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Abstract

Titanium dental implants often induce the foreign 
body immune response. The duration of the inflam-
matory process determines the initial stability and 
biocompatibility of the implant. The challenge for bone 
tissue engineering is to develop implant biocompa-
tible and bioactive surface coatings that regulate the 
inflammatory response and enhance osseointegration. 
Pectins, plant-derived polysaccharides, have been 
shown to be potential candidates for surface coating 
due to their possible roles in improving osseointegra-
tion and bone healing. 

The aim of this study was to evaluate in vitro the 
effect of plant-derived pectin rhamnogalacturonan-I 
(RG-I) nanocoating on pro- and anti-inflammatory hu-
man polymorphonuclear leucocytes (PMN) responses 
to E. coli LPS or P. gingivalis bacteria.

In this study unmodified RG-I and structurally 
modified RG-I from potato were examined. All in vitro 
studies were performed on tissue culture polysty-
rene surfaces (TCPS) or titanium (Ti) discs coated 
with unmodified and modified RG-Is. Changes in 
PMN gene expression occurred on both surfaces.  
The presence of RG-Is down-regulated proinflamma-
tory genes, IL1B, IL8, TNFA. Our results clearly sho-
wed that pectin RG-I nanocoating decreased the level 
of proinflammatory genes expression in stimulated 
PMN and may therefore be considered as a potential 
candidate for modulation of the inflammatory response 
elicited by insertion of implants into living tissue.

Keywords: pectin, PMN, proinflammatory cytokines, 
gene expression

[Engineering of Biomaterials 144 (2018) 2-7] 

Introduction

The initial reaction following implant insertion into bone is 
an inflammatory response [1-4]. PMN (polymorphonuclear 
leucocytes) represent the first line of the innate immune de-
fence and are abundant in the peri-implant tissues following 
implant placement. PMN are recruited to the site of injury 
(associated with implant insertion) and mediate bactericidal 
activity via phagocytosis, NETosis, and degranulation, along-
side secretion of chemokines/cytokines [2,5,6]. 

The failure of implant treatment is often caused by 
bacteria infection due to uncontrolled disease such as 
periodontitis, associated with chronic inflammation [7-9]. 
Porhyromonas gingivalis (P. gingivalis), Tannerella forsythia 
and Treponema denticola represent the periodontal patho-
gens equipped with a broad array of virulence factors [8].  
Unfortunately, the inflammatory mediators produced by 
PMNs in response to infection can result in host tissue dam-
age and degradation of implant material surfaces [4-6,10].  
An excessive influx of PMNs, or their subsequent persis-
tence can therefore lead to impaired wound healing [11,12].

To prevent hyper-activity and/or hyper-reactivity of PMN 
in peri-implant tissues, a new direction in tissue engineer-
ing is to the develop biomaterials that modulate the inflam-
matory response in their local environment and enhance  
osseointegration. Plant-derived pectins have been proposed 
as potential candidates for surface nanocoating of medical 
devices due to their osteogenic and anti-inflammatory prop-
erties [13-22]. In addition their structure can be easily ma-
nipulated allowing them to be presented in a range of forms 
with different biochemical properties [14,15,19]. A number 
of studies have investigated the effect of pectin polysaccha-
rides, mainly Rhamnogalacturonan-I (RG-I), composed of 
a backbone of alternating rhamnose and galacturonic acid 
residues, while arabinian, galactan, and arabino-galactan 
side chains are presented on the rhamnosyl residues  
[13-16]. RG-I has been shown to stimulate adhesion, pro-
liferation, differentiation of macrophages [17], fibroblasts 

[21,22], osteoblasts [15,16,18,19], and bone marrow mes-
enchymal stem cells [23,30]. In addition, the surface modi-
fication of titanium with RG-I has been shown to increase 
osteoblast mineralization and expression of genes involved 
in extracellular matrix (ECM) formation, maturation and 
mineralization [15,16,23,24]. Recently, it has been reported 
that RG-I may also possess anti-inflammatory properties 
[17,25-29]. Our previous studies have demonstrated that 
gene expression of pro-inflammatory cytokines (Il1b, Il6, and 
Tnfa) in osteoblasts culture infected with P. gingivalis was 
down-regulated at surface coated with RG-I [30]. Therefore, 
our hypothesis is that anti-inflammatory properties of RG-I 
may inhibit acute inflammatory response initiated with PMN 
by down-regulation of IL1b, IL6, TNFA. 

In this study, the gene expression of cytokines in PMN 
will be determined under two conditions, stimulation with 
P. gingivalis, the major oral pathogen associated with peri-
odontal diseases, and Escherichia coli lipopolysaccharide 
(E. coli LPS). 

It has been reported, that proinflammatory cytokine re-
sponse, during P. gingivalis and E.coli infection is initiated by 
different toll-like receptors (TLR) [31,32]. The examination 
of PMN with P. gingivalis and E.coli stimulation intended to 
investigate RG-I effect on both independent mechanisms 
of immune response through TLR.

The aim of this study was to evaluate in vitro the effect 
of RG-I surface nanocoating on pro- and anti-inflammatory 
gene expression in human PMN stimulated by E. coli LPS 
or P. gingivalis bacteria. This investigation will examine 
the possibility of modulating in vitro PMN proinflammatory 
activity by RG-Is. 
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Materials and Methods

Isolation, modification and nanocoating of RG-Is on 
polystyrene and titanium surfaces

RG-I was prepared as described previously by Gurzaw-
ska et al. by treatment of potato pulp (P) with enzyme prepa-
rations [15,16]. The chemical properties, monosaccharide 
composition and linkage analysis of PU (unmodified) and 
PA (modified) RG-I’s have been reported in our previous 
studies [16]. Briefly, the results showed higher amount 
of 1,4-galactose in PA compared to PU. To evaluate the  
in vitro effect of a RG-I pectin nanocoating on human PMN 
responses, two different types of material surfaces were 
used. Tissue Polystyrene Culture Plates (TCPS) (Techno 
Plastic Product) with a diameter of 60 mm and commercially 
pure (grade 2) machined titanium (Ti discs) (Dentsply, Swe-
den) with a diameter of 60 mm, were prepared. Discs were 
sterilized by autoclaving for 20 min at 121°C and placed in 
6-well TCPS. Adherently, PU and PA RG-I’s (128 µg/mL) 
were coated on surface of 6-well TCPS and on the surface 
of Ti discs. The reaction was carried out at room temperature 
overnight in sterile conditions on a shaker (IKA-Werke GmbH 
& Co. KG) at 100 rpm. After coating the TCPS plates and 
Ti discs were rinsed extensively in sterile deionised water 
and then allowed to air dry in a laminar flow hood before  
in vitro experiments. 

In vitro studies
TCPS and Ti discs with PU and PA nanocoatings were 

tested, and compared with control uncoated TCPS and 
uncoated Ti discs. Peripheral blood for PMN isolation for all 
in vitro experiments was collected from healthy volunteer 
donors (n = 3). Written informed consent was obtained from 
all volunteer donors and the study was approved by the local 
research ethics committee of the Dental School, College of 
Medical and Dental Sciences, University of Birmingham, 
Birmingham, UK (approval number 14/SW/1148).

Cell culture
PMNs were isolated from heparinised (17 IU/mL) periph-

eral blood using Percoll density gradients (GE Healthcare) 
as previously described [33]. Briefly, two discontinuous 
gradients, 1.079 and 1.098, were used for PMN isolation 
with concomitant erythrocyte lysis (0.83% NH4Cl containing 
1% KHCO3, 0.04% EDTA and 0.25% BSA). Isolated cells 
were resuspended in PBS. Cell viability, typically >98%, 
was determined by dye exclusion (trypan blue). PMNs were 
seeded at a cell density of 1 × 105/mL in RG-Is coated and 
uncoated 6-well TCPS plates and on RG-Is coated and 
uncoated Ti discs placed in 6-well TCPS. The cells were 
incubated for 30 min at 37°C with 5% CO2. 

Cell morphology
The cells incubated for 30 min on uncoated and coated 

Ti disc were observed with scanning electron microscope 
(SEM) (ZEISS). The PMN were fixed with 2-2.5% gluta-
raldehyde (Biochrom), following rinsing thrice with PBS. 
After dehydration with 30%, 40%, 50%, 60%, 70%, 90%, 
95% and 100% ethanol for 5 min, respectively, the hexam-
ethyldisilazane (HMDS) was added to samples and left to 
evaporate. After drying, samples were mounted and placed 
in a scanning electron microscope operating at 10 kV and 
using secondary electron imaging mode. The TCPS has 
been covered with gold layer, however the Ti surface did 
not required gold coating.

E. coli LPS stimulation and P. gingivalis invasion/infection 
assay

For the bacterial exposure assay, P. gingivalis strain  
(Pg; ATCC 33277) was prepared as previously described [9]. 
The bacteria were harvested by centrifugation, washed and 
resuspended in PBS and heat treated for 10 min at 100°C. 
The number of bacteria was determined by measuring the 
OD at 600 nm and appropriate dilutions were made to obtain 
the desired multiplicity of infection (MOI).

After 30 min incubation PMN were treated with E. coli se-
rotype O26:B6 LPS (Sigma-Aldrich L5543; Sigma-Aldrich) at 
100 ng/ml or heat-killed P. gingivalis bacteria at a multiplicity 
of infection of 100 bacteria per PMN. PMN were cultured in 
the presence of E. coli LPS or P. gingivalis for 4 h at 37°C 
with 5% CO2 prior to RNA isolation.

RNA isolation and real-time RT-PCR
RNA was isolated from PMN using TRI reagent (Sigma) 

and the Qiagen RNeasy Mini Kit according to the manu-
facturer’s instructions, and was quantified by UV spec-
trometry at 260 nm (Eppendorf). Isolated RNA was reverse 
transcribed using a one-step high capacity cDNA reverse 
transcription (RT) kit (Applied Biosystems). The comparative 
2−ΔΔCt method was used to quantify relative gene expression 
[38]. Relative expression levels were calculated for each 
sample after normalization against the housekeeping gene 
B2M. The calibrator was a pool of the cDNA synthesized 
from total-RNA isolated from PMN. A LightCycler 480 
SYBR Green I Master Real Time PCR instrument (Roche 
Diagnostics GmbH) was used for quantification of target 
genes: tumour necrosis factor-alpha (TNFA), interleukin-1 
beta (IL1B), interleukin-8 (IL8), interleukin-10 (IL10) and 
beta-2-microglobulin (B2M). The primer (Sigma) sequences 
are described in TABLE 1. 1 μL of cDNA and 9 μL of reac-
tion mix was used in each well of a 96-well plate (Roche),  
according to the manufacturer’s instructions. The PCR reac-
tion conditions were 95°C for 5 min, followed by 40 cycles 
of 10 s at 95°C; 15 sec at 62,3°C; 20 s at 72°C and a final 
cycle of 20 min with increasing temperature from 60°C to 
95°C, followed by the standard denaturation curve. 

Statistical analyses
Descriptive statistics were used and mean values were 

calculated. Data are shown as mean ± SEM and were 
analysed using one-way ANOVA and post hoc Bonferroni 
test (IBM SPSS Statistic 22). A significance level of p value 
= 0.05 was used throughout the study.

TABLE 1. Primer sequences used for Real-time 
PCR.

Target 
gene

Primer Sequence 5’ to 3’

B2M forward ACCCCCACTGAAAAAGATGA
reverse ATCTTCAAACCTCCATGATG

TNFA forward ATCCTGGGGGACCCAATGTA
reverse AAAAGAAGGCACAGAGGCCA

IL1B forward TTCGAGGCACAAGGCACAA
reverse AAGTCATCCTCATTGCCACTGT

IL8 forward CTCCTTGGCAAAACTGCACC
reverse CAGAGACAGCAGAGCACACA

IL10 forward TGCCTTCAGCAGAGTG
reverse GGGAAGAAATCGATGA
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Results

PU and PA coating do not influence PMN attachment
Analysis of PMN morphology on uncoated and coated 

Ti discs, via scanning electron microscopy, showed some 
cells onto both surfaces (FIG. 1). PMN isolated from blood 
were similar in size, about 6-7 μm in diameter. SEM demon-
strated that PMN were round-shaped. No differences in cell 
morphology as well as cell spreading were found between 
control and PU, PA.

Influence of PU and PA coating on PMN gene 
expression on tissue culture polystyrene surfaces

The effect of PU and PA RG-I coatings on gene expres-
sion in PMN cultured on TCPS surfaces was investigated 
using Real-Time RT-PCR. The level of pro-inflammatory 
TNFA, IL1B, IL8, and anti-inflammatory IL10 gene expres-
sion was modified by RG-I in PMN stimulated with E. coli 
LPS or P. gingivalis bacteria and also unstimulated PMN. 
The results are shown in FIG. 2.

In general, pro-inflammatory TNFA, IL1B, IL8 expression 
in PMN was the highest on control TCPS surfaces and the 
lowest on PA coated surfaces. PA significantly decreased 
IL1B (p < 0.05) and IL8 (p < 0.001) expression in P. gingi-
valis stimulated PMN compared to control, uncoated TCPS.  
In normal conditions, without LPS E. coli and P. gingivalis, the 
IL8 expression in unstimulated cells was significantly lower 
on PU (p<0.01) and PA (p<0.001) compared with TCPS con-
trol. No differences of TNFA gene expression were observed 
in both stimulated and unstimulated PMN cultured on PU 
and PA coated surfaces compared with the TCPS control. 

   The results of IL-10 gene expression in stimulated and 
unstimulated PMN showed that there was no significant 
difference between PU, PA and control.

Generally, the level of TNFA, IL1B, IL8, and IL10 expres-
sion was higher in PMN stimulated with E. coli LPS than 
with P. gingivalis. The lowest level of gene expression was 
observed in unstimulated PMN.

PU and PA coating influence PMN gene expression on 
titanium surfaces

Gene expression of TNFA, IL1B, IL8 and IL10 was de-
tected in E. coli LPS/ P. gingivalis stimulated PMN and in 
unstimulated PMN cultured on Ti surfaces without PU/PA 
coatings. The results are shown in FIG. 3.

Generally, pro-inflammatory TNFA, IL1B, IL8 expression 
in PMN stimulated with P. gingivalis or LPS E. coli were the 
highest on control titanium surfaces and the lowest on PA 
coated surfaces. PA and PU significantly decreased TNFA 
(p < 0.001) and IL8 (p < 0.001) expression in P. gingivalis 
stimulated PMN compared with the Ti control. The IL1B 
expression in cells activated with P. gingivalis was signif-
icantly decreased by PA (p < 0.001).

No significant differences of anti-inflammatory IL-10 
gene expression were observed in both stimulated and 
unstimulated PMN grown on PU and PA coated compared 
with Ti control surfaces.

In LPS E. Coli stimulated conditions on Ti surface, similar 
to TCPS surface it has been observed, a higher pro-inflam-
matory gene expression compared to P. gingivalis stimulated 
PMN and unstimulated PMN, respectively. 

FIG. 1. Representative images of PMN seeded on titanium (Ti) discs (a) without coating (C), Ti discs coated (b) 
with unmodified pectin RG-I (PU), and Ti discs coated (c, d) with dearabinanated pectin RG-I (PA) performed 
with scanning electron microscope.
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FIG. 2. Gene expression of PMN seeded on tissue culture polystyrene surface (TCPS) without coating (C), TCPS 
coated with unmodified pectin RG-I (PU), and TCPS coated with dearabinanated pectin RG-I (PA) as assessed 
by Real-Time RT-PCR measurement of TNFA, IL1B, IL8, and IL10 genes after 4 h. Data are given as means  
+/- SEM (n = 6) and were statistically analysed using one-way ANOVA with Bonferroni’s for multiple comparisons 
(p-values: * p < 0.05; ** p < 0.01; *** p < 0.001).

FIG. 3. Gene expression of PMN seeded on titanium (Ti) discs without coating (C), Ti discs coated with un-
modified pectin RG-I (PU), and Ti discs coated with dearabinanated pectin RG-I (PA) as assessed by Real-
Time RT-PCR measurement of TNFA, IL1B, IL8, and IL10 genes after 4 h. Data are given as means +/- SEM 
(n = 6) and were statistically analysed using one-way ANOVA with Bonferroni’s for multiple comparisons  
(p-values: * p < 0.05; ** p < 0.01; *** p < 0.001).
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Discussions

In the present study we assessed the effect of plant-
derived pectin Rhamnogalacturonan-I (RG-I) nanocoating 
on the gene expression of pro-inflammatory cytokines (IL1B, 
IL8, and TNFA) and anti-inflammatory cytokine (IL10) in 
human PMN responses. Nanocoating with RG-I did not 
changed significantly the cytokine gene expression in PMN 
culture under E. coli LPS compared to control. However, in 
PMN infected with P. gingivalis the gene expression of IL1B, 
TNFA and IL8 was significantly down-regulated on surfaces 
coated with galactose rich RG-I (PA), suggesting reduction 
of inflammation.

In general, the difference between the unmodified (PU) 
and modified (PA) RG-Is was reflected by the sugar com-
position [16]. The PA has shorter arabinose side chains 
compare with PU, that made galactose side chains exposed 
to direct cell interaction. A number of studies [34-37] have 
shown direct interaction of galactose with Galectin-3 (Gal-3), 
a glycan-binding protein composed of a single carbohydrate-
recognition domain (CRD) and an N-terminal aggregation 
domain [34-37]. Gal-3 is up-regulated during inflammation, 
induced by bacteria infection [38,39] and is predominantly 
expressed by innate cells, mast cells, neutrophils and 
eosinophils [36]. Gal-3 was reported to favour neutrophil 
recruitment and activation [37]. Therefore, the mechanism of 
RG-I interaction with Gal-3 has to be investigated in further 
studies, where Gal-3 gene expression and extracellular level 
should be measured. 

On the cell level, we have demonstrated that nanocoat-
ings with PU and PA have no effect on PMN morphology.

Furthermore, we investigated pro- and anti-inflammatory 
gene expression in PMN stimulated with LPS E. coli or P. gin-
givalis bacteria compared to unstimulated PMN on two types 
of surfaces: tissue culture polystyrene surfaces (TCPS) 
and titanium (Ti) discs. The use of two types of surfaces 
allows for a more accurate interpretation of in vitro results 
and prediction of surface-PMN cell interaction during initial 
stage of osseointegration. Our results showed differences 
between cytokine gene expression on titanium compared 
to TCPS, what indicates that the physical properties, such 
as roughness may affect cell response. Similar observation 
has been reported in previous work by Gurzawska et. al 
2013, where TCPS, titanium discs and Ti implants coated 
with RG-I were compared. However, on both TCPS and Ti 
surface the results of the present study showed that pres-
ence of RG-Is, especially PA, reduced pro-inflammatory 
gene expression in E. coli LPS/P.gingivalis stimulated PMN 
and unstimulated PMN. 

In the current study, we focused on the expression of 
selected genes reflecting acute inflammation. PMN have 
the ability to synthesize pro- and anti-inflammatory cytokines 
and growth factors that modulate the inflammatory response 
[38,39]. Interleukin-1β, interleukin-8, and tumour necrosis 
factor-α are pro-inflammatory cytokines playing crucial role 
in inflammatory process [38] and destructive effects on bone 
[12]. TNF-α, IL-1 and other pro-inflammatory cytokines de-
terminate an inflammatory response on the foreign body that 
can cause severe tissue damage and premature failure of 
implanted materials [12]. In this study, we demonstrate that 
RG-I nanocoating influenced the pro-inflammatory genes 
expression, leading to IL1B, IL8 and TNFA down-regulation 
in unstimulated and stimulated PMN. Lower activity of un-
stimulated PMN on PU and PA indicated that RG-Is did not 
induce the inflammatory reaction. 

Previous in vitro studies evaluating the influence of 
pectin on inflammatory responses investigated mainly pro-
inflammatory cytokine levels (IL-6 and TNF-α) [17,29,30].  

In this study we assessed not only PMN pro-inflammatory, 
but also anti-inflammatory gene expression. PMN pro-
duce anti-inflammatory cytokines, such as interleukin-10 
(IL-10), which plays a crucial role in acute and persistent 
bacterial infection. This cytokine is responsible for reduc-
tion of inflammation by e.g. inhibiting the secretion of pro-
inflammatory cytokines, such as TNF-α [42]. In general, 
our results showed that the level of expression of the anti-
inflammatory cytokine IL10 in unstimulated and stimulated 
PMNs on surfaces coated with PU and PA was lower than 
on controls on polystyrene and titanium surfaces, but no 
significant differences were observed. Our results are in 
contrast with research by Ovodova et al. (2011) [43] on male 
A/HeJ mice showing that the pectic polysaccharide called 
apiuman isolated from celery stalks improved the survival of 
mice subjected to a lethal dose of LPS. Apiuman decreased 
the production of the pro-inflammatory IL-1ß cytokine and 
increased anti-inflammatory IL-10 cytokine synthesis. The 
explanation for different biological effect might be due to the 
differences in sugar composition and side chain structure 
of PU, PA and apiuman. 

Our results indicated that RG-I is capable to reduce pro-
inflammatory cytokine expression in P .gingivalis stimulated 
PMN but not after E. coli stimulation. This effect may be 
explained by different mechanism of activation of immune 
response by these pathogens. Recently it has been reported 
that P. gingivalis LPS activate immune response by TLR2 
while LPS of enterobacteria stimulates mainly TLR4 [31,32]. 
Our observations suggest that the effect of RG-I nanocoat-
ing may be related to direct interaction with TLR2, however 
further studies are necessary to confirm this hypothesis. 

In summary, nanocoating with PA, with a higher content 
of galactose than PU resulted in a lower level of IL1B, IL8 
and TNFA gene expression in stimulated with P. gingivalis 
PMN compared to PU coating. The results will support fur-
ther in vitro studies to investigate the mechanism of RG-I 
on activated PMN cells. Our data suggests that RG-I might 
be promising agent for prevention of implant failure due to 
acute inflammation.

Conclusions

Modulation of the inflammatory response is a new direc-
tion in the field of tissue engineering. The polymorphonuclear 
leucocytes (PMN) play a key role in preventing infection; 
however, their excessive activity leads to implant failure. 
In summary, we have demonstrated that polystyrene and 
titanium surfaces coated with unmodified (PU) and enzy-
matically modified (PA) pectin RG-I from potato affected 
pro-inflammatory gene expression in PMN stimulated with 
P. gingivalis. IL1B, IL8, TNFA expressions were down-reg-
ulated in stimulated PMN cultured on PA and PU surfaces 
compared to uncoated TCPS and titanium control surfaces. 
These results suggest the possibility of using coating with 
pectin-derived polysaccharides to control inflammation in tis-
sue after implant insertion. Our findings suggest that pectin 
RG-I has considerable potential to inhibit the inflammatory 
response and prevent tissue destruction, providing optimal 
healing and osseointegration.
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Abstract

The aim of this paper is to present the influence 
of bee pollen on the physicochemical and in vitro 
properties of poly(acrylic acid) (PAA) hydrogel com-
posites enriched with hydroxyapatite and modified 
with bee pollen as a prospective material for biome-
dical application with beneficial features including 
good osseointegration and anti-inflammatory effect.  
The phase and chemical composition of hydroxyapa-
tite synthesized by wet-precipitation method was 
confirmed by means of X-ray diffraction (XRD) and 
Fourier Transform Infrared Spectroscopy (FT-IR). 
Proposed materials were investigated towards in 
vitro properties by immersion in the incubation fluids 
including artificial saliva, Ringer’s solution and distilled 
water. The composites swelling ability was determi-
ned. Additionally, the chemical structure of the polymer 
matrix composites was confirmed by FT-IR method. 
Moreover, to characterize composite degradation 
process during 21-day incubation the FT-IR technique 
was used. In order to describe bee pollen feature, 
both scanning electron microscopy and X-ray fluore-
scence spectrometry were used. Presented research 
revealed that hydroxyapatite, as well as PAA undergo 
biodegradation during in vitro test. Moreover, matrices 
degradation results in incubation fluids pH decrease 
associated with anionic nature of PAA which is furt-
her enhanced by bee pollen release. The strongest 
pH drop effect was observed for Ringer’s solution. 
Increase in conductivity of distilled water confirmed 
composites degradation process.

Keywords: hydrogel, hydroxyapatite, bee pollen, 
composite, biomaterial

[Engineering of Biomaterials 144 (2018) 8-14] 

Introduction

In recent years hydrogels, due to their biocompatibility, 
cell-controlled degradability, and intrinsic cellular interaction 
have become one of the most important groups of materials 
used in medicine. Nowadays, hydrogels play an important 
role in dynamically developing field of tissue engineering 
where they are used as three-dimensional porous scaf-
folds to guide the growth of new tissues, as implantable 
materials in cartilage wound healing, drug delivery sys-
tems, wound dressings and in bone regeneration [1-6].  

The structure and functions of those polymeric materials 
can be modified in a precisely controlled way. To foster 
new tissue formation hydrogels must meet a number of 
criteria that include physico-chemical (e.g. degradation 
and mechanics) and biological (e.g. cell adhesion) guide-
lines [7]. Hydrogels are made from natural polymers (e.g. 
collagen, chitosan, keratin) as well as synthetic polymers 
(e.g. poly(vinyl alcohol), PVA, poly(ethylene glycol), PEG, 
poly(acrylic acid), PAA). [8-15]. 

PAA has been intensively examined by many scientists in 
the context of biomedical applications, due to its biocompat-
ibility, pH-sensitivity, solubility in water and aqueous solu-
tions of inorganic salts and simultaneous lack of solubility in 
most organic liquids [16-17]. In neutral and alkaline solution 
acidic carboxyl groups of PAA are ionized and this leads to 
electrostatic repulsion of the polymer chains [18-19]. Over 
recent years, various PAA-based materials for the use in 
tissue engineering have been proposed [20].

Nowadays, polymeric hydrogels are mainly combined 
with different type of nancompounds (e.g. graphene oxide, 
carbon nanotubes, gold-silica nanoshells, nano-hydroxyapa-
tite, ultra-high-molecular-weight polyethylene nanofibres) 
[21-25], biologically active proteins or peptides [26-27], 
and reinforced with inherently biocompatible particles (e.g. 
hydroxyapatite - HAp) [28-30].

HAp is the inorganic component of bones and teeth 
affecting their hardness and strength. HAp due to its 
porosity, bioactivity, biocompatibility and ability to form  
a good connection with the living tissues is willingly used as 
a component of different types of biomaterials, especially 
in dental and orthopaedic surgery as a filling material for 
biocompatible matrix [30-33].

In this research paper, we describe in detail the prepa-
ration, characterization and biocompatibility studies of 
three-dimensional hydrogel composite material prepared 
from acrylic acid, particles of HAp and agar (as a stabiliz-
ing agent), cross-linked by poly(ethylene glycol) diacrylate 
(PEGDA) under microwave irradiation and modified by dif-
ferent amounts of bee pollen. Experimental pharmacological 
studies performed on bee pollen confirmed its prospective 
application in hyper-lipidemia and atherosclerosis treatment 
as well as detoxification activity against organic solvents 
such as carbon tetrachloride and trichlorethylene [34-35]. 
Moreover, it is proved that bee pollen can be applied in the 
early old age symptoms and neurasthenic inertia treatment 
[36]. Pollen also shows high anti-inflammatory effect compa-
rable to naproxen and indomethacin. Its anti-inflammatory 
effect is about inhibiting the activity of enzymes responsible 
for turning arachidonic acid into toxic compounds that induce 
inflammatory conditions in tissues [37]. Bee pollen contain-
ing hydrogel materials were presented in [38]; however 
hydroxyapatite addition in such materials can enhance their 
functionality by promoting osseointegration.

Materials and Methods

Materials
In experiments, all the reagents were of analytical grade 

and used without further purification. The chemicals: cal-
cium oxide (CaO, to prepare aqueous solution of calcium 
hydroxide), 85% phosphoric acid (H3PO4), 25% ammonia 
solution, acrylic acid (AA), potassium hydroxide (KOH) and 
ammonium persulfate (APS) were purchased from POCh 
Gliwice, Poland. PAA was derived from Merck and agar was 
acquired from Sigma Aldrich.
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Synthesis of hydroxyapatite

Hydroxyapatite was obtained by widely used synthesis 
technique called chemical or wet precipitation, based on 
the chemical reaction between calcium hydroxide Ca(OH)2 
(0.5M) and phosphoric acid H3PO4 (0.3M) in the presence 
of ammonia solution, according to the equation (1).

6H3PO4 + 10Ca(OH)2 Ca10(PO4)6(OH)2 + 18H2O	   (1)

Preparation of PAA/HAp bee pollen modified hydrogel
Synthesis of PAA/HAp hydrogel was conducted in accord-

ance with the procedure: 45 cm3 of acrylic acid was neutralized 
with 50 cm3 potassium hydroxide aqueous solution (40wt.%) 
and cooled slowly down to 30°C. After that 1 wt.% ini-
tiator (APS), 1wt.% crosslinking agent (PEGDA) and 20 g 
of stabilizing agent (agar) were added. Consequently, the 
obtained solution was finally mixed with previously prepared 
powder mixtures with various content of hydroxyapatite and 
ground bee pollen (TABLE 1). The resulting mixtures of 
powders and PAA, with other additions, were cross-linked by 
microwave irradiation at 600 W for 1 min, which resulted in 
formation of three-dimensional porous hydrogel structures.

Hydrogel swelling characteristics
1.0 g hydrogel samples were prepared in order to deter-

mine the swelling ratio of materials in simulated body fluid 
solution (TABLE 2), Ringer’s solution (TABLE 3), artificial 
saliva (TABLE 4) and distilled water after twenty-three days 
of incubation at 37oC. The swelling ratio (X) was calculated 
according to the equation:

                               X =  	                              (2)

where mo is the weight of hydrogel sample before incubation 
and m is its weight after incubation time.

Measurements of the ionic conductivity and pH value 
Measurements of ionic conductivity and pH values of 

SBF, Ringer’s solution, artificial saliva and distilled water 
were carried out during the hydrogels samples incuba-
tion in the mentioned fluids. The pH values changes were 
measured using Elmetron CP-401 waterproof pH Meter 
equipped with ERH – 111 composite electrode, and the ionic 
conductivity of solutions was investigated using Elmetron 
EC- 60 conductivity meter.

X-ray diffraction
The X-ray diffraction method was used to identify the 

hydroxyapatite particles in powder mixtures used to prepare 
hydrogel materials and phase identification of bee pollen. 
Analysis was performed using Philips X`Pert X-ray dif-
fractometer equipped with a graphite monochromator PW 
1752/00 with Ni filter (40 kV and 30 mA). All XRD patterns 
were recorded in the 2Θ range 10o – 60o. 

IR Spectroscopy
The FT-IR studies, by KBr pellet technique, were uti-

lized to determine the changes in the composition of the 
hydrogels after incubation time in comparison to their initial 
chemical composition using a Scimitar Series FTS 2000  
Digilab spectrophotometer in the middle infrared range of 
4000-400 cm-1.

TABLE 3. The composition of the Ringer’s solution 
prepared according to [39].

TABLE 1. The composition of the powders used 
in synthesis.

TABLE 4. The chemical composition of the artificial 
saliva prepared according to [40].

Sample HAp content [g] Bee pollen content [g]
s1 1 4.0 2.0
s1 2 4.0 2.5
s1 3 4.0 3.0
s1 4 4.0 3.5
s1 5 4.0 4.0
s2 1 1.0 2.5
s2 2 1.0 3.5
s2 3 1.0 4.5
s2 4 1.0 5.5
s2 5 1.0 6.5

Component Ions content [mM/dm3]
Na+ 147.0
K+ 4.0

Ca2+ 3.0
Cl- 157.0

Component Concentration [g/dm3]
NaCl 0.400
KCl 0.400

CaCl2∙H2O 0.765
NaHPO4∙H2O 0.780

Na2S∙H2O 0.005
(NH2)2CO3 1.000

X-ray fluorescence spectrometry
In this paper XRF technique was used to analyze the 

chemical composition of bee pollen. The investigations were 
performed using Mini Pal PW 4025/00 X -ray PANalytical 
spectrometer with a sample changer, built-in helium system 
and analytical area of Na - U. Spectrometer was equipped 
with a semiconductor Si-PIN detector and X-ray lamp with 
a side window (9W) with Rh cathode.

TABLE 2. The composition of the SBF solution.

Component Concentration [g/L]
NaCl 8.035

NaHCO3 0.355
KCl 0.225

K2HPO4·3H2O 0.231
MgCl2·6H2O 0.311

HCl (1M) 39 ml
CaCl2 0.292

Na2SO4 0.072
Tris 6.118

HCl (1M) 0-5 ml
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Result and Discussion

SEM images of raw bee pollen at different magnifications 
are shown in FIG. 1. As it can be observed, bee pollen parti-
cles reveal elliptical shape and very uniform size distribution. 
Grains uniformity in size and shape is caused by gathering 
of bee pollen of the same plant species. In FIG. 1b it is 
shown that bee pollen particles reveal well-ordered porous 
distribution on their surface, which may result in significant 
improvement in adhesion to acrylic hydrogel matrix. 

The analysis of bee pollen chemical composition was 
carried out with X-ray fluorescence technique. XRF stud-
ies (FIG. 2) have shown that potassium and calcium are 
the most abundant elements in the pollen tested. There is 
a noticeable difference between content of K and Ca and 
the content of the remaining elements in tested sample.  
In addition, sulfur, phosphorus, iron, copper and zinc were 
also detected in smaller amounts as compared to the previ-
ously discussed elements. The content of other elements 
such as manganese and silicon is negligible. What is impor-
tant and worth mentioning is that the bee pollen chemical 
composition differs from their counterparts in different parts 
of the world. Therefore, the currently occurring season, plant 
species and climatic zone have a significant impact on the 
chemical composition of bee pollen.

X-ray diffraction patterns of hydroxyapatite and HA/bee 
pollen powder mixtures used in composites syntheses are 
shown in FIG. 3. The XRD pattern found in FIG. 3a is typical 
for crystalline monophasic hydroxyapatite. FIG. 3e shows 
XRD pattern of a raw bee pollen. The presence of pollen in 
the analyzed samples caused increase in the intensity of the 
background of pattern 1 b to 1 d in angular range 10° - 30°.

FIG. 2. X-ray fluorescence analysis of raw bee 
pollen.

FIG. 1. SEM images of bee pollen at 500x magni-
fication (a), and single particles of bee pollen at 
2000x mgnification (b).

FIG. 3. XRD pattern of synthetic hydroxyapatite (a), S2 5 (b), S1 5 (c), S1 1 (d) and raw bee pollen (e). 

a)

b)
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FIG. 4 shows swelling ability (X) of hydrogel composite 
materials incubated for 21 days in artificial saliva, distilled 
water and Ringer’s solution. Measurement of specimens 
mass was carried out immediately after incubation without 
samples drying and revealed mass increase for all hydro-
gels.

High swelling ability of hydrogels is well-known feature 
of this type of materials. However, when measuring the 
mass of hydrogels, the possible degradation of the matrix 
should also be taken into account. The highest weight gain 
was observed for composites incubated in distilled water 
and Ringer’s solution, which is due to pH of this solution.  
FIG. 5 shows hydrogel composites before incubation and 
after 21-day immersion in distilled water.

PAA is classified as a pH sensitive polymer which is 
caused by hydrophilic groups –COOH in polymer structure. 
At low pH, the interaction between the non-ionized carboxyl 
groups causes attraction of polymer segments, resulting in 
the shrinking of the macromolecule to compact form. With 
the increase in environmental pH, the carboxyl groups are 
ionized and repelled, causing the polymer chain expand-
ing and water binding. At a pH < 4, the PAA is in a non-
dissociated form, but at a pH > 8 the chain is fully ionized.

The pH changes of incubation fluids during samples 
immersion are associated with the presence of bioactive 
hydroxyapatite particles and biodegradable matrix, as well 
as releasing of bee pollen from the polymer matrix (FIG. 6). 
The changes in pH were more pronounced, the greater bee 
pollen/hydroxyapatite mass ratio was used for the compos-
ites synthesis, which confirms acidic nature of bee pollen. 
PAA, due to its anionic nature, also affected the pH drop. 
Changes in pH in individual solutions were not significant. 
The largest decrease in pH from 11.01 to 8.46 was recorded 
for the Ringer’s solution.

FIG. 7 presents changes in the ionic conductivity of 
distilled water around the tested samples as a function of 
time. As a result, continuous growth of ionic conductivity was 
observed, along with an increase in the incubation time of 
composites in distilled water, although the rate and range 
of growth were varied. The different growth rate of ionic 
conductivity was due to different composition of composites. 
Composites with a medium and low content of bee pollen, 
for which both pH and conductivity were less pronounced, 
were more chemically stable. 

FIG. 5. Hydrogel composite before incubation (a) 
and after 21 days immersion in distilled water (b).

FIG. 4. Swealing ability of hydrogel composites.

a)

b)
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FIG. 7. Changes in conductivity of water during incubation s1 samples series. 

FIG. 6. The pH changes of Ringer’s solution (a), artificial saliva (b) and distilled water (c).
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In order to fully characterize the HA-incorporated polymer 
matrix composites, FT-IR spectroscopy was employed. The 
FT-IR spectra of the chosen materials before immersion in 
incubation fluids are shown in FIG. 8.

FIG. 9 shows the FT-IR spectra after incubation in artificial 
saliva, distilled water and Ringer’s solution. These spectra ex-
hibit the presence of all bands that are found in HA specimen 
and pure PAA with intensity dependent on the content of the 
individual components of materials. Moreover, based on the 
FR-IR spectra, any interactions between materials ingredients 
that can lead to new chemical compounds formation are not 
observed thus PAA/HA/bee pollen composite materials may 
be considered as a mixture of this ingredients. FIG. 9a and 9b 
show the FT-IR spectra of specimens after 21-day incubation.

The degradation rate of materials is slightly dependent 
on the proportion of HA and bee pollen in the composite and 
a significant decrease in band intensity is observed after 21 
days of immersion for all materials, indicating that both PAA 
and HA undergo degradation process in the incubation fluids. 
Transmittance bands revealed in the FT-IR spectra are as-
signed and summarized in TABLE 5.

Conclusions

The aims of this research were, firstly, to prepare hydrogel 
matrices made of PAA containing hydroxyapatite and modified 
with bee pollen and, secondly, to evaluate their prospective 
application in the field of biomedicine. Synthesis proposed 
in this paper allows to obtain 3D hydrogels enriched with 
bioactive phosphate and bee pollen that is recognized to be 
antiseptic and anti-inflammatory agent. Prepared composite 
materials present good sorption capacity against different 
fluids used in biomedical testing, such as Ringer’s solution 
and artificial saliva. In vitro tests performed in this research 
proved that the investigated materials are stable in body-
simulated conditions during 21 days of incubation. Given 
the fact that acrylic hydrogels are already applied as wound 
dressing materials, further investigations should be focused 
on adoption this structure in the field of biomaterials support-
ing bone regeneration, which can be achieved by bioactive 
phosphates incorporation. It can be presumed that such 
modified hydrogels would possess beneficial properties and 
would support osseointegration. 
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FIG. 8. FT-IR spectra of S2 5 (a) 
and S1 1 (b) samples before 
incubation.

Transmittance 
bands [cm-1] Peak assignment

560-600 bending vibration of  PO4
3– (O–P–O)

690, 740 in-plane deformation bending mode of 
CO3

2− (O–C–O)
870 bending mode of CO3

2− (A-type)

1030 triply degenerate asymmetric stretching 
mode of PO4

3− (P–O)
1100 bending mode of PO4

3–  (P–O)
1375 symmetric bending deformation of C–H

1450 symmetrical scissor mode vibrations of 
the  –CH2–

1487 stretching mode of CO3
2−

1550 vibrations of C=O
1715 ester groups stretching  C=O
2785 symmetric stretching of –CH2 –
2962 asymmetric stretching of –CH2 –
3450 stretching mode of O–H

TABLE 5. IR band assignment of the samples.

FIG. 9. FT-IR spectra of S2 5 (a) and S1 1 (b) samples after incubation in Ringer’s solution (I), artificial saliva 
(II) and distilled water (III).
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Abstract

In this study the scaffolds for nasal cartilages 
replacement were designed using a software called 
Rhino 3D v5.0. The software parameters considered 
for the design of scaffolds were chosen and the 
scaffolds were fabricated using Fused Deposition 
Modeling (FDM), a rapid prototyping technology, using 
poly(L-lactic acid) (PLLA) filament. The topographical 
properties of the scaffolds were calculated through 
3D model simulation. The morphology of obtained 
scaffold was observed by Scanning Electron Micro-
scopy (SEM). The biological properties, i.e. bioactivity 
of the scaffolds, were assessed in Simulated Body 
Fluid. On the basis of natural cartilages images the 
external shape of the scaffold was designed using the 
3D modeling software. 

The FDM is a useful method in fabrication of 3D 
bioactive implants for cartilage tissue engineering. 
Thanks to the use of 3D modeling software, it is po-
ssible to prepare and manufacture artificial cartilage in 
a controlled manner. Artificial scaffold made of PLLA 
polymeric matrix may mimic natural one by shape, 
topography, geometry, pore size, and their distribution. 
In addition, it is possible to guarantee appropriately 
selected biological properties such as biocompatibility 
and high bioactivity of scaffolds, which was proved 
using scanning electron microscopy (SEM) analysis. 
The surface observation of the 3D printed scaffolds 
showed in vitro formation of apatite after immersion 
in the SBF. What is more, it is possible to match the 
scaffold not only to the large cavity but also individually 
to each patient.

Keywords: 3D printing, PLLA, nasal cartilages,  
scaffolds, tissue engineering

[Engineering of Biomaterials 144 (2018) 15-19] 

Introduction

The damaged or lost nasal cartilage is an important prob-
lem for the patients and also for the laryngologist and plastic 
surgeons. Injured natural cartilage is slow and difficult to 
heal, and has almost no ability to regrow itself [1]. Untreated 
cartilage defects lead to degeneration of tissues. Even small 
chondral defects may necessitate surgical intervention. 
Therefore, it is necessary to find an appropriate cartilage 
scaffold that will be able to assist in tissue regeneration. 
Cartilage scaffold is typically made of porous biodegrad-
able materials that provide the mechanical support during 
repair and regeneration of damaged or diseased cartilage.  
Scaffolding faces challenge in mimicking the structure of 
natural tissue. A high-level control over the architecture, 
mechanical properties and composition of the materials in 
contact with cells is really essential [2]. Scaffolds not only 
provide a structural support to the growing tissue, but also 
play key role as a construct in guiding tissue regeneration. 
The scaffolds are seeded with cells and growth factors in 
order to mimic the extracellular matrix and support tissue 
growth [3]. 3D printing is increasingly employed to manu-
facture scaffolds for tissue engineering applications [4-6]. 
Unlike conventional methods of making cellular scaffolds, 
three-dimensional (3D) printing or additive manufacturing 
opens up the new possibilities to fabricate those customiz-
able intricate designs with highly interconnected pores [7]. 
The ability to use 3D medical imaging data from MRI and 
CT of patient data is important to provide the potential of 
repairing damaged or diseased tissues regions, and perhaps 
eventually the whole organs [8]. The CAD-based methods 
are the most widely used in this field [9]. Rapid Prototyping 
(RP) involves computer-aided design (CAD) and manufac-
turing (CAM). The use of a three dimensional CAD model 
in RP enables to create a complex 3D geometries that are 
limited only by the resolution of the equipment. RP also 
allows the recreation of geometries by computed tomogra-
phy (CT) scans, which enables the exact reproduction of 
natural tissues. The repertoire of RP techniques is broad, 
and includes among others selective laser sintering (SLS), 
stereolithography (SLA) and fused deposition modeling 
(FDM) [10-15]. 

In this work, fused deposition modeling (FDM) was used 
to fabricate scaffolds with controlled scaffold architecture, 
porosity as well as the shape of the resulted implants for na-
sal cartilages application. On the basis of natural cartilages 
images the external shape of the scaffold was designed 
using the 3D modeling software.

Materials and Methods

The main scaffold fabrication steps by Rapid Proto-
typing techniques are shown in FIG. 1. The fabrication 
process starts with a 3D design of the scaffold using 
CAD software, afterwards, the model is saved as -.STL 
file format and transferred to FDM printer, then the 
scaffold is directly fabricated layer by layer. The digital 
spatial model of scaffold prototype was obtained using 
3D surface modeller (Rhino3D v5). The 3D model had 
lattice form with an additional reinforced frame (FIG. 2).  
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The restraining frame parameters were: 1.4 mm width,  
1.2 mm height, and spacing 5 mm. The filling bars were  
0.4 mm wide and 0.4 mm high, and they were spaced at 
0.9 mm intervals. The distance between filament strands 
(the shortest distance between two filaments located within 
the same layer) for the upper layer was 0.5 mm and for the 
bottom one was 0.6 mm. The dimensions of the scaffold 
were: length 46.4 mm, width 44.6 mm, height (thickness 
of the scaffold) 1.6 mm. To study the potential of sca- 
ffold topography, and its influence on future cell behaviour 
protruding posts were also designed. The posts diameter 
was 0.8 mm and their height was 0.9 mm. After modelling 
in CAD software the geometry properties of the scaffolds 
were calculated through 3D model simulation (i.e.: volume, 
porosity, total area, total edge length) (TABLE 1).

Poly(L-lactic acid) (PLLA, 3D4Makers) with a diameter 
of 1.75 mm, molecular weight 60000 – 80000 Da, and 
viscosity of 300000 CP was used as filament for 3D printer 
(Zortrax M200, Poland). PLLA is a biodegradable polymer 
widely used in tissue engineering due to its biocompatibility 
and non-toxic degradation products. The extrusion-based 
RP technique, also known as Fused Deposition Modelling 
(FDM) was applied. A PLLA filament was fused and guided 
by an extrusion nozzle to form 3D scaffolds. Printer nozzle 
temperature was 210°C. The material left the extruder in  
a liquid form and solidified upon contact with the fabrication 
platform (temp. range: 20-60°C). The previously formed 
layer was the substrate for the next layer. A temperature was 
maintained just below the solidification point of the material 
to assure good interlayer adhesion.

The samples were evaluated with Stereomicroscope 
(SN from OPTA-TECH Company, equipped with CMOS 
3 camera and OptaViewIS software) and with scanning 
electron microscope (Nova NanoSEM 200, FEI) equipped 
with EDS analysis. The samples were coated with carbon 
layer before observation.

To assess the biological properties of the obtained PLLA 
scaffolds, 1.5 x SBF (Simulated Body Fluid) solution with 
the ion concentration nearly 1.5 x as those in human blood 
plasma, was prepared following the Kokubo’s recipe [16]. 
Printed scaffolds were exposed to UV light, each side of 
scaffold for 15 min. Four samples of PLLA scaffolds (10 x 
10 mm squares) were immersed in 1.5 x SBF solution at 
37°C for 1, 3 and 7 days respectively. The SBF solution was 
changed every 2 or 3 days in order to optimize the in vitro 
simulation. After each period of time samples were washed 
with deionized water, dried and observed with scanning 
electron microscope.

Results and Discussions
Using FDM - additive fabrication process it was possi-

ble to fabricate the PLLA scaffolds from a computer-aided 
design (CAD) file. The designed shape and porosity of the 
scaffolds as well as their microstructure were built using 
3D drawing computer software -Rhino. It can be seen that 
the 3D model had lattice form with an additional reinforced 
frame (FIG. 2). The main features of selected pattern 
were: easy modelling, plenty of outer and inner surfaces 
that constitute places where the cells can grow (FIG. 3). 
The ability of cells to migrate in 3D environments under 
defined external cues (i.e. in the form of topography) in the 
host organism is essential for life [17]. Scaffold topography 
determine biological processes, such as cell migration and 
morphogenesis. Therefore it will be necessary in our further 
work to study the effect of designed microstructures on the 
cell behaviour. The additional small posts were added in 
scaffold design to study (at the later stage) cell behaviour on 
differently structured substrates and also in order to support 
the anchoring of the scaffold. 

FIG. 1. Rapid prototyping of scaffolds with FDM.

FIG. 2. Top view of the lattice microstructure of the 
designed scaffold (scaffold prototype).

Micro- 
structure

Volume 
[mm3]

Porosity 
[%]

Total 
Area 
[mm2]

Total 
Edge 

Length 
[mm]

Lattice 
structure 1278.1 61.4 6341.1 13780.1

Reference 
cuboid 3311.1 0.0 4430.1 370.4

TABLE 1. The comparison of the topographical 
scaffold properties for lattice microstructure and 
solid cuboid.



17

FIG. 3. Geometry of the 3D model of prototype scaffold.

FIG. 5. SEM images of printed scaffolds before and after immersion in the physiological fluid (SBF) together 
with the EDS analysis. 

FIG. 4. View of the 3D model of scaffold (left) and printed microstructure (right).
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The properties of the lattice microstruc-

ture of designed scaffold were compared 
with relevant one for solid cuboid (TABLE 1).  
The main advantages of proposed scaffold 
design are high porosity, around 60%, and 
high total length of edges (almost 14 me-
ters). In this work we wanted to fabricate 
scaffolds with pores bigger than usually are 
used in scaffolds for cartilage application, 
in order to ensure the proper fixation of the 
scaffolds by the use of surgical curved nee-
dle during the implantation process. The 
solid model of the scaffold and its printed 
version are shown in FIG. 4. The diameter 
of the filament strands in the printed sca-
ffolds were about 450 μm (upper layer) and 
660 μm (bottom layer), determined from the 
stereoscopic microscope images (FIG. 4b.) 
and SEM images (FIG. 5a and d). 

Formation of apatite was evaluated in 
Simulated Body Fluid (SBF). PLLA sca-
ffolds can develop bone-like apatite after 
immersion in SBF without any additional 
modification with bioactive particles. The 
apatite formation mechanism for porous 
PLLA is related with the hydrolysis of PLLA, 
which result in a negatively charged PLLA 
surface [18]. The positively charged cal-
cium ions in the SBF solution are attracted 
to the hydrolysed PLLA surface and apatite 
forms through the attraction of phosphate 
groups from the solution and the increase 
of local apatite ion activity product [19]. 
After 7 days of immersion in SBF solution, 
globular precipitates cover the surface of 
both (upper and bottom) layers of printed 
scaffolds (FIG. 5). The EDS analysis  
(FIG. 5d) reports the presence of calcium 
and phosphorus, what means that apatite 
layer was formed on 3D printed PLLA, 
proving its bioactivity.

The developments in FDM technologies imply the suc-
cess of surgical operations where any part of the human 
body, e.g. nose, can be reconstructed by obtaining images 
from X-ray CT scans of the patients. In this study a nasal 
cartilage implant was designed on the basis of real cartilage 
images. The exemplary process of design is depicted in 
FIG. 6. At the beginning the shape similar to the biologi-
cal structure was drawn and it was extruded. Second step 
was creating basic frame (so cold shelling method of solid 
modelling). The third step was applying formerly tested lat-
tice structure as a filling and space where cells can grow 
(Boolean operations and tapered extrusion was chosen as a 
method of CAD modelling). Future experiments will be also 
undertaken in order to cover the obtained 3D printed scaffold 
with electrospun hydrogel nanofibers for better chondrocyte 
adhesion and proliferation.

Conclusions

Although it is difficult to fabricate the scaffold that fulfils 
all requirements for nasal cartilage implants, our preliminary 
research show the potential of using FDM method in fabrica-
tion of 3D bioactive implants for cartilage tissue engineering. 
It was possible to have control over the architecture of PLLA, 
allowing the manufacturing of microstructures with designed 
scaffolds shape, topography, geometry, pore size, and 
size distribution. On the basis of natural cartilages images 
the external shape of the scaffold was predesigned using  
the 3D modeling software. In vitro formation of apatite on the 
3D printed scaffolds after immersion in SBF demonstrates 
scaffolds bioactivity. 
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Abstract

Nowadays contact lenses are a very common way 
of vision correction. To be used successfully, they must 
meet a number of conditions. This article describes 
studies on the influence of environmental factors such 
as low temperature (4°C), high temperature (60°C), 
various fluids (simulated tear fluid (STF), physiologi-
cal saline, multi-purpose contact lens solution) and 
ultraviolet radiation on the properties (wettability, 
dehydration, UV-vis transmission, surface structure/
microstructure) of 3rd generation silicone hydrogel 
contact lenses. Contact angle measurement device, 
gravimetric method (measurement of dehydration), 
UV-vis spectrophotometry, ATR spectroscopy and 
SEM microscopy were used during the research. 
The results showed that environmental factors can 
influence some features of comfilcon A contact lenses. 
The reduction of contact lens water content, being 
the result of a long-term storage at high temperature, 
might cause changes in their elasticity, thereby sense 
of discomfort for the user, while storage in physio-
logical saline causes slight decrease in visible light 
transmission. What is more, the temperature and fluids 
used for storage of silicone hydrogel contact lenses, 
as well as ultraviolet radiation affect the microstructure 
of analysed lenses.

Keywords: comfilcon A, silicone hydrogel contact 
lenses, simulated tear fluid (STF), durability, environ-
mental factors

[Engineering of Biomaterials 144 (2018) 20-27] 

Introduction

According to the American Academy of Ophthalmology, 
only in the United States of America, over 150 million of 
habitants use vision correction methods to correct refrac-
tive errors. Almost a quarter of this number are contact 
lenses users. Contact lenses gained their considerable 
popularity due to enabling vision correction without in-
troducing noticeable changes in user’s appearance and 
their compatibility with sports lifestyle. There are four main 
groups of contact lenses: hard contact lenses (usually pro-
duced of polymethyl methacrylate (PMMA) or polysilicone 
acrylate polymers), rigid gas permeable (RGP) contact 
lenses, hydrogel and silicone hydrogel contact lenses [1].  

Thanks to high oxygen permeability and durability silicone 
hydrogel contact lenses can be used for extended time (up 
to 30 days), but because of their hydrophobic properties they 
tend to cumulate proteins on the surface. Their properties 
are a result of coupling silicone rubber, which facilitates 
oxygen transport, and hydrogel monomers responsible for 
movement of a contact lens and fluid transport through lens 
material. Coupling those monomers in the manner that leads 
to receiving translucent material is hard, and because of 
hydrophobic character and quite high stiffness of silicone,  
it is necessary to use hydrophilic surface coatings or wetting 
agents [2]. The problem was eliminated in 3rd generation 
contact lenses which are naturally wettable [3,4]. Improper 
use of contact lenses (inaccurate cleaning, ignoring the 
replacement schedule) can cause serious eye infections 
which might lead to blindness. Even while being used in line 
with manufacturer’s advice contact lenses might be exposed 
to intensive environmental factors, e.g. being left inside  
a hot car in summer or at the bathroom’s windowsill in winter. 
Furthermore, contact lenses used during days of high solar 
insolation, being the outermost layer on the eye, might be 
affected by a greater influence of UV radiation [5]. The aim 
of this research is to study the influence of environmental 
factors, such as low/high temperature, various fluids and UV 
radiation on the properties (wettability, dehydration, surface 
roughness, UV-vis transmission spectrum, surface structure 
and microstructure) of the silicone hydrogel comfilcon A 
contact lenses.

Materials and Methods

Contact lenses and fluids
CooperVision® monthly disposable silicone hydrogel 

contact lenses (spherical power: -3.75 dioptres, diameter: 
14 mm, base curve: 8.6 mm), containing 52% of comfilcon A  
and 48% of water, were used for the study. Being 3rd gen-
eration silicone hydrogel contact lenses they are naturally 
wettable, without need of any additional modifying agents. 
Aquaform® technology facilitates keeping the water in the 
lens material and prevents fast dehydration. Comfilcon A 
consists mostly of the following macromers and monomers: 
NVP, VMA, IBM, TAIC, M3U, FM0411M and HOB (FIG. 1) [6].

After 30 days of use in accordance with the manufac-
turer’s instructions (after use contact lenses were stored 
in multi-purpose solution - MPS), contact lenses were put 
into adequate fluids (directly after removing from the eye). 
Three types of fluids were used in the study:
- EyeCare – multi-purpose solution (MPS) for daily clean-
ing, disinfecting, protein removing and rewetting of contact 
lenses. Composition: cleaning agent, hyaluronate, 0.045% 
HPMC (hydroxypropyl methylcellulose), 0.01% EDTA (eth-
ylenediaminetetraacetic acid), 0.00015% PHMB (polyhexa-
methylene biguanide), buffered isotonic solution;
- physiological saline (0.9% solution of sodium chloride) 
FRESENIUS;
- simulated tear fluid (STF) – prepared following the com-
position (TABLE 1) mentioned in the article [8]. 

Six lenses were put in plastic containers filled with 20 ml 
of MPS. Three of the containers were placed in the refrigera-
tor and kept at 4°C for a period of one, eight and fifteen days 
respectively. The remaining three lenses were placed in the 
laboratory incubator and kept at 60°C for the same period 
of time. Another three lenses, directly after removing from 
the eye, were put in MPS, physiological saline and STF and 
left at room temperature (about 20oC). An additional lens, 
stored in MPS, was exposed to UV radiation. Dental DTE 
LUX I Light Cure LED Lamp (850 mW/cm2~1000 mW/cm2, 
420-480 nm) was used to expose the lens to UV radiation. 
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The irradiation was conducted in four 5 seconds 
cycles with maximal power. The UV irradiance 
on a sunny, summer day is about 264 mW/m2 [7], 
which means that 20 seconds of irradiation using 
curing light delivering irradiance of 1000 mW/cm2 

(10 000 000 mW/m2) corresponds to summer light 
exposure for about 210 h. The reference sample 
was, depending on the study, a new, unused con-
tact lens or a used contact lens stored in MPS at 
room temperature.

The lenses wettability was studied with ses-
sile drop technique using KRÜSS DROP SHAPE 
ANALYSIS SYSTEM DSA 10 Mk2. Surface of the 
samples was observed using KEYENCE VHX-5000 
microscope as well as SEM microscope (NOVA 
NANO SEM 200) and EDS analysis was conducted 
(EDS EDAX Detector). Dehydration was assessed 
using gravimetric method. The study of dehydra-
tion was based on mass measurements (precise 
balance RADWAG WPX 250) of a lens taken out of 
fluid. The measurement was repeated every 5 min, 
until the lens was dry (receiving the same results in 
two subsequent measurements). Optical properties 
of contact lenses were measured (spectrophotom-
eter UV-vis Jasco V-630, range 200-1100 nm, with 
60 mm diameter integrating sphere in the transmis-
sion mode) and their surface structure was studied 
(infrared spectrometer BioRad Excalibur FTS 3000, 
range 4000-400 cm-1) as well pH of fluid, in which 
the lenses were stored, was measured with a pH 
meter ELMETRON CP-411. 

Results and Discussions

Wettability
The results obtained by means of sessile drop 

technique show, that contact angle of a new com-
filcon A contact lens is 27.4° ± 4.5°, which is in 
accordance with the literature, which indicates it 
to be 31.8° [10]. Contact angle of a contact lens 
that was used and stored in MPS had a very 
similar value (26.4° ± 4.5°), whereas a lens that 
was used and stored in STF was characterized 
by the smallest value (25° ± 2.3°) of contact angle.  
The greatest contact angle value was measured for 
a used lens which was stored in physiological sa-
line, which might be a result of sodium chloride crys-
tals deposition on the surface of the lens (FIG. 2).  
Taking those results into consideration, it can be 
stated that the type of fluid used for lenses storage 
have not considerably affected their wettability.

After analyzing contact angle – storage tem-
perature dependency, it can be stated that only 
after 15 days of storage at 60°C contact angle of 
the lenses decreased slightly in relation to refer-
ence sample (used contact lens stored at room 
temperature in MPS) (FIG. 3).

The wettability of a contact lens (26.4° ± 4.5°) 
has not changed after exposure to UV radiation 
(24.3° ± 5.9°) (FIG. 4). In spite of all the changes 
in wettability, those being a consequence of stor-
age in various fluids as well as the ones resulting 
from storage at different temperatures, the surface 
of the lenses remained highly wettable (Θ <40°).

FIG. 1. Comfilcon A principal macromers and monomers: 
NVP – N-vinyl pyrrolidone; VMA – N-vinyl-N-methylacetamide; 
IBM - isobornyl methacrylate; TAIC – 1,3,5-triallyl-1,3,5-triazine-
-2,4,6(1H,3H,5H)-trione; M3U - bis(methacryloyloxyethyl imi-
nocarboxy ethyloxypropyl)-poly(dimethylsiloxane)-poly(triflu
oropropylmethylsiloxane)-poly[methoxy-poly(ethyleneglycol] 
propylmethylsiloxane); FM0411M - methacryloyloxyethyl imi-
nocarboxyethyloxypropyl-poly(dimethylsiloxy)-butyldimethyl-
silane; HOB – 2-hydroxybutyl methacrylate [6,7].

Substance Mass [g] (for 500 ml of solution)
sodium bicarbonate 0.962
potassium chloride 0.555

calcium chloride 0.012
sodium chloride 3.364

albumin 3.345
glucose 0.013

TABLE 1. Simulated tear fluid composition [8].
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After first 5 min it was the surface of the lens that became 
dry (% of mass loss similar to other samples), whereas 
afterwards those were the inner layers of the lens. The 
observation is in accordance with literature data, where 
the water content changes resulting from a heat disinfec-
tion (at above 60oC) are mentioned [11]. Recommendation 
of avoiding heat disinfection placed by CooperVision® in 
the product specification is an additional confirmation of 
observed phenomenon.

No changes were observed in dehydration characteristics 
of a contact lens exposed to UV radiation in comparison to 
reference sample (FIG. 8), then it can be stated that UV 
radiation at the intensity and time of exposure as specified 
above, does not influence lenses dehydration.

UV-VIS spectrophotometry
Lenses used for the study do not have additional UV filter 

and allow passing the electromagnetic waves with minimum 
length of 240 nm, which is in accordance with the literature 
data [12]. To our best knowledge only one scientific paper 
concerns evaluation of visible light transmittance of Comfil-
con A measured by fibre optics spectrometer. The authors 
noticed that new lenses show the higher visible light trans-
mission (more than 90%) compared to our measurements 
(not exceed 90%). Also the lens vis transmission declared 
by supplier is higher (>97%). These differences results 
mostly from the various equipment used for measurement, 
and it does not affect our comparative study [13]. Visible 
range (380-780 nm) transmission spectrum of the contact 
lens that was stored for 15 days at 60°C is the same as the 
spectrum of reference sample (new contact lens) (FIG. 9) 
despite the fact that this sample is a slightly opaque. It will 
be probably due to measurements protocol, because used 
integrated sphere allow collecting all passing light. Slightly 
lowered (by several percent) transmissions of contact lens 
stored in STF, exposed to UV radiation and subjected to 
low temperature were registered in the same range. The 
lowest transmission was registered for a contact lens stored 
in physiological saline, which can be a result of saline’s in-
ability to remove lipid deposits and crystallization of sodium 
chloride on the surface of the lens. Basing on the vis spectra 
and the microscopic observation it seems that PBS and 
also temperature above 40°C are not suitable conditions 
for storing contact lenses. 

FIG. 2. Changes of the lenses contact angle de-
pending on the fluid used for storage.

FIG. 3. Changes of the lenses contact angle depen-
ding on the storage temperature and incubation 
time.

FIG. 4. Changes of the lenses contact angle after 
exposure to UV radiation.

Digital microscopy
After incubation at 4°C and 60°C the surface of the lenses 

was observed under a microscope. After 1 day of incuba-
tion no changes in transparency of lenses were observed. 
After 8 days of incubation no changes were observed for 
a lens kept at 4°C, but the lens kept in 60°C has become 
slightly opaque.

Dehydration
All the lenses kept in different fluids became dry after the 

same time (25 min). A used contact lens stored in MPS at 
room temperature was employed as a reference sample in 
the study (FIGs. 5-8). No differences were seen in lenses de-
hydration after storage for one day at 4°C and 60°C (FIG. 5).  
In the case of lenses incubated at 4°C and 60°C for 8 days 
(FIG. 6) slight decrease in lenses dehydration could be 
noticed after being stored at low temperature (after 5 and 
20 min from starting the measurement), comparing to the 
reference sample, but finally all the lenses became dry 
after 25 min. While analysing dehydration characteristics 
of lenses kept at 4°C for 15 days, comparing to reference 
sample, no changes in dehydration time were observed. 
In the case of a lens kept at 60°C for the same period of 
time, a decrease in final mass loss value was observed, 
which can be seen in FIG. 7. The decrease indicates 
that the lens had a lower water content, which can be an 
effect of losing some water from the hydrogel network, 
resulting from a long-term influence of high temperature.  
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FIG. 5. Dependence of mass re-
duction on drying time for contact 
lenses stored for 1 day at 4oC and 
60oC.

FIG. 6. Dependence of mass re-
duction on drying time for contact 
lenses stored for 8 days at 4oC and 
60oC.

FIG. 7. Dependence of mass re-
duction on drying time for contact 
lenses stored for 15 days at 4°C 
and 60°C.

FIG. 8. Dependence of mass re-
duction on drying time for contact 
lenses exposed to UV radiation.
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FIG. 9. UV-VIS spectra of 
contact lenses stored at 
various environmental 
conditions.

FIG. 10. ATR spectra of 
contact lenses stored in 
various fluids.

FIG. 11. ATR spectra of 
contact lenses stored at 
different temperatures.
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FIG. 12. SEM microphotographs of lenses stored for 1 day at different temperatures (magnification x2000):  
A) 4°C, B) 60°C.

FIG. 13. SEM microphotographs of lenses stored for 8 days at different temperatures (magnification x2000):  
A) 4°C, B) 60°C.

FIG. 14. EDS analysis for a lens 
stored for 8 days at 60°C.
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ATR spectroscopy
Bands characteristic for certain functional groups were 

identified in the ATR spectra of contact lenses (FIG. 10).  
In the ATR spectra of contact lenses a band of small intensity 
was observed at about 1400 cm-1. The band is characteristic 
for C-F bond, which comes from a small amount of fluorine 
being a part of M3U (polysiloxane dimethacrylate). M3U is 
one of the principal macromere components of comfilcon 
A contact lenses [7]. 

ATR spectra of contact lenses stored at 4°C and 60°C 
are similar to each other in whole measured range (FIG. 11). 
What is more, both spectra are very close to the reference 
sample (used lens stored in MPS at room temperature) 
spectrum.

It was observed that the relation of particular band’s inten-
sity is equal for all studied samples (FIG. 10 and 11), which 
means that ATR spectra of contact lenses stored in various 
fluids and at different temperatures did not reveal significant 
differences between the samples. In all the spectra the 
same bands, characteristic for functional groups present in 
comfilcon A, can be observed and slight differences in their 
intensity are so small, that they might be an effect of, e.g. 
differences in pressing the samples to the crystal. It can be 
stated that ATR study did not reveal changes in the surface 
structure of contact lenses after contact with mentioned 
environmental factors.

Scanning Electron Microscopy
Surface of the lenses was observed using SEM, in order 

to assess the microstructural changes. Crystals can be seen 
in SEM microphotographs of lenses stored in physiological 
saline and MPS. In both cases crystals were identified with 
EDS analysis as sodium chloride (NaCl). On the surface of 
a lens stored for 1 day at low temperature small cracks can 
be observed (FIG. 12). After 8 and 15 days of exposure to 
4oC the surface of a lens became smoother between big-
ger wrinkles (FIG. 13 and FIG. 15). Significant changes 
were observed on the surface of a lens stored at high 
temperature. After 1 day of incubation precipitate aggrega-
tions showed up on the surface of the lens (FIG. 12) which 
became bigger after 8 days (FIG. 13). EDS analysis identi-
fied it to be phosphorus-containing precipitate (FIG. 14).  

After 15 days of incubation at 60oC the surface of the lens 
appears to be worn out, but no precipitation can be ob-
served (FIG. 15) and they are not present in EDS results 
(FIG. 16). Phosphorus, which was found in the precipitates 
on the surface of the contact lens, came from MPS which 
contains buffered isotonic solution (probably phosphate 
buffered saline). 

A dense network of linked cracks showed up on the 
surface of the lens after UV radiation exposure (FIG. 17). 
EDS analysis confirmed the presence of fluorine, which was 
observed in the ATR spectra.

pH measurements
The pH measurements of MPS’s in which contact 

lenses were incubated at 4°C and 60°C did not reveal any 
significant changes, which means that, during the study, 
the lenses had not released any factors that would change 
fluid’s pH (FIG. 18).

FIG. 15. SEM microphotographs of lenses stored for 8 days at different temperatures (magnification x2000):  
A) 4°C, B) 60°C.

FIG. 16. EDS analysis for a lens stored for 15 days 
at 60°C.
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Conclusions

The study conducted on contact lenses stored at 4°C 
and 60°Cin various fluids and exposed to UV radiation 
demonstrated that the environmental factors can influence 
chosen properties of comfilcon A contact lenses. A decrease 
in water content of a contact lens, being a result of a long-
term storage at high temperature might cause changes in 
elasticity of a lens, thereby a sense of discomfort for the 
user; however, storage of the contact lens in physiological 
saline is the cause of the reduction of visible light transmis-
sion through the lens. What is more, it can be stated that 
temperature and fluids used for silicone hydrogel contact 
lenses storage, as well as UV radiation exposure, influence 
a microstructure of studied lenses. Study of the properties 
of the lenses before and after contact with various environ-
mental factors showed changes which might influence users' 
comfort, but not their security. 
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