well as the
work of Yin et al.[38], it was decided to conduct research with bioink containing 5% GelMA
and 11% gelatinThe bioink was modified by addiRCL or PES microspheres, selecting their
content so that it is still printable. Then, a number of experiments were carried out to determine
the optimal printing conditions to obtain GelMA/gelatin matrices compatible Wwéhdigital

model. The obtained bioprintouts were analyzed using digital microgoagharacterize their
macrostructure and microsphere distributidhe results in the form of images of matrices
differing in the content and type of microspheres anddd¥slinking time are shown in
Figure 2.
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Figure2. 3D bioprinted GelMA hydrogel (5% GelMA, 11% gelatin) matrices before lyophilizggictures made

with digital microscope. (A+B) Bioink without additives, matrix immediately after printing, no crtisking,
magnification (A) 20x and (B) 100x. (C) Bioink without additives, matrix-thdsslinked for 10 minutes,
magnification 200x. (DxF) Bioink with 5 mg/mL PCL microspheres, matrix kivosslinked for 10 minutes,
magnification (D) 20x, (E) 100x, (F) 500x. (G) Bioink with 10 mg/mL PCL microspheres, unable to bioprint a
model matrix, magnification 20x. (Hl) Bioink with 5 mg/mL PES mimspheres, matrix UNrosslinked for 10
minutes, magnification (D) 20x, (E) 100x.

Addition of gelatin to the GelMA bioink eliminated the need for photochemical-tirdssg
during the bioprinting process (between each subsequent printed layer), whichdrede
interruptions in printing caused by clogging of the nozzle with elements of unintentionally
crosslinked bioink inside it. The concentrations of ingredients that were chosen provided
smooth and uniform filaments formed during 3D bioprinting.

In the case of the nearosslinked GelMA/gelatinmatrix (A), its structure coincides with the
matrix designed using the computer modeFigure1F, but the sizes of the model elements
(gaps grids) are not the samia the case ofaps thesize decreasedhegapsize in the model

is 1 mm, in the bioprinted matrix it is 0.3 mm) and doids itincreasedthe grid width in the
model is 0.2 mm, in the bioprinted matrix it is around 0.7 mm).

In addition, analysis of the images (B and C) suggests that there are no significant changes in
the structure of the 3D printed matrix after thé-crosslinking processThe only observable
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difference is a slight blurring of the structure of the-eomsslinked matrix (B) xthe shrinkage
effect of the norcrosslinked matrix is not observed in the crdsiked one.

The content of microspheres in tBelMa/gelatinmatrix (5 mg/ml) leads to structures with
slightly more "spilled” shapes (D). The obtained images of the macroscopic structure of the
matrices also confirm the presence of PCL micresgh with diameters of about B4 um
evenly distributd in the 3D printed matrix structure (E and F). On the other hand, the content
of microspheres in the hitk at the level of 10 mg/ml completetiisabledthe printing of the
constructs (G)lt can also be observed thmtmerous air bubblesere presenn the structures

of the 3D printed constructs (Being a result of intense mixing the components with syringe
coupler method during bioink preparatiGurther bioink development is suggested to elaborate
a method to remove the bubbles before printing.

In the case ofGelMA/gelatin matrices modified with PES microspheres (H, the 3D
bioprinting was possible. Howevatwas not possible tobtain a structure in accordance with
the designed one (Fig. 1Ffhe 3D bioprinting conditions were identical iasthe case of
matrices without microspheres or with PCL microspheras. presence of PES microspheres
probablyaffects therheological propertiesf the bioink used, which affects the 3D printed
matrix. Another reason for obtaining such a 3D printedimnaén be attributed to the different
thermal prperties of the PES microspherb®reover, the fact that the structure is kept or not,

is related to the interaction between PCL/PES and GelMA/geldtinthe case of
polycaprolactone (PCljheintermolecuér forceghydrogen bonding or van der Waals foices
allows the matrixto keep thedesigned structurduring printingenhancing the thermal cress
linking. It has been shown that three potential kinds of irged the intramolecular hydrogen
bondingscan occur in the PCL molecubetween the CH2 and C=0 groyg$§]. In addition,

there are also intermolecular dipeipole interactions (C=0--C=0) between PCL and
GelMA/gelatin moleculd44]. All these interactions are wealer polyethersulphonePES
microspherespecause there is only one hydrogen bonding accepfos (in the polymer
structure and no donorghe matrix structure is therefore not preservede to this, the
conditions for 3D bioprinting of PE®aded GelMA/gelatin bioinkand its compositioshould

be selected individually. However, it was decided not to change them and use them in further
research in order to be able to compare the obtained results without hindrance.

The 3D bioprinting process with GelMA/gelatin microsphaded bioink can be influenced

by many factors, the proper selection of which allows it to be carried out and lead to the
expected product in the form of a hydrogel matrix. In addition to the already mentioned UV

exposure time or the content of micrbepes, thers can be indicated: the degree of substitution
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during the reaction of gelatin with MA, bioink composition (gelatinGelMA ratio),
photoinitiator concentratigrbioprinting parameterd he major parameters allow tuning of the
physical propertie of the GelMA hydrogels must Iselected experimentally to lbeatched to

the expected results.
Effect of UV-crosslinking and lyophilization on the structure oGelMA/gelatin matrices

The surface morphologychemical structure and thermal propertiels 3D bioprinted
GelMA/gelatin matricesvas examined usinguch techniques &EM, FTIR, DSC and TGA.
The samplesveredehydratedn this part of researchkall of the matrices were lyophilized as
described in theMaterials and methods section. Scannihgcteon microscopy pictures of

different GelMA/gelatin matrices is presented in FigBire

Figure 3. SEM pictures of lyophilized GelMA/gelatin matrices: (A) no microspheres, nectkdgslinking,
(B) no microspheres, 10 minutes d¥/-crosslinking, (C) 5 mg/mLPCL microspheres, no U¥rosslinking, (D)
5 mg/mLPCL microspheres, 10 minutes of kévosslinking, (E) 5 mg/mLPES microspheres, no Usfoss
linking, (F) 5 mg/mLPES microspheres, 10 minutes of 4dkbsslinking =magnificaton 100x%; closaip of
surface structuresmagnification 1000x.
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Based on the scanning electron microscopy (SEM) imdggare3), the morphology
of lyophilized noncrosslinked (A) and U\fcrosslinked (B) GelMA/gelatinmatrices, as well
as the onesmodified with PCL (C, D) and PES (E, F) microspheres was evaluated. Both
analyses the on&f images obtained by optical microscopygure?2) as well aghe oneof the
SEM imageskigure3), indicate first of all, a clear effect of the lyophilizatiggrocess on the
morphology of theGelMA/gelatin matricesstudied. Th& surfaces after the lyophilization
process are highly corrugated and porous/wrinkiéatrices (A#D) retained the structure of a
regular grid after drying with visible layers.h@re areno significant differences in the
morphology of U\crosslinked and neblV-crosslinked matrices (without the addition of
microspheres)Kigure3 A and B. In contrast, modification of the 3D printed matrices with
PCL microspheres leads to matrices withignificantly more compact and homogeneous
structure Figure3 C ). The PCL microspheres probably acted as a filler that prevented the
dried surface from creasing strongly, the shrinking hydrogel was retained on the microspheres
in this case, in contrasb tthe matrices without microspheres, whose surface is severely
wrinkled. Modification of the bioink with PES microspheres led to the formation of a
completely different structure of the GelMA/gelatin matrix than in the other cases, which was
already noticd in the analysis of samples by optical microscopy. In this case, the effect of
crosslinking on the structure is noticeablematrices exposed to UV light for 10 minutes are

less porous.

Fourier transform infrared spectroscopy (FTIR) was performed to kcliee
effectiveness of dialysis during GelMA synthesis as welhasinfluence of the addition of
microspheres and U¥rosslinking on the chemical structure teIMA/gelatin matricesFig.

SI1 (supporting information) presents the resultfie IR spectra of noftrosslinked
GelMA/gelatin matrix without microspheres (0_0) show all characteristic chemical functional
groups +the broad peak at2®1cmitis attributedto the O and N4 stretching vibrations

two peakdetween 2800:3100 cm* denotingC H stretching of£CH2 and tertiary#CH groups
present in both gelatin and methacryloyl functional groumesbaickbone structure of gelatin is
denoted by peaks at3&cm? (amide 1, C=0 stretching), 134m? (amide I, N-H bending),

1236 cmit (amide 111, CAN stretching) There are no strong peaks between 169860cm?,
characteristic for methacrylate anhydride, indicating the carbonyl (C=0) group, which means
that the posteaction residues of this substance have been completely remone&G&MA
There are no peaks typical for microsphiEnening polymers in either spectruameither 1750
+1735 cm® indicating C=0 stretching in carboxylic esters (PCL) nor 1350300 cmt
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indicating S=0 stretching in sulfones (PES). There are also naimemvical bonds between
GelMA, gelatin and microspheres. The addition of microspheres does not affect the chemical

structure of the hydrogel.

The thermapropertieof the UV-crosslinked GelMA/gelath matrices with microspheres were
determined by TGA and DS@i@. 4A and B). For reference purposes, an analysis of pure

substances was also performed: gelatin, PCL and PES.

Figure4. Thermal properties of GelMA/gelatin matricéur samples were analyzed iach case: nooross
linked matrix without microspheres (black) and 10 minutes dinked matrices without microspheres (red), with
PCL (blue) or PES (green) microspherés) Thermogravimetric analysis an(B) differential scanning
calorimetryof puregelatin, PCL and PES as well as GelMA/gelatin matrices.
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Table2. Thermal transition enthalpiegi(t *melting or helixcoil transition, 0 4 +melting) with the total
enthalpy changdl +for pure gelatin, pure PCL, pure PES and four types of lyophilized 3D bioprinted
GelMA/gelatin matrices.

Sample 0+ [J/g] 0 +[J/g] 0 +J/g]
Gel powder | 294.3 £ 8.8 - 294.3 £ 8.8
PCL polymer| 32.0+2.1 - 32021
PES polymer| 8.0+0.2 - 8.0 £0.2
00 11.8+0.3 - 11.8+0.3
0_10 7.7+0.2 55.2+3.1 | 62.872+ 3.3
5 10 PCL 170+ 1.1 195.2+54 | 212.23+£6.5
5 10 PES| 13.3+0.8 465+2.4 | 59.76 £ 3.2

According to TGA Fig. 4A), the firstweightloss of pure gelatin (approx. 15%) occurs in
thetemperature range 30°€160°C and is attributed to the decrease in the content of structural
water (bound to protein molecules by hydrogen boras) various volatile impurities. The
largestweightloss in the range of 220°@600°C by about 86% resultsofn the degradation

of gelatinmolecules PCL shows only one weight lo§500%)related to the decomposition of

the polymer chain from about 38Dto 675C. For PES it is similar, one total weight loss over

the temperature range of £#ZDto 73C°C. In the @se of bioprinted matrices made of bioink
containing GelMA and gelatin, there are three stages of mass loss in each case, and all four
thermogravimetric curves have similar shapes, they are only slightly shifted relative to each
other. The nottrosslinked GelMA/gelatinmatrix without microspheres (0_0) loses mass for
the first time in the temperature range of 302C90°C (15%oss), i.e. at a temperature such

as pure gelatin, it is analogously related to the loss of structural water. For 10hnatess-

linked samples (0_10, 5 10 PCL and 5_10 PES), the first weight losslqdspstarts at a
higher temperature (around 50°C) because it is more difficult to remove water from the highly
UV-crosslinked polymer networkThe second stage of weight losslsoashifted in relation to

pure gelatin, especially in terms of the decrease from 50% to 5% of wefghthydrogel
samples it occurs in the temperature range of@66600°C and is less mild. It results from
GelMA content in bioink as well athe crosslinking, which causes the degradation of the
polymer to occur at a higher temperature. The second stage of weight loss ends in the case of
hydrogel at about 35% mass, which is higher than for pure gelatonfirmsthe presencef

gelatin methactgte in the sample. The third stage of mass loss does not occur in the case of

pure gelatin, and for the hydrogel it runs in the range of@25825°C and results from the
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degradation of GelMA. At the end of the analysis, all tested samples and pune gjetat

about 1.5% residu@he contenbf microspheres in bioinis so small in relation to gelatin and
GelMA (about 30 times less) that their percentage in the TGA chart is negligigl@ssessed
thermal stability of the dried GelMA/gelatin matricegygasts that they do not degrade at
temperatures below 121°C, which is particularly important for biomedical devices and products

that are subjected to autoclaving sterilization at this temperature.

In DSC research pure gelatin showed wide endothermicipehk temperature range of 25
170°C, with endothermic enthalpy change of 294.3 \fgich represents changes in the
structure of polymer chains and the dehydraf#s}. The DSC diagram corresponding to the
PCL that it exhibits one endothermic pgakound64°C), which determines its melting point
[46], while the curve for PES does not show any psiakvould appear at the melting point of
the polymer (around 230°@37], but it is outside the tested range important from the point of
view of thebiomedical hydrogel.

There are two endothermic peaks observed for each of GelMA/gelatin hydrogel saihetes

is no peak corresponding to the melting enthalpy of ice at 0°C, suggesting that the lyophilization
of the samples was successful and no free or freezable water was left in the da&iriddse
diagrams also do not exhibit any peak that would correspond to the phase transition of the
hydrogel due to the presence of nonfreezable water in it. Sueakawas observed by Mirek

et al.[23] for gelatinalginate hydrogel at about 37°C and by Yoshida ¢#8].for hyaluronic

acid, xanthan and pullulan hydrogeisthe lack of noHreezable water in GelMA/gelatin
hydrogel results from the lack of polgsdarides in the bioink. This beneficial phenomenon

prevents changes in the structure of dried matrices at elevated temperature.

The first peak appearing in the DSC diagrams can be attributed to the release of bound water
and the helixcoil transition ofgelatinin the range of around 4%85°C. At low temperatures,

gelatin exhibits a high triptaelix level that decreases upon heating forming a random coil
structure.Such a shift of the transition start towards higher temperatures in relation to pure
gelain (from 25°C to 45°C) results from the high content of GelMA in the sample. In GelMA,

the triplehelix level is initially much lower than in the gelatin structuti@trachain hydrogen

ERQGV LQ WKH JHODWLQTV WULSOH KrHdDftele &nind gkbtpS ot FHYV G >
hydroxyl groups, which leads to random coil level increase (helix level deci@8$eYhe

enthalpy of the process is lower than for pure gelatin ¢.7.0 J/g) due to the lower triple

helix level in GelMA/gelatin matriceslt is the highest for samples containing PCL
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microspheres (17.0 J/g), because of two overlapping effegeatin helixcoil transition and

polymer phase transitioaiound64°C).

The second endothermic peak appears for thectdgslinked hydrogel samples and is related

to the degradatiorof the material. Tis process is definitely more difficult in the case of a
hydrogel which in its structure contains intrachains connected bjacrgtic anhydride
functional groups which reduces chain mobili§0]. In the case of GelMA/gelatin matrix
without microspheres, the peak corresponding to the enthalpy of degradation (55.2 £ 3.1 J/g)
ranges from 87°C to 180°C. The peak narrows andsdiowtards higher temperatures (140°C
+190°C for PCL, 160°C+195°C for PES), when polymer microspheres are added to the
hydrogel, the process enthalpy increases significantly (195.2 + 5.4 J/g) wheni&tGtpheres

are used.

'LITHUHQFHYVY LQ WKH WKHUPDO SURSHUWLHV RI WKH WHYV
temperature values) could be related to several fagsdidlows: chemicahteraction between

polymers, homogeneity ehicrospheralispersion, fraction of each polymesulting from its

obtaining methodporosityof microspheresioprintout structuredegree otrosslinking, etc.
Theexplanation of the reasons for their properties requires further research. However, shift of

the degradation temperature of bioprintethtrices towards higher valuedter adding
microspheres to bioink is a beneficial effect from the point of view of the potential use of the
proposed hydrogel for biomedical purposes due to the previously mentioned autoclaving

temperature.
Biocompatibility of GelMA hydrogels with humarkeratinocytes

Using human keratinocytes (HaCat celtbe cytocompatibility of the 3D bioprinted gelatin
methacrylate hydrogel matrices was evaluated in order to validate their potential future use as
wound dressingd.he biocompatibility of the GelMA hydrogels (containing or not PCL or PES

microspheres at a concentration ahg/ml) was analyzed in an indirect contact.test

As shown inFigure 5A,after 24 hours of culture, a slight cytotoxicity was observed with the
different hydrogel eluates at the highest concentrations (10 and 25 mg/ml), when tested using
the MTT assay. At these concentrations, the GelMA hydrogels containing PCL or PES
microspheres where significantly more cytocompatible than the control hydraieluty
microspheres. No significant differences in cytocompatibility were observed between the three

hydrogels when tested using the Cyquant dye, which relies on the direct measurement of
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fluorescence following its incorporation into DNA (Figure 5B). Thda& suggest that the
matrices were not cytotoxic in the experimental conditions tested. The proliferation of HaCaT
cells in the presence of hydrogel eluates was also monitored and, as shown in Figure 5C, a slight
(around 2fold) reduction of cell prolifeation as compared to control cells grown in the culture

medium was observed and again, the three hydrogels behaved similarly.

Figure 5. Compatibility of GelMA hydrogels with human keratinocytes EAfect of various dilutions of 68MA,
GelMA_PCL or GIMA_PES hydrogel eluates on HaCaT cell viability ah@drs of culture evaluated using the
MTT assay. BEffect of hydrogel eluate on HaCaT cell viability evaluated using the Cyquant as$dgC&T
cell proliferation evaluated at day 1 and 3 after seediragjuated by the MTT assa$tatistical analysis were
performed using the Studentest or the ManWhitney test to compare GelMA with or without microspheres.

To determine that human keratinocytes were able to adhere on the different hydrogels, we first
compared HaCaT cells viability when seeded either on the diffeeent matrice®or directly

in the culture plate well. As shown in Figure 6A, the use ofAllE@narblue HSassay did not

reveal a significant decreasecil| viability when cells werseeded onto the hydrogefsnally,

to validate these results, scanning electron microseopyysisof HaCaT cells grown onto
differenthydrogelswas performedAs shown in Figure 6B, human keratinocytes adhered and
exhibited normal morphology when seedauo the different GelIMA hydrogels. Although
HaCaT cells have a very small cytoplasm and do not spread a lot, the highest magnification
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clearly showed cell surface invaginations and contacts with the different matrices. At the second
magnification (scaldar 40um), PCL or PES microspherese present at the surface of the
corresponding hydrogelgwhite arrows) Altogether, these data confirm thie vitro

cytocompatibility ofthe materials.

Figure 6. Adhesion and viability of human keratinocytes grown onto the GelMA hydroel&ability of HaCaT

cell grown during 16hourson the matrices Cell viability was assessed using the Al blue assay. The
fluorescence intensity corresponding to the samauawtrof cells seeded in a culture plate well (control) is provided
for comparison. The level of fluorescence obtained on hydrogels without cell seeding is alsoBst®samning
electron microscopimagesshowing HaCaT cells grown on the hydrogels (sbaleof 200, 40, 20 and 4 um, as
indicated). Images showureGelMA hydrogel (a), with PCL (b) or with PES (c) microsphef&tstistical analysis
were performed using the Matihitney test to compare GelMA with or without microspheres.
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Swelling of thematrices

Swelling of the drug carrier is one of the mechanisms controlling the rate of the drug release
procesg51]. In addition, an insightful characterization of the degree of swelling of the matrices
makes it possible to assess their suitabilityrag delivery systems, as well as to predict their
behavior undein vivo conditions.

Therefore, in the next stage of the study, sheelling degree ofmon-modified lyophilized
GelMA/gelatinwas evaluate@s well as theswelling degreef the onesmodified with PCL

and PES microspheres previously subjected teckbéslinking (for 5 min and 10nin). Due

to thepotential use of such matricesrasdifieddrugrelease systems, the swelling degree study
was conducted for 8 frigure75 shows kinetic swelling curves of the Gelygelatin matrices

(Tab. 1)examined in PBS buffer.

Figure7. Equilibrium swelling ratio of lyophilized GelMA/gelatin matrices depending on the microsphere content
and crosdinking time. In order to facilitate &icking the experimental points, they are connected by line segments
from left to right.

As can be seen froriigure 76, 3D bioprinted matrices without microspheres and those
containingPCL microspheres reach equilibrium after about 1 h. The maximum hydration is
about 125% and 150% f@elMA/gelatinmatrices without microspheres and those containing
PCL microspheres, respectively. Completely different effects are observéelidA/gelatin
matrices modifiedwith PES microspheresThey swell much faster reaching a maximum
hydration of 55@600% after about 1.2 h. Moreover, in the case of this systemslightloss

of weight during the test is also observed. We see the reason for thesdreffeztompletely

different morphologybefore swellingpf the 3D printed matrices containing PES microspheres
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(Fig. 2, image H), which was discussed in @& bioprinting feasibilitysection. In all
likelihood, such a morphology results in easier solvent penetration and thus a very high degree
of swellingof the 3D printed matrix modified with PES microsphetesaddition, analysis of
Figure 7 shows that the effect dfV-crosslinking time on the swelling of the 3D printed
matrices tested is small for all materials tested. It should also be noted thabssimked
GelMA/gelatin matrices degraded immediately upon contact with water, confirming the
necessity ofJV-crosslinking of thematrices using th&elMA-basedioink we developed.

Rhodaminereleasefrom GelMA/gelatinmatrices

One of the most important conditions that a 3D printed syaftiéma potential use in biomedical
engineering fieldmust meet is its proper transpguoperties.This process should be as
controllable as possibleit should run undisturbed (for example, without the burst effect at the
beginning) and the appropriate selection of process conditions should lead to release of a
defined amount of a substanat a certain ratélence, the GelMA/gelatin matrices have been
tested in this regard using rhodamine as an active substance marker. The results in the form of
release profile plotever the period of 7 houend a bar grapwith its concentration afterdzh

of releasingare shownn Figure8. The curves are divided into three groups differing in colors,

red for GelMA/gelatin matrices without microspheres, blue and green for the matrices loaded
with PCL or PES microspheres, respectively.
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Figure 8. Results of the studies of rhodamine release from GelMA/gelatin matrices depending on microsphere
content and U\crosslinking time. (A) Marker release profiles over the period of 24 hours. (B) €lpsef the

first release period (first one hour) witindiar model fit (formuly = ax), the values o& parameter are given in

the list next to the graph. (C) Rhodamine concentration after 24 hours of release framoddhhked
GelMA/gelatin matrices with the addition of substaim&ded microspheres depenglion the microsphere type

and crosdinking time.

No burst effec(referring tovery rapid initial increase in the marker concentration above the
equilibrium concentration reached |gteras observeth any of the examined cases, which is

a very desirable property of drug delivery systéfhe curves describing the release of
rhodamine from the matrice§i@. 8A) are consistent with the curves for the equilibrium
swelling ratio Figure7). Such a phenomenon was noticed in oneusfpreviousvorks[23],

in which the release of rhodamine from 3D bioprinted gelalypmate matrices crodmked

with glutaraldehyde and calcium ions was describédter is absorbed into the structure of a
hydrogel matrix when it is immersed in the solution, dissolving the rhodamine. The marker will
not be released into the solution until it has been dissolved in the hydrating water. The
continuous release rate results from hydrogel saturatiom releaseate is swelling dependent
because only the swollen matrix is permeable to rhodanTihes phenomenotimits the

aforementioned burst effeand that the release in the first period follows the -peder
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kinetics, so the process can be descrihathematically by a linear equatid@uch an approach
to the problem of release of substances from swelling hydrogels has already been described
[23], [52], [53].

Therefore,® determine the substance release rate from the matricesralinetionwas fitted

to the points describing the change in rhodamine concentration in the initial period of the
experiment (one hour), and its slope coefficemtasdeterminedFig. 8B). The values of the
coefficient of determinatio®? for all fits ranged from 0.9361 to 0.9960, they were therefore
very good and the model is suitable for describing the experiment under Shalyested
samples form three distinct groups that differ in the rate of rhodamine release. It is the fastest
for matrices loaded with PES microspheres, then about two times slower for the ones with PCL
microspheres, and the slowest for matrices without microsphere8,tines slower than for

those PESoaded. Furthermore, it can be seen that the longer thelarksgy time, the slower

the release process in each case.

The use of matrices loaded with PES microspheres clearly increases the amount of rhodamine
released after 24 hours compared to the other sanije8C). The equilibrium concentration

of rhodamines reached only after 5 hours in this case and it is about 0.11 mg8rtb 10

times higher than in other cases (matrices with PCL microspheres or no microspheres), where

the equilibrium is not reached even after 24 hours.

Some studies on the releasesobstances from hydrogel matrices modified with microspheres
have already been conduct&khimipour et al[26] investigated vascular endothelial growth
factor (VEGF) release from biodegradabletBBalcium phosphatbased scaffolds containing
VEGFIloaded PLGA microspheres. They showed that the release rate in the initial phase from
the construct containing microspheres was slower than from the PLGA micraspltesever,

they didnot eliminatea burst effecby using microspheres in the 3D bioped construgtwhich

was ensured byGelMA/gelatin matrices modified with PCL/PES microsphguesposed in
presentedvork. Moreover,Chen et al[30] were able to demonstrate that the usgedatin
methacryloyl (GelMA)/chitosamicrospheres in the 3D bioprinted construct allows prolonged
release of nerve growth factor (NGF) from the scaffold= 9 hoursHowever, they conducted

the study with a less precise method (fluorescence microscopy) than spectrophotometric
determinatiorof the substance concentration and made only a few measurements, the first one
after 0.5 h. Therefore, it cannot be said whether the burst effect was eliminated in their system.
The use of spectrophotometry for determination of rhodamine concentratioar iwork

allowed to define the exact release profile of the substance in the first stage, and these studies
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clearly showed that the burst effect was eliminated by using microsiolaeied GelMA/gelatin

matrices.

Antibacterial activity

Considering the potential use of microsphle@ded 3D printed matrices, among others,
as dressing materials in theest stage of the studye evaluated theibility to be loaded with
an antibiotic in order to acqui@ntibacterial propertieAn agar difusion inhibition growth
assay was performdd characterize the antimicrobial activity thle 3D bioprinted matrices
selected for the studfhe measurement of the antibacteagiivity studieswasconducted for
four types of 3D printed matrices. without ampicillin, with ampicillin, with ampicillifioaded
PCL microspheres and with ampicilioaded PES microspheres. The amount of microspheres
in the tested matrices was 5 mg/ml of the bioink used in the 3D printing process. Tests were
conducted only fomaterialscrosslinked for 10 minwith UV. Each sample was deposited on
the surface of nutrient agar plate previously inoculated Imith. of E. colior S. aureudacteria
suspensiorat a concentration of $CFU/mL and incubated for 24h. Figufé. illustrates the

results of antibacterial activity tests.

Figure 9. Antibacterial activity of ampicillidHoaded GelMA/gelatin matrices depending on the microsphere
content.Nutrient agar plates covered with aureusand E. coli biofilms after 24 h of material treatment.

(A) control matrices with no drug. (B) drdgaded matrices without microspheres. $#D) matrices with drug
loaded (C) PCL or (D) PES microspher@s) A graphical representation in the form of a bartciiastrating the

mean values of inhibition zone areas foalculated using Petri dish images obtained from three independent test
replicatedor E. coli. Statistical analysis was performed using ANOVA followed by a-postTukey HSD test.
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The study showed that all the dragntaining 3D printed matrices tested had
antimicrobial activity, most potent againSt aureusbacteria(overlapping inhibition zones
making them impossible to measuréd) comparable phenomenon of varying antibiotic
effectiveness depending on the bacterial type has been previously docuf2gntear E. coli
bacteriamatrices modified with PES microspheres show slightly higher antibacterial activity
(as evidenced by a Harger zone of growth inhibitiorxclear zonesthan those modified with
PCL microspherewhich is confirmed by calculated areas of inhibition zones @&g. These
results correspond very well with the results of rhodamine release studies descnibealrliea
section Fig. 8C). 3D printed matrices without drug and without microspheres showed no
antibacterial activity, and the clear zone observed for sample A is the result of the very strong
effect of the drug present in sample B agafstaureusbacteria Fig. 9). The remarkable
difference in the size of the inhibited growth zonesSoaureusompared tdc. colishould be
noted. The observed antibacterial activity of the matrices against the bacteria provides evidence
that the drug integrity reained intact during both microsphere preparation and 3D bioprinting
processes. As a result, the suggesiBdbioprinted matricegould potentiallybe usedas

controlled drug delivery systems.

CONCLUSIONS

A new bioink containing gelatin methacrylate, gelatin and LAP photoinitiator modified by the
addition ofeither PCL or PES microspheliesa good material for application in 3ioprinting

using the extrusion technique. 3D bioprinted model can be-bndexl using UV light, creating

a waterinsoluble compact structure. The créisking time has almost no effect on the
properties of the printed matrices. However, the obtained systems essentially differ depending

on whether and what kind of microspheres diapersed in the bioink.

The addition of PES microspheres to a bioink used for 3D bioprinting leads to a different
structure of the printed matrix (than the one without microspheres omi@ified one) due

to changes in thermal properties. The RE&lified matrices have a higher swelling degree.
They are characterized by four times higtlerg capacityhan other tested systems and faster
drug release with no burst effeGhe other two systems (without microspheres and with PCL
ones) are characterized ayowerdrug capacity, nevertheless, the time of its release is longer
whichis beneficial for longerm therapied-urthermore, the matrices with microsphdnase
higher degradation temperatures, which is beneficial in terms of the potential useriotéibp
hydrogels in biomedical engineering due to the autoclave sterilization prétddssted types
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[1]

[2]
[3]

[4]

[5]

[6]

[7]

of matricesare noncytotoxic and can be loaded with antibiotic to acquaetibacterial

propertiesagainst both Grarpositive and Granrmegative bacteria.

The new bioinks modified with microspheres presented in the work are a very good starting
point for the design of various constructs with poterti@nedicalapplication, for example as

controlled dug delivery systems or wound dressings.
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