
Int J Appl Ceram Technol. 2020;00:1–10. wileyonlinelibrary.com/journal/ijac   | 1© 2020 The American Ceramic Society

1 |  INTRODUCTION

There is still growing worldwide interest in the development 
of synthetic materials for the repair and treatment of bone de-
fects. It results from the limitations of currently used medical 
treatments with using as well autografts as allografts. The 
problems are as follows: limited supply of donor bones avail-
able for transplantation, the need for additional surgical proce-
dures, and due to the host's immunological response triggered 
by the transplant.1 Therefore, synthesizing novel biomaterials 
that mimic the properties to the natural extracellular matrix 
of the bone and applying them in the reconstructive surgery 

are the primary goals of the scientists and clinicians involved 
in the bone tissue engineering (BTE).2-4 The success of such 
a biomaterial largely depends on its ability to achieve a good 
level of osseointegration with the host bone. This is becom-
ing increasingly possible due to the recent advancements and 
technological improvements in the field of BTE.

The major components of BTE are the scaffolds, cells, 
and the embedded growth factors/peptides/genes for deliv-
ery.5 It can be broadly understood that an implant should be 
composed of a porous degradable material known as a scaf-
fold with suitable characteristics such as being porous; being 
biocompatible and bioresorbable; having suitable surface 
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Abstract
In this study, we aimed to assess whether the composite of chitosan/ZnO-doped bio-
glass can be applied as a suitable scaffold for the incorporation of bioactive peptides. 
Material of a porous composite with 1:1 ratio of bioglass:polymer was produced and 
used as a matrix for delivery of peptide. A peptide with the PEPTIDES sequence 
(Pro-Glu-Pro-Thr-Ile-Asp-Glu-Ser) was chosen as a model peptide. Microstructure 
and pore sizes of chitosan/ZnO-doped bioglass were assessed. Open porosity and 
pore sizes of the composite were suitable for enabling the migration of cells and 
ensuring the easy delivery of nutrients within the implant. In addition, composite 
showed bioactivity and bactericidal activity against Staphylococcus aureus and 
Pseudomonas aeruginosa strains. Peptide alone did not have any cytotoxic activ-
ity on human fibroblasts and keratinocytes. Also it did not show any antibacterial 
properties and did not cause hemolysis of red blood cells. The peptide incorporated 
in composite showed a rapid release in the kinetics profile. The obtained results in-
dicate that there is the technological possibility to incorporate peptides in chitosan/
ZnO-doped bioglass scaffolds. Such biomaterials have potential application in bone 
tissue engineering.
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chemistry for cell attachment, proliferation, and differentia-
tion; and having mechanical properties that mimic the site 
of implantation. They should also be osteoinductive and be 
able to perform osteoconduction.6,7 The ideal scaffold should 
have a three-dimensional structure and have the appropriate 
pore size and architecture. They ensure the proper retention 
of tissue volume, perform temporary mechanical functions, 
and deliver bioactive compounds, in addition to supporting 
flow transport of nutrients and metabolic waste.5,8

Considering the aforementioned properties of a scaffold, 
the ideal material should mimic the natural extracellular 
matrix of the bone; therefore polymers, such as collagen, 
alginate, or chitosan, have been extensively studied.6,9 
Because of its osteoconductive properties, chitosan is par-
ticularly suitable for hard tissue engineering.10 The primary 
interesting characteristics of chitosan include biocompat-
ibility and bioresorbability, intrinsic antimicrobial and 
hemostatic properties.11-13 Furthermore, it can be synthe-
sized in various forms with various geometries suitable for 
osteoconduction.14-16

The porous polymer scaffolds are often filled by hydroxy-
apatite particles that mimic the natural extracellular matrix 
of the bone.17,18 There are also reports on the introduction 
of bioactive glasses into the structure of the scaffold, which 
increases the bioactivity of the scaffolds, thereby support-
ing bone regeneration.19-21 Bioglasses are often additionally 
doped with elements such as silver, gold, copper, zinc, and 
cerium, which adds to their antibacterial properties.20,22-27

Another approach in BTE is the incorporation of biomi-
metic peptides into the scaffolds. They have recently shown 
great potential in obtaining new scaffolds for BTE, as an 
interesting alternative to expensive growth factors which are 
usually characterized by immunogenicity, short half-life, 
and not fully controlled bioactivity.28-30 Peptides that medi-
ate cellular adhesion or induce osteogenic differentiation of 
progenitor cells, as well as those that control angiogenesis 
to promote bone formation, have been described in litera-
ture.9,31-34 The use of biomimetic peptides opens the way to 
obtain cheaper, safer, and more effective implants for bone 
regenerative medicine. Considering the small size of peptide 
molecules and the ease of their elution after in vivo admin-
istration, the origin of peptide and its interaction with the 
target cells should be considered in the delivery strategy of 
peptide molecules to/on the BTE scaffold. Therefore, the 
method of introducing them to the biomaterial and con-
trolling the rate of their release is very important. One of 
the methods of delivery of peptides to the biomaterial struc-
ture is via adsorption of the peptides onto the surface of the 
biomaterial by incubating the porous scaffold in the peptide 
solution or by placing the peptide onto the scaffold and al-
lowing it to dry.

Considering the advantages of polymer composites with 
bioactive filler and the advantages of biomimetic peptides, 

it seems interesting to combine such components in one ma-
terial. Such a biomaterial could be potentially used in the re-
generation of bone cavities, and a peptide located in polymer 
scaffold could promote bone tissue regeneration.

In this study, we showed a porous material composed of 
chitosan and ZnO-doped bioglass in which the model peptide 
was incorporated. The properties of the composite (eg, mor-
phology, bioactivity, and bactericidal activity) along with the 
results of release tests of the model peptide from the compos-
ite were presented. We selected a peptide with good solubil-
ity in aqueous solution and with neutral biological properties 
so that it should not interfere with the biological properties of 
the composite. The peptide is stable in water and plasma so 
it is easily detected during the release studies without taking 
into the consideration its intrinsic decay properties. The cur-
rent publication is the first step in the study of multicompo-
nent composites as bone implants.

2 |  EXPERIMENTAL METHODS

2.1 | Materials

In order to obtain porous composite, the following compo-
nents were used: tetraethoxysilane, zinc nitrate(V) hexa-
hydrate (Sigma-Aldrich), triethyl phosphate(V) (Fluka), 
calcium nitrate(V) tetrahydrate (POCH), chitosan with 74% 
degree of deacetylation, and 411 mPas viscosity, acetic acid 
(with 80% purity), and ethanol (96% p.a. grade) (POCH).

In order to obtain peptide with a PEPTIDES sequence 
(PPS) the following components were used: N-Fmoc-amino 
acids (Trimen), Rink Amide ProTide resin (CEM Corp.), 
Oxyma Pure (Trimen), N,N′-diisopropylcarbodiimide 
(Trimen), piperidine (Sigma-Aldrich), dimethylformamide 
(POCH), N-acetylimidazole (Sigma-Aldrich), triisopro-
pylsilane (Sigma-Aldrich), trifluoroacetic acid (TFA, Iris 
Biotech), phenol (Sigma-Aldrich), and acetonitrile (MeCN, 
POCH).

2.2 | Preparation of porous chitosan-based 
ZnO-doped bioglass composites

Porous composites were prepared on the base of chitosan 
solution and ZnO-doped bioglass from CaO-SiO2-P2O5 sys-
tem. For the tests, we received bioglass by sol-gel method. In 
the bioglass 1 wt% of CaO was replaced with ZnO (among 
which 50% of the grains were below 30 µm (P5Zn1g)) or in 
which 2 wt% of CaO was replaced with ZnO (among which 
grains were smaller than 1 mm (P5Zn2)). Procedure for ob-
taining the composites has been mentioned in our previous 
work.19 The composites were derived by means of lyophili-
zation of stable dispersions formed by mixing of 2% chitosan 
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solution in acetic acid solution with bioglass grains in order 
to maintain 1:1, 1:3, and 1:5 bioglass and polymer weight 
ratios in the composites (Table 1). The lyophilization process 
involved freezing and sublimation of the solvent using the 
Christ BETA 1-16 lyophilizer.

2.3 | Characterization of porous chitosan-
based ZnO-doped bioglass composites

2.3.1 | Microscopic observation

Microscopic observations of the obtained composites and 
composites with peptides on the surface were recorded 
using a scanning electron microscope with field emission 
(Nova NanoSEM 200, FEI). Imaging of nonsputtered sam-
ples was conducted under low vacuum conditions using 
vCD detector at 15  kV accelerating voltage. Nonmodel 
chemical analysis involving superficial effects after incu-
bation of composites in a simulated body fluid (SBF) and 
under low vacuum conditions was performed using an en-
ergy-dispersive X-ray spectroscopic (EDS) detector, SDD 
Apollo X model, EDAX. However, imaging of sample's 
microstructure was performed under high vacuum condi-
tions using an Everhart–Thornley detector (ETD) at 10 kV 
accelerating voltage. Before the study, the samples were 
covered with conductive material (10 nm gold film) using a 
sputter coater (Leica EM SCD500). Macropore sizes of the 
obtained composites were determined on the basis of micro-
scopic images using measurement and annotation functions 
on the sample area.

2.3.2 | Bioactivity tests

The obtained composites were subjected to bioactivity tests 
by the methods described previously.19 In brief, the sam-
ples were placed in sealed glass vessels containing SBF35 
and were stored in a dryer at 37°C for 28  days. SBF was 
exchanged every 7 days. After 28 days, the samples were re-
moved, rinsed with distilled water, dried in a lyophilizer, and 
subjected to SEM-EDS analysis.

2.3.3 | Specific surface area analysis

As in our previous work,19 the specific surface area of 
samples was measured by Brunauer, Emmett, and Teller 
(BET) method using nitrogen adsorption at −195.8°C with 
Quadrasorb-SI instrument, Quantachrome. Before the meas-
urements were taken, the samples were degassed for 24 hours 
at 150°C. The volume and pore sizes of the samples was 
measured based on the experimentally designated physical 
nitrogen sorption isotherms. Distributions of pore sizes of the 
studied composites were obtained based on the experimen-
tally designated physical nitrogen desorption isotherms using 
Barret, Joyner, and Halend (BJH) method.

2.4 | Peptide synthesis

The peptide was synthesized with Liberty Blue™ Automated 
Microwave Peptide Synthesizer on the Rink Amide ProTide 
resin—Fmoc solid-phase peptide synthesis. The purity of the 
synthesized compound was confirmed by analytical reverse 
phase high-performance liquid chromatography (RP-HPLC) 
photodiode array (PDA) detector and the low-temperature 
evaporative light-scattering detector (ELSDLT-II). The 
counter ion was exchanged to the acetate on micro-column 
with a strong cation exchanger. The peptide mass was con-
firmed by liquid chromatography mass spectrometry-ion 
trap-time-of-flight (LCMS-IT-TOF).

2.5 | Peptide characterization

2.5.1 | Stability in water and plasma

Peptide PEPTIDES (final concentration of 107  µmol/L) was 
incubated in plasma for 24 hours at 37°C and the samples were 
collected at 0, 1, 2, 3, 6, and 24 hours time points. The samples 
were also prepared in water and incubated in the same condi-
tions. After the appropriate time, fourfold excess of absolute 
ethanol (v/v) was added and samples were centrifuged (32,000 
rcf; 4°C; 20 minutes). The supernatant was collected, air-dried 
under vacuum, and dissolved in 0.01% TFA in H2O. HPLC 

Bioglass type
Weight ratio - 
bioglass: polymer

Composite 
marking

Macropore size 
rangea  [µm]

Bioglass P5Zn1g 1:1 P5Zn1gCh_1:1 40-90

1:3 P5Zn1gCh_1:3 50-120

1:5 P5Zn1gCh_1:5 70-120

Bioglass P5Zn2 1:1 P5Zn2Ch_1:1 40-110
aDetermined on the basis of microscopic images with using measurement and annotation functions on the 
sample area. 

T A B L E  1  Composites obtained using 
bioglass and chitosan
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(Phenomenex Luna C18(2) (5 µm, 100 Å 4.6 × 250 mm) col-
umn) was performed using 0.01% TFA in H2O (A) and 0.01% 
TFA in 80% MeCN in water (B) as solvents. A linear gradient 
of 5%–100% in 60 minutes and a flow rate of 1 mL/min was 
applied. For calculations, peak areas were compared to a cali-
bration curve calculated by Shimadzu LCSolution Software. 
Experiments were performed in triplicate, and the results were 
expressed as mean ± standard deviation (SD).

2.5.2 | Peptide cytotoxicity

Two types of cells were used in the study: human immortalized 
human HaCaT keratinocytes (DKFZ Heidelberg, Germany) 
and human dermal fibroblasts cell line 46BR.1N (European 
Collection of Cell Cultures (ECACC), Sigma-Aldrich). HaCaT 
cells are spontaneously immortalized human keratinocytes. 
They maintain most of the normal human keratinocytes func-
tions including, for example, the expression of major surface 
markers, differentiation potential or response to different stim-
uli.36-38 46BR.1N cells were originally derived from the skin of 
individual with hypogammaglobulinemia and immortalized by 
transformation with the plasmid pSV3neo.39 Cells were grown 
in Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 4500 mg/L of glucose, 584 mg/L of l-glutamine, 
sodium pyruvate, and sodium bicarbonate containing 10% fetal 
bovine serum (FBS), 100 units/mL of penicillin, and 100 μg/
mL of streptomycin (all Sigma-Aldrich Co., USA). The cells 
were routinely cultured under a humidified atmosphere with 
5% CO2 at 37°C in culture flasks (growth surface area of 25 
cm2).

For the cytotoxicity analysis, cells were seeded into 96-well 
plates (5000 cells per well) in DMEM with high glucose content 
(4500 mg/L, DMEM HG) containing 10% FBS. After 24 hours, 
the medium was changed to serum-free DMEM, and the cells 
were stimulated with appropriate concentrations of PPS pre-
pared with water under sterile conditions. After 48  hours of 
incubation, cell culture supernatants were collected and lactate 
dehydrogenase (LDH) assay (Takara, Japan, cat. No. MK401) 
was performed according to manufacturer's recommendations. 
Non-PPS-treated cells were used as negative control (0%) and 
Triton-X 100 (1%) was used as the positive control for maxi-
mum LDH release (maximum cytotoxicity, 100%).

2.5.3 | Antimicrobial and hemolysis assay

Minimal inhibitory concentrations (MICs) were determined 
by the broth microdilution method according to the recom-
mendations provided by the Clinical and Laboratory Standards 
Institute (CLSI).40,41 The activity of peptide was determined 
for reference strains of microorganisms: Staphylococcus 
aureus ATCC 25923, Staphylococcus epidermidis ATCC 

14990, Escherichia coli ATCC 25922, Pseudomonas aer-
uginosa ATCC 9027, and Candida albicans ATCC 10231. 
Briefly, the initial inoculums of bacteria (5 × 105 CFU/mL) 
in Mueller-Hinton Broth and fungi (2  ×  103  CFU/mL) in 
RPMI-1640 were exposed to the concentrations of the pep-
tide ranging from 1 to 512 µg/mL. Bacteria and fungi were 
incubated at 37°C for 18 and 24 h, respectively. The MIC 
was defined as the lowest peptide concentration with no vis-
ible growth of bacteria and fungi. The experiment was per-
formed in triplicate.

For hemolysis assay,42 fresh human blood with ethylene-
diaminetetraacetic acid (EDTA) as the anticoagulant was 
rinsed three times with PBS by centrifugation at 800× g for 
10 minutes to obtain RBCs without serum and then cells were 
resuspended in PBS. Peptide solution was serially diluted in 
PBS on 96-well plates to obtain concentrations ranging from 
1 to 512 µg/mL. Then, the stock solution of RBCs was added 
to reach a final volume of 100 µL with a 4% concentration of 
erythrocytes (v/v). The control wells for 0 and 100% hemoly-
sis consisting of RBCs suspended in PBS and 1% of Triton-X 
100, respectively, were also prepared. Subsequently, the 
plates were incubated for 60 minutes at 37°C and then centri-
fuged at 800× g for 10 minutes at 4°C. After centrifugation, 
the supernatant was carefully transferred to new microtiter 
plates and the hemoglobin released was measured at 540 nm. 
Hemolysis was expressed as the percentage amount of hemo-
globin released compared with well with 100% hemolysis.

2.6 | Incorporation of the peptide into the 
porous composite

The selected peptide with a PEPTIDES sequence was incor-
porated into one of the obtained composites by dipping the 
composite sample into the 0.1  mg/mL peptide solution for 
12 hours at 4°C and subsequent lyophilization. This proce-
dure and method of drying ensure the maintenance of un-
changed properties of ingredients of biocomposites.

2.7 | Peptide release from porous composite

Chitosan-based ZnO-doped bioglass composite with ab-
sorbed peptide was immersed in 25  mL of receiving solu-
tion (phosphate-buffered saline (PBS)). The solution was 
kept in an incubator (32°C) and stirred for 24 hours. Samples 
(100  µL) were withdrawn at several time points during 
27  hours, substituting each one with 100  µL of fresh PBS 
solution. Samples were frozen at −20°C. After the incuba-
tion, the solvent was removed on a speedvac, and the samples 
were dissolved in 110 µL MiliQ water. HPLC was performed 
by applying the same column, solvents, and calculations as 
given in Section 4.5.1.
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2.8 | Bactericidal activity of chitosan-based 
ZnO-doped bioglass composites

According to the method described in our previous article,20 
the composites were subjected to the antibacterial tests against 
P aeruginosa and the S aureus strains. The in vitro tests of 
bactericidal properties were performed by means of the di-
lution method. Briefly, precultures of the bacterial strains 
were incubated in a nutrient broth at 37°C ± 1°C for up to 
18-20 hours. Samples of the composites were presterilized by 
UV exposure for 45 minutes at room temperature, and then 
the samples were inserted into the wells of a 24-well plate 
(Nunc). To this, 1 mL of bacterial culture was added. The 
solutions were incubated for 24, 48, 72 hours, and 7 days, 
after which 100 μL of each bacterial culture was collected, 
diluted with 0.9% NaCl, and plated out on nutrient agar. The 
plates were incubated at 37°C ± 1°C for 24 hours, and then 
the colonies were counted. Broth cultures of microorganisms 
without the biomaterials served as controls. All the tests were 
performed in triplicate.

2.9 | Statistical analysis

Statistical significance in cytotoxicity assay was determined 
with the Mann-Whitney U-test (P  <  .05) in STATISTICA 
StatSoft Polska, Krakow, Poland).

3 |  RESULTS

3.1 | Properties of porous chitosan/ZnO-
doped bioglass composites

The porous chitosan/ZnO-doped bioglass composites ob-
tained by liquid dispersion lyophilization were consid-
ered as the matrix for the incorporation of model peptide. 
The microstructure of the composites was controlled by 
the appropriate content of bioglass in relation to the poly-
mer content and by the grain size of glass.19 The chemi-
cal formulations of bioglass fitted CaO-SiO2-P2O5 system. 
Bioglass of 70 wt% SiO2, 5 wt% P2O5, and 25 wt% CaO was 
used as a reference material. In the composition of ZnO-
doped bioglass 1  wt% or 2  wt% CaO was replaced with 
ZnO. The obtained P5Zn2 glass powder contained grains 
smaller than 1 mm and the obtained P5Zn1g glass powder 
was reground and 50% of its grains was below 30  µm.19 
Depending on the grain size of the glass and the ratio of 
bioglass/chitosan, the obtained composites were character-
ized by various macropore sizes in the range of 40-120 µm 
(Table 1). The obtained composites were highly porous and 
the pores were found to be open and internally connected. 
Composites with bioglass:polymer weight ratio equal 1:1 

showed the most regular and undisrupted microstructure. 
Figure 1 shows an SEM image of the cross-sections of one 
of the obtained composites—P5Zn1gCh_1:1. Their poros-
ity determined by the BET method showed that dBJH was at 
3 nm, which indicates the presence of micro and mesopores 
in the composite.

An important feature of biomaterials for bone tissue re-
generation is also bioactivity, which can be determined by 
the ability to induce the growth of a layer similar to the bone 
component—hydroxyapatite. Our observation of changes 
in the intensity of Si, Ca, and P signals on the EDS spectra 
of the composite revealed the slow formation of the apatite 
layer (Figure 2). The bioactivity-inducing component in the 
obtained composites is mainly bioglass particles.

An additional advantage of the studied composites is 
their effect on microorganisms. Our previous in vitro re-
search show that the considered chitosan/ZnO-doped bio-
glass composites are not cytotoxic.20 In cytotoxicity tests 
conducted by the method of direct contact of the mouse 
fibroblast line L929 (American Type Culture Collection 
Certified Cell Line-ATCC CCL1) no hazardous substances 
were released from these composites during an extraction 
process.20

Moreover for two selected from Table  1 composites, 
which microstructure was the most regular, bactericidal 
activity tests were carried out. The considered composites 
were prepared with the bioglass:polymer weight ratio equal 
1:1, with various ZnO content in bioglass and various grain 
size of bioglass (P5Zn2Ch_1:1, P5Zn1gCh_1:1). As in-
tended the antibacterial properties of our composites were 
associated with the presence of ZnO, and their antibacterial 
mechanism was fully discussed in previous works.20,43-45 The 
obtained results indicated the antibacterial activity of the 
tested composites against S aureus and P aeruginosa strains 
(Figure 3). The tested composites more clearly inhibited the 
growth of the S aureus strain. After 24 hours of contact with 

F I G U R E  1  SEM image of composite chitosan/ZnO-doped 
bioglass P5Zn1gCh_1:1
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S aureus, the higher antibacterial activity was demonstrated 
by the composite containing bioglass enriched by 2 wt% of 
Zn (P5Zn2Ch_1:1). However after 48 hours, when the num-
ber of cells in control cultures was the highest, the activity of 
the composites containing of bioglass enriched with 1 wt% 
of Zn (P5Zn1gCh_1:1) increased significantly to the same 
level as composites containing of bioglass enriched with 
2 wt% of Zn (P5Zn2Ch_1:1). Considering that the glass en-
riched with 1 wt% of Zn had a smaller grain size than that 
of the glass enriched with 2 wt% of Zn, it can be assumed 
that specific surface area of bioglass grains has a signifi-
cant effect on antibacterial properties what is related to the 
level of bactericidal agent release over time. The antibacte-
rial activity of the composites depended on the ZnO content 
of bioglass, bioglass grain size, and composite microstruc-
ture, which may be controlled via their production process 
parameters.

Taking into account the antibacterial activity, the micro-
structure of composites and the observation that composites 
based on finely ground bioglass (grains below 30 µm) with 
the highest (1:1) bioglass/polymer ratio were characterized by 
the greatest structural stability, the composite P5Zn1gCh_1:1 
was selected to conduct further research as carrier of bioac-
tive peptides.

3.2 | Properties of the model peptide

The peptide with a PEPTIDES sequence was selected as a 
model peptide. Its most important properties (stability in 
water and plasma) which are crucial during release studies 
were investigated.

The first experiment was to determine the stability of the 
peptide in water. Its decay might influence the release ki-
netics of the peptide from the composite. Incubation of PPS 
peptide in water and plasma indicated that the compound is 
stable in both conditions (Figure 4). It is not susceptible to the 
components of human plasma (eg, enzymes) and probably 
does not bind to albumins.

PPS peptide was not cytotoxic to either human keratino-
cytes or dermal fibroblast (Figure  5). Moreover, the XTT 
test showed that PPS peptide stimulates the proliferation of 
HaCaT cells at concentrations ranging from 0.1 to 25 µg/mL 
(20%–30% increase in proliferation compared to the non-
PPS-treated control; Figure  6A) and 46BR.1N fibroblasts 
at concentrations ranging from 1 to 50  µg/mL (10%–30% 
increase in proliferation compared to the non-PPS-treated 
control; Figure  6B). In addition, to a small extent (about 
10%–15%), it inhibits the proliferation of both tested cell 
lines at the lowest concentration (0.01 µg/mL).

It did not either show antibacterial (S aureus, S epider-
midis, E coli, P aeruginosa) and antifungal (C albicans) ac-
tivity at the tested concentrations (1-512 μg/mL) and did not 
cause hemolysis of human red blood cells (data not shown).

F I G U R E  2  Energy-dispersive X-ray 
spectroscopic (EDS) analyses within 
bioglass area of P5Zn2Ch_1:1 composite 
and scanning electron microscopic (SEM) 
images before (A) and after (B) incubation 
in simulated body fluid (SBF)

F I G U R E  3  Viability of strains determined after 48 h contact 
of Staphylococcus aureus and Pseudomonas aeruginosa with the 
composites P5Zn1gCh_1:1 and P5Zn2Ch_1:1

F I G U R E  4  PPS stability in water and in plasma during 24 h 
incubation
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3.3 | Incorporation of the model peptide 
into the porous composite and peptide 
release assay

The simplest strategy for introducing a peptide into a porous 
scaffold is via the adsorption of peptides onto the surface of 
the biomaterial by simply incubating the scaffold in the pep-
tide solution. In this study, PPS peptide was incorporated into 
the selected porous composite (P5Zn1gCh_1:1) by dipping 
it into the peptide solution. After dipping and lyophilization, 
the microstructure of the porous composite did not change 
(Figure  7). Adsorption of peptides onto the surface of the 
chitosan/ZnO-doped bioglass composite had no effect on the 
pore size (the diameter and thickness of the pores remained 
unchanged). The image of SEM at higher magnification 
shows mutual communication between the pores.

After introducing the peptide into the porous biomaterial, 
we verified the level of peptide released from the compos-
ite scaffold. The HPLC results show a rapid initial release 
of peptide within the first hour (burst effect) from the po-
rous scaffold (Figure 8). Then, the saturation of the peptide 
in solution was observed, represented by the presence of the 
plateau on a diagram. The peptide did not lose its physico-
chemical properties after release. Such a rapid release of the 
peptide may be the desired effect in the case of its antibacte-
rial properties because it can locally, quickly, and effectively 
inhibit bacterial growth.

4 |  DISCUSSION

Biomaterials for bone tissue regeneration must meet spe-
cific requirements so that they can support the physiological 

processes. Biocompatibility, bioactivity, osteoconductiv-
ity, and porosity appear to be of key importance.5-8 With 
regard to bone tissue implants, the osteoinductive, osteo-
conductive properties, and porosity appear to be of key im-
portance. It is assumed that the distribution and the size of 
pores should enable appropriate migration of cells and en-
sure the easy delivery of nutrients within the implant. The 
optimal average pore size of a scaffold should be within 
the range of 50-400 µm.46 Another essential feature of an 
implant is its biodegradability/bioresorbability—ability 
to show controlled degradation and appropriate resorp-
tion to match the cellular growth with that of the site of 
reconstruction.

In this study, the tested biocomposites showed bioactiv-
ity and bactericidal activity. They contained bioglass en-
riched with Zn in their composition, which according to the 
literature increases the bioactivity of biomaterials.47 ZnO 
added to the chemical composition of bioglass ensures also 

F I G U R E  5  PPS cytotoxicity against human immortalized 
HaCaT keratinocytes and human dermal 46BR.1N fibroblasts. Graph 
presents mean ± standard error of mean (SEM) from three independent 
experiments (four replicates each). *—statistically significant 
differences (Mann-Whitney U-test, P < .05, n = 12) compared to 
negative control (non-PPS treated cells). Triton-X—positive control 
(maximum LDH release = maximum cytotoxicity)

F I G U R E  6  PPS effect on proliferation of human immortalized 
HaCaT keratinocytes (A) and dermal 46BR.1N fibroblasts (B). Graphs 
present mean ± standard error of mean (SEM) from three independent 
experiments (four replicates in each). *—statistically significant 
differences (Mann-Whitney U-test, P < .05, n = 12) compared to 
negative control. FBS-positive control (Cells grown in medium 
supplemented with 10% FBS)
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bactericidal effects of the composite.20 According to litera-
ture data the selected composite's pore sizes were favorable 
for new bone tissue ingrowth.7 Micro and mesopores are 
important in adsorption processes while macropores play 
the role of transport routes enabling the access to pores of 
smaller sizes. The selected composite's microstructure was 
then suitable for enabling the migration of cells and ensuring 
delivery of nutrients. It was also assumed that the selected 
composite can act as a carrier of peptides. PPS peptide itself 
is soluble in aqueous solution, stable in water and plasma, 
which makes it adequate material for releasing studies, elim-
inating decay and interfering processes. Additionally it was 
investigated PPS peptide is no cytotoxic and has no additional 
antibacterial properties. It is known that certain peptides can 
be cytotoxic to human cells, and therefore it was important 
to analyze PPS effect on human cells.48 As an experimen-
tal model for this study we chose human immortalized cell 
lines: HaCaT keratinocytes and 46BR.1N fibroblasts. They 
are a common model used in the preliminary assessment of 
the toxicity of bioactive compounds, including peptides. The 
cells used in our study have different origin (ectodermal for 
keratinocytes and mesodermal for fibroblasts) and therefore 

may respond differently to stimulation. Besides, the use of 
immortalized cell lines, which maintain functions of normal 
cells, allows to obtain reliable and reproducible results and 
avoid donor-to-donor variability characteristic for primary 
cell cultures.38,49-52

Due to the porous structure of the obtained composite, we 
decided to combine it with the model peptide by the method 
of adsorption. Adsorption is especially applicable to bone 
morphogenetic protein (BMP)-derived peptides because the 
initial osteogenic stimulation of osteoprogenitor cells is im-
portant to induce the process of bone formation. The osteo-
genic process can then evolve autonomously by the cytokines 
produced by its own cells. The adsorption method allowed us 
to successfully introduce the peptide into the composite ma-
terial and then we verify the release kinetics. The results of 
release kinetics of the peptide from the composite matrix are 
consistent with the literature. The adsorption method of pep-
tide introduction onto the polymer scaffold usually results in 
a rapid, massive release of peptide molecules; therefore, it is 
suitable only for certain peptides derived from soluble growth 
factors. The reduction in the rate of release of the peptide can 
be achieved by incorporating the peptides into the biomate-
rial structure at the stage of scaffold synthesis. During the 
degradation progress of such a biomaterial, new peptides are 
still being released from its surface, leading to more long-
term stimulation of resident cells. There are reports53 on the 
use of a combination of both of the aforementioned methods, 
which may ensure greater complementarity of the activity. 
For example, a peptide with osteoinductive effects can be ad-
sorbed on the implant surface, whereas an angiogenic peptide 
can be built into the structure of the implant. If more precise 
control of the release of peptides is needed, then a covalent 
bond54 or somewhat weaker binding by specific domains can 
be used.9,55,56

5 |  CONCLUSIONS

The results of this study indicate that the porous chitosan-
based ZnO-doped bioglass composite is suitable to be used as 

F I G U R E  7  Scanning electron 
microscopic (SEM) image of microstructure 
of chitosan/ZnO-doped bioglass composite 
with peptide adsorbed; (A) magnification of 
250×, (B) magnification of 2500×

F I G U R E  8  The level of peptide release from the chitosan/ZnO-
doped bioglass composite
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a scaffold for bioactive peptides. There is the technological 
feasibility of the location of different peptides in this com-
posite. The selected composite did not damage the peptide 
during contact with it and the peptide did not lose its physico-
chemical properties after release. Considering the short time 
of the release of the peptide from the selected composite, we 
are planning to place slow-release peptides in the polymer 
scaffold or incorporate peptides by the other method than ad-
sorption in further studies.
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