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highly porous calcium phosphate
bone cements applying nonionic surface active
agents†

Ewelina Cichoń, * Bartosz Mielan, Elżbieta Pamuła, Anna Ślósarczyk
and Aneta Zima *

A novel way of obtaining highly porous cements is foaming them with the use of nonionic surface active

agents (surfactants). In this study, foamed calcium phosphate cements (fCPCs) intended for in situ use

were fabricated by a surfactant-assisted foaming process. Three different surface active agents, Tween

20, Tween 80 and Tetronic 90R4, were used. The amount of surfactant, based on its critical micelle

concentration and cytotoxicity as well as foaming method, was determined. It has been established that

in order to avoid cytotoxic effects the concentration of all applied surfactants in the cement liquid

phases should not exceed 1.25 g L�1. It was found that Tetronic 90R4 had the lowest cytotoxicity

whereas Tween 20 had the highest. The influence of the type of surfactant used in the fabrication

process of bioactive macroporous cement on the physicochemical and biological properties of fCPCs

was studied. The obtained materials reached higher than 50 vol% open porosity and possessed

compressive strength which corresponds to the values for cancellous bone. The highest porosity and

compressive strength was found for the material with the addition of Tween 80. In vitro investigations

proved the chemical stability and high bioactive potential of the examined materials.
1. Introduction

Calcium phosphates (CaPs) are excellent candidates for bone
repair and regeneration due to their chemical and mineralog-
ical composition being similar to the inorganic component of
bone.1,2 An ideal tissue engineering scaffold should provide
initial support for osteoprogenitor cells to deposit a mineralised
bone matrix. At the same time, it should be also porous and
resorbable which as a consequence leads to the ingrowth of
newly formed bone tissue inside the scaffold.3

Micropores facilitate the free ow of ions and nutrients
whereas macropores present in the scaffold allow osteoblast
migration and neovascularisation.

Different techniques are used to obtain highly porous CaPs
scaffolds. The method of replication of porous organic matrix4–7

is a well-known fabrication technique for the ceramic bone
scaffolds. During this process, a polymer sponge (usually poly-
urethane) is soaked in a ceramic slurry, dried and nally
submitted to thermal treatment and sintering. The polymeric
sponge is burned whereas the ceramics xes its shape and
microstructure.
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To achieve high porosity in chemically bonded calcium
phosphate bone cements (CPCs), where heat treatment is
generally not applied, other methods are used.8,9 In CPCs
porosity can be created before as well as aer setting reaction –

by their degradation. Porogens addition is a common way to
obtain porosity in bone cements.10,11 Smith et al.12 have applied
glucose as a porogen which led to the increased porosity and
faster degradation of the resulting cement. Sariibrahimoglu
et al.13 tried to introduce the macroporosity to CPCs by the
addition of porogens such as PLGA and glucono-delta-lactone
(GDL). The disadvantages of using porogens are that the pores
are not present in the scaffold early enough to allow the
formation of biological junction with surrounding tissue. What
is more, leaching of the porogen may have a negative impact on
the regeneration process. Also, the size of porogen particles
must be large enough to formmacropores, and might thus have
negative impact on cement injectability.14 Highly porous CPCs
can be obtained also by the presence of effervescent additives.
Hesaraki et al.15,16 employed this technique and reached inter-
connected macropores in CPCs using sodium carbonate and
citric acid monohydrate or acetic acid. The main drawback of
effervescent additives is a risk associated with sudden gas
release in body uids.17

The new approach to obtain macroporous CPCs is the
surfactant-assisted foaming. Following this procedure, no
potentially toxic gases as well as acidic degradation products are
liberated aer cement implantation. Surfactants tend to adsorb
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Molecular weights and molarities of surfactants used in the
study

Surfactant
Molecular weight
[g mol�1]

Molarity
[mol dm�3]

Tween 20 1228 0.0814
Tween 80 1310 0.0763
Tetronic 90R4 7200 0.0139
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on the surfaces due to their amphiphilic character. A funda-
mental characteristic of surfactants is their specic behaviour
in the water environment. In aqueous solutions, surfactant
molecules self-organize to form aggregates called micelles. The
concentration at which micelles begin to emerge is termed the
critical micelle concentration (CMC). CMC is a characteristic
parameter for each surfactant.18 Addition of surfactant to the
suspending medium allows the modication of surface
tension.19 Mainly, these kinds of chemicals are applied as
emulsiers, detergents and foaming or wetting agents.20

Surfactants, in general, stabilize foams at the water/air
interface, by lowering the surface free energy required to
maintain the larger interfacial area which is oen associated
with the formation of air bubbles.21 This process can be used in
the fabrication of porous foamed cement scaffolds. To date, the
strategy of using surfactants as air-entraining agents in CPCs
has received little attention in literature. Only a few surfactants
have been applied as CPCs macroporosity enhancers.22 In the
latest research, Vásquez et al. attempted to nd out the rela-
tionship between the amount of added nonionic surfactant,
namely Lutensol® ON 110, and the porosity of the nal
cement.23 Zhang et al.24 used liquid with silanized-
hydroxypropyl methylcellulose (Si-HPMC) as a foaming agent
of CPCs and mixed it with powder using a domestic food mixer.
Unosson et al.25 also employed the same technique as Zhang
and introduced the macroporosity into brushite cements using
Tween 80 and Pluronic F127. Highly porous brushite foams
were obtained with total porosity of up to 75% and a macro-
porosity above 55%. Vorndran et al.26 mixed CPCs with oil-based
suspension. The oil phase contained two surface-active agents –
castor oil ethoxylate 35 and hexadecyl-phosphate. The addition
of surfactants improved the porosity of cements. Pastorino
et al.14 applied Tween 80 as a foaming agent for enhancement of
antibiotic release in porous CPCs. It should be highlighted that
surfactants do not only affect the porosity of cements, but also
their other properties.27

Our previous study showed that Tween 20, Tween 80 and
Tetronic 90R4 are interesting modiers of non-foamed calcium
phosphate cements.28 The present work focuses on the new
concept which is to determine the appropriate concentration of
each surfactant in the liquid phase of the highly porous foamed
cements. To the best of our knowledge, no studies showed the
minimal required concentration of a surfactant in cement
liquid phase based on its critical micelle concentration as well
as a non-cytotoxic surfactant concentration in foamed cement
based on materials' cytotoxicity tests. In addition, the foaming
procedure was chosen for each of the surfactants used. In the
published literature, we have not found any attempts in
choosing the cement foaming procedure for surfactant
depending on its type and cement foamability.

The aims of this study were surfactant-assisted fabrication
and evaluation of the highly porous chemically bonded alpha
tricalcium phosphate (a-TCP) based cements designed for bone
tissue engineering. The inuence of three types of nonionic
surfactants (Tween 20, Tween 80 and Tetronic 90R4) on the
physicochemical and biological properties of foamed calcium
phosphate cements (fCPCs) has been investigated. Firstly,
© 2021 The Author(s). Published by the Royal Society of Chemistry
surfactants concentrations over their critical micelle concen-
tration (CMC) values in the presence of setting reaction accel-
erator – Na2HPO4, were specied. As produced fCPCs are
intended for use in situ the non-cytotoxic concentration of
surfactants was determined by indirect cellular cytotoxicity test
performed with the use of osteoblast-like MG-63 cells. The next
step was the evaluation of the surfactant's foamability
depending on the foaming procedure applied. Based on the
cytotoxicity and foamability results, the non-cytotoxic surfactant
concentration and foaming procedure were optimised to
produce fCPCs. Obtained fCPCs were then subjected to the
physicochemical studies.
2. Experimental
2.1. Materials

The solid phase of obtained bone cements consisted of the
highly reactive a-tricalcium phosphate (a-TCP). The initial a-
TCP powder was synthesized by the wet chemical method,
described previously.29 Briey, for synthesis, Ca(OH)2 (MERCK,
Germany) and 85% phosphate(V) acid (POCH, Poland), both
with chemical purity, were used. The obtained powder was
sieved to grains below 100 mm, sintered for 5 hours at 1300 �C,
then milled in the attrition mill and sieved using #230 mesh
(ASTM-E11). The specic surface area (SSA) of the initial a-TCP
powder was 1.73� 0.01 m2 g�1. The liquid phase of the cements
was aqueous 2% (w/v) Na2HPO4 solutions with addition of
selected surfactants: Tween 20, Tween 80 and Tetronic 90R4 (all
purchased from Sigma Aldrich, Germany) at a concentration of
10 g L�1 for the samples dedicated for cytotoxicity and foam-
ability studies or 1.25 g L�1 for foamability and the rest of the
physicochemical studies. Molecular weight of surfactants and
molarity of the liquid phases used during the preparation of the
cements are shown in Table 1.
2.2. Preparation of foamed cements

Cements were obtained via two different procedures described
in Section 2.3.3. The liquid to powder ratio (L/P) was 0.7 g g�1.
The foaming step was performed with the use of domestic food
mixer (BOMANN, Germany). In the same way, the control
samples – without any surfactant, were obtained. Set and
hardened cements were used for further research. The obtained
materials are listed in Table 2.
RSC Adv., 2021, 11, 23908–23921 | 23909
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Table 2 Materials used in the study

Sample name
Surfactant added to
the cement liquid phase

fCTRL —
fTW20 or fTW20_xa Tween 20
fTW80 or fTW80_xa Tween 80
f90R4 or f90R4_xa Tetronic 90R4

a “x” stands for surfactant concentration in the liquid phase of the
cement.
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2.3. Methods

2.3.1. Critical micelle concentration. Critical micelle
concentration (CMC) of the used surfactants was assessed in the
2% (w/v) Na2HPO4 (Chempur, Poland) solution and determined
based on the dependence of the surface tension values on the
surfactant concentration. The surface tension of 2% (w/v)
Na2HPO4 solution without and with surfactants (at different
concentrations) were measured by pendant drop method30

using goniometer DSA10 Mk2 (Kruss, Germany). The surface
tension was measured for each liquid at each concentration
quintuplicate. Analyses were performed at room temperature
(approx. 20 �C).

2.3.2. Cytotoxicity studies. The obtained cements were
sterilized with ethylene oxide and their potential cytotoxicity
was studied with the use of osteosarcoma origin MG-63
osteoblast-like cells. MG-63 cells were cultured in Eagle
medium (MEM, PAN Biotech) with the addition of penicillin/
streptomycin (P/S, Sigma Aldrich, 1%) and fetal bovine serum
(FBS Standard, PAN Biotech, 10%). Cell viability was assessed
with AlamarBlue® test (resazurin-based) (Thermo scientic),
live/dead staining with calcein and propidium iodide and
hematoxylin/eosin (all from Sigma Aldrich).

Extracts from cements produced with the use of different
surfactants (fCTRL, fTW20_10, fTW80_10 and f90R4_10) were
prepared according to ISO 10993-5 with 1 : 10 sample to
medium ratio (g mL1). The series of extract dilutions weremade:
1 (undiluted), and diluted by a factor of 2, 4, 8, 16, 32 times.

MG-63 cells were seeded in 48 well plates at a concentration
of 1 � 104 cells per well and aer 24 hours medium was aspired
and extracts (1 mL) were added (day 0); in such conditions cells
were cultured up to 7 days.

Alamar Blue reagent was prepared by dissolving resazurin
sodium salt in phosphate buffered saline (PBS, 0.1 mg mL�1,
Sigma Aldrich). At predetermined time intervals (1, 3 and 7
days) 10% Alamar Blue reagent was added to the wells with
MEM. Aer 3 h incubation, 100 mL aliquots were transferred
into black 96 well plate. The uorescence was measured at lex ¼
530 nm, lem ¼ 590 nm using a microplate reader (FluoroSTAR
Omega, BMG Labtech). The percentage of resazurin reduction
was calculated according to the formula:31

[(Fx � F0%)/(F100% � F0%)] � 100%
23910 | RSC Adv., 2021, 11, 23908–23921
where: Fx – the uorescence of the sample, F0% – the uores-
cence of MEM with AlamarBlue reagent without cells, F100% –

the uorescence of completely reduced reagent (MEM with the
reagent autoclaved for 15 min at 121 �C).

The experiment was performed in six replicates for each type
of cement. The statistical analyses of obtained data were done
using a one-way analysis of variance (one-way ANOVA) followed
by Tuckey's post-hoc test. The assumptions of normal distri-
bution and equal variance were veried using the Shapiro–Wilk
and Levene median test, respectively (p-value < 0.01). The
analyses were performed using OriginPro 2021 soware (Ori-
ginLab, Corp.). The results are presented as mean � standard
deviation. Test materials were considered as non-cytotoxic if the
percent viability was $70% of the control medium MEM,
following the ISO 10993-5 standard.32

For live/dead staining cells on days 1, 3 and 7 MEM was
removed from wells and they were rinsed with PBS. Then cells
were incubated in 0.1% calcein and 0.1% propidium iodide
solution in PBS for 20 min in the dark and uorescence
microscopy (Axiovert 40 with HXP 120C Metal Halide Illumi-
nator, Zeiss) pictures were taken. For hematoxylin/eosin stain-
ing cells on day 7 were stained with 200 mL per well of
hematoxylin (3 minutes), rinsed with tap water, then the cells
were stained with 200 mL per well of eosin (30 seconds) and
rinsed again with tap water. To capture pictures of cells aer
hematoxylin-eosin staining on day 7 of culture digital optical
microscope (Keyence VHX-900F) was used.

2.3.3. Foamability studies. In order to investigate the effect
of surfactant concentration on the foamability, to produce the
materials liquid phases with two different surfactant concen-
trations (10 g L�1 and 1.25 g L�1) were used.

Foamability is oen dened as the volume increase of
a solution aer the foaming process.23 In our study a compara-
tive method, where the control cement paste possessed 100%
foamability, was adopted.

Materials were foamed using two different procedures:
� Foaming of the liquid phase, adding the powder phase to

the foamed liquid phase and mixing (method I)
�Mixing liquid phase with a powder phase and then foaming

of the premixed cement paste (method II)
Studies were performed in polypropylene containers and

foamability was measured according to the equation:

ð%Þ Foamability ¼ Vs � Vc

Vc

� 100%

where: Vs – volume of the studied cement aer foaming [cm3], Vc
– volume of the control cement (fCTRL) aer foaming [cm3].

All measurements were done in triplicate and the results
were rounded to the nearest multiple of 5%.

2.3.4. Specic surface area. The specic surface area of
initial powder and the pulverized cements were determined
aer 7 days in air by Brunauer–Emmett–Teller (BET) method
using nitrogen (ASAP 2000, Micrometric). SSA analyses of
powdered materials were performed to investigate if the a-TCP
setting reaction, as well as surfactant addition, have an impact
on this parameter.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Dependence of surface tension on the concentration of tested
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2.3.5. Phase composition. The phase composition of the
initial a-TCP powder as well as obtained cement foams,
powdered and homogenized in the mortar were analyzed via
powder X-ray diffraction (D2 Phaser diffractometer, Bruker). X-
ray diffraction (XRD) analysis was determined using CuKa
radiation (1.54 Å) at 30 kV and 10 mA. The intensity was
recorded in a 2q range from 8� to 90� at 0.04� intervals with
a scanning speed of 2.5� min�1. The identication process of
the crystalline phases in the obtained materials was performed
by comparing the experimental diffractograms to the Joint
Committee on Powder Diffraction Standards: a-TCP (JCPDS 00-
009-0348) and hydroxyapatite (HAp; JCPDS 01-076-0694).
Quantitative phase composition analysis was done using Profex
(http://profex.doebelin.org) as a graphical user interface for the
Rietveld renement program BGMN was used (http://
www.bgmn.de).33,34 The XRD studies were performed two
times: aer 7 days in air as well as 7 days aer incubation of
materials in simulated body uid (SBF).

2.3.6. Porosity. Open porosity as well as pore size distri-
bution of the foamed cements were evaluated using mercury
intrusion porosimetry (MIP) using the AutoPore IV porosimeter
(Micrometrics). Dried samples debris were introduced into the
penetrometer and placed in the low-pressure chamber of the
apparatus and deaerated. Then mercury was introduced into
the penetrometer and the penetration volume was recorded,
increasing the pressure. Aer low-pressure measurements, the
penetrometer was removed and placed in a high-pressure
chamber where the high-pressure measurements were per-
formed. All measurements were done in triplicate.

2.3.7. Compressive strength. Foamed samples for
compression tests were prepared in Teon moulds and had
6 mm in diameter and 12 mm in height. The samples were
gently smoothed with a spatula during preparation. They were
removed from the mould and then le for 7 days to hardening
at room temperature. The results for compressive strength of
cements were obtained from the average of $10 cylindrical
samples for each investigated foam. For the study, a universal
testing machine (INSTRON 3345) with a crosshead speed of 1
mm min�1 was used. During the compression tests also
apparent density of the cements was calculated.

2.3.8. Microstructure. The microstructure of the foamed
cement surfaces was investigated using scanning electron
microscopy (high magnications – Nova Nano SEM 200, FEI
Europe Company, low magnications – Phenom Pure G5, Phe-
nomWorld, Netherlands). All samples were previously sprayed
with carbon to avoid overcharging.

2.3.9. Chemical stability and bioactivity studies. For
chemical stability and bioactivity studies foamed cement discs
(4 9 mm � 3.5 mm) were placed in sterile, polypropylene
containers lled with SBF (in a ratio of 100 mL per 1 g of the
specimen) and stored at 37 �C for 28 days. SBF was prepared
according to the Kokubo et al.35 recipe. During the experiment,
pH of SBF was measured to determine the chemical stability of
thematerials (Hanna HI 98129). All measurements were done in
sextuplicate. Aer the pre-dened soaking time in SBF (3, 7, 14,
21 and 28 days), the samples were gently rinsed with distilled
© 2021 The Author(s). Published by the Royal Society of Chemistry
water to remove residual SBF solution followed by drying at
40 �C and their mass change (%) was calculated. Aer 7 day
incubation sample surfaces were characterized by SEM for
evaluation of their in vitro bioactivity.
2.4. Statistics

Statistical analysis was done using one-way analysis of variance
(ANOVA) and post hoc Tukey HSDmultiple comparisons. Where
n < 5, results were expressed as means � standard deviation.
3. Results
3.1. Critical micelle concentration

Surfactants concentrations over their CMC values in the pres-
ence of cement setting reaction accelerator – Na2HPO4, were
specied. Surface tension values concerning studied surfac-
tants' concentration are shown in Fig. 1. Critical micelle
concentrations for Tween 20, Tween 80 and Tetronic 90R4 were
approximately 250 mg L�1, 50 mg L�1 and 25 mg L�1, respec-
tively. In this study, as a liquid phase, solutions with surfactant
in higher concentrations than 1000 mg L�1 were applied.
3.2. Cytotoxicity studies

The non-cytotoxic concentration of surfactants was specied
based on indirect cellular cytotoxicity tests with MG-63 cells.
Viability of MG-63 cells determined by Alamar Blue reduction
on days 1, 3 and 7 is shown in Fig. 2. Individual bars in the plot
indicate the degree of dilution of the extracts (1 : 1, 1 : 2, 1 : 4,
1 : 8, 1 : 16, 1 : 32) prepared from materials fCTRL, fTW20_10,
fTW80_10 and f90R4_10.

On day one (Fig. 2A) cell viability for all investigated samples
starting from the 1 : 8 dilution was at a similar level if compared
with the control (cells cultured in medium MEM). For all these
samples Alamar Blue reduction was about 20%. For undiluted
surfactants in Na2HPO4 solution.

RSC Adv., 2021, 11, 23908–23921 | 23911
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Fig. 2 Viability of MG-63 cells determined by Alamar Blue reduction
(%) cultured in extracts from cements fCTRL, fTW20, fTW80, f90R4
and in control cell culturemedium (MEM) on day 1 (A), day 3 (B) and day
7 (C). Asterisks indicate statistically significant differences at p < 0.01 as
compared to MEM. Note: the dilution levels for each material are
shown from left to right, i.e. from the less to the most transparent
colours and are equal to: 1 : 1 (undiluted extract) and its dilution at 1 : 2,
1 : 4, 1 : 8, 1 : 16, 1 : 32.
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extracts from fCTRL and f90R4 cell viability was rather high (58
and 59% of MEM, respectively), however for fTW20 and fTW80
it was close to zero, suggesting that probably all cells died. Even
in 1 : 2 dilution of extract from fTW20 no signicant improve-
ment was observed. The extract from fCTRL diluted by a factor
of 1 : 2 had no statistically signicant effect on cell viability if
compared with control medium MEM (p # 0.01). Extracts from
materials f90R4 and fTW80 were not cytotoxic at 1 : 4 dilution,
while those from fTW20 at 1 : 8.

On day 3 (Fig. 2B) Alamar Blue reduction increased for
control MEM up to 45%, suggesting that the cells were in a good
23912 | RSC Adv., 2021, 11, 23908–23921
condition and were well proliferating. As regards the extracts
from the cements similar trends as on day 1 were observed;
again, undiluted extracts (1 : 1) from all examined samples were
lethal for MG-63 cells. The lowest cytotoxicity similar to control
MEM exhibited fCTRL diluted at 1 : 2 factor and all samples
from fCTRL with higher dilution i.e.: 1 : 4, 1 : 8, 1 : 16 and
1 : 32. Lack of cytotoxicity for fTW20, fTW80 and f90R4 was
observed if the extracts were diluted by a factor of 1 : 8.

On day 7 (Fig. 2C) viability of cells cultured in control
conditions (MEM) and in all extracts diluted by a factor of 1 : 32
excided 60%. It means that cells still proliferated and their
number increased as compared to day 3, for which Alamar Blue
reduction was 45%. Interestingly, viability of the cells cultured
in extracts diluted by a factor of 1 : 8 and 1 : 16 was signicantly
lower, as compared to control.

Live/dead staining was performed to provide additional
information about cell viability and morphology. On day 1
trends observed in AlamarBlue® were conrmed; cells were
growing well in fCTRL extracts, especially at dilution of 1 : 2 and
higher. For fTW80 and f90R4 good cell growth was observed
starting from dilution 1 : 4, while for fTW20 starting from 1 : 8
dilution (ESI, Fig. S1†). Interestingly all cells were stained green,
thus alive.

On day 3 the same extract concentrations exhibited no
harmful effect on cells; 1 : 2 for fCTRL, 1 : 4 for fTW80 and
f90R4 and 1 : 8 for fTW20. It is worth noting, that number of
cells growing in pointed dilutions was comparatively high and
most of the area was covered by a cell monolayer (Fig. 3).

The same effect was observed on day 7 and the same dilu-
tions seem to do not negatively impact on cell growth and
proliferation (ESI, Fig. S2†). Results were conrmed also by
hematoxylin/eosin staining of the cells on day 7 (Fig. 4), which
show that for extracts from all the cements diluted by the factor
of 1 : 8, a dense cell monolayer was observed – the same as for
cells growing in control MEM.
3.3. Foamability

Through foamability assessment, it was veried whether the
lower concentration of surfactants in the liquid phase of
cements affects the deterioration of their foaming properties.
The foamabilities of cements in two different surfactant
concentrations (10 g L�1 and 1.25 g L�1) were compared. What
is more, two different foaming procedures (named method I
and method II) were also compared. Foamability values of the
cements are shown in Fig. 6A.

It was noted, that the lowering of surfactant concentrations
in liquid phases of the cements from 10 g L�1 to 1.25 g L�1 did
not reduce their foaming potential. However, the foamability of
the cements depended on the foaming procedure which was
used during their preparation. The rst procedure led to higher
foamability of the obtained cements, apart from the samples
with addition of Tetronic 90R4. From this point, the method I
was used for fabrication of fCTRL, fTW20, fTW80, while method
II was applied for f90R4. Taking into account the cytotoxicity
studies outcome combined with the above results the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Live/dead staining of MG-63 cells cultured in extracts from cements fCTRL, fTW20, fTW80, f90R4 and in control cell culture medium
(MEM) on day 3: the dilution levels for each material are equal to: 1 : 1 (undiluted extract) and its dilution at 1 : 2, 1 : 4, 1 : 8, 1 : 16, 1 : 32.
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physicochemical characterization was done for materials with
1.25 g L�1 concentration of surfactant in liquid phases of the
cements.

3.4. Specic surface area

The SSA of pulverized studied cements were investigated. It can
be noticed that in all cases SSAs were higher than in the case of
the initial powder (1.73 � 0.01 m2 g�1). The specied surface
areas were 6.56 � 0.13 and 7.74 � 0.07 m2 g�1 for fTW80 and
Fig. 4 Hematoxylin-eosin staining of MG-63 cells cultured in extracts f
medium (MEM) on day 7; the dilution levels for each material are equal to

© 2021 The Author(s). Published by the Royal Society of Chemistry
fTW20, respectively. The highest values were obtained for the
control cement – fCTRL (11.66 � 0.04 m2 g�1) and f90R4 (11.00
� 0.04 m2 g�1).
3.5. Phase composition

The powder X-ray diffractograms of the powdered samples aer
7 days in air and 7 days in SBF are shown in Fig. 5. Phase
composition (wt%) are collected in Table 3.
rom cements fCTRL, fTW20, fTW80, f90R4 and in control cell culture
: 1 : 1 (undiluted extract) and its dilution at 1 : 2, 1 : 4, 1 : 8, 1 : 16, 1 : 32.
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Fig. 5 The powder X-ray diffractograms of the powdered cements
fCTRL, fTW20, fTW80, f90R4 after 7 days in air (A) and 7 day incubation
in SBF (B).

Table 3 Phase composition (wt%) of the crystalline phases

Sample Conditions
a-TCP
[wt%] HAp [wt%]

fCTRL Aer 7 days in air 68 32
Aer 7 days of incubation in SBF 7 93

fTW20 Aer 7 days in air 87 13
Aer 7 days of incubation in SBF 7 93

fTW80 Aer 7 days in air 85 15
Aer 7 days of incubation in SBF 6 94

f90R4 Aer 7 days in air 73 27
Aer 7 days of incubation in SBF 5 95

Fig. 6 (A) Foamability of obtained cements in comparison with control ce
diameter distribution of the studied materials.

23914 | RSC Adv., 2021, 11, 23908–23921
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The diffractograms of all prepared cements revealed the
presence of reections from two crystalline phases a-TCP and
hydroxyapatite (HAp). Aer 7 days in air, cements fTW20 and
fTW80 revealed approximately twofold lower amount of HAp
phase than cement without any surfactant – fCTRL, meanwhile
results for cement f90R4 was comparable to it. Polysorbates
(Tween 20 and Tween 80) have inuenced the process of a-TCP
hydrolysis, decelerating it. Aer incubation in the simulated
body uid, the amount of HAp phase in all materials reached
almost 100%, which conrms almost full hydrolysis of a-TCP.
3.6. Porosity

The porosity of the control cement without any surfactant
addition reached 54.8 � 0.5 vol%. For the f90R4 material, this
value was slightly higher and equaled to 57.5 � 0.8 vol%.
Cements with the addition of polysorbates had porosity 72.9 �
0.8 and 78.1 � 2.3 vol%, for fTW20 and fTW80, respectively.
Also, in the plot of the pore size diameter distribution differ-
ences were noticeable – sample f90R4 was similar to fCTRL and
fTW20 was comparable to fTW80 (Fig. 6B). Pore size distribu-
tions for fCTRL (max at 0.22 and 1.45 mm) and f90R4 (max at
0.22 and 1.56 mm) were bimodal, while for fTW20 (max at 0.11,
1.68 and 91.52 mm) and fTW80 (max at 0.11, 1.67 and 141.17
mm) possessed trimodal behaviour.
3.7. Compressive strength

Compressive strength of the foamed cements was relatively low
due to their high porosity (>50 vol%) connected to the high L/P
ratio of 0.7 g g�1 and foaming procedure. This parameter for the
control material – fCTRL cement without surfactant was equal
to 2.37 � 0.50 MPa. The addition of surfactant further affected
the compressive strength of the studied cements, which were
1.13 � 0.35 MPa, 1.79 � 0.48 MPa, and 1.43 � 0.43 MPa for
fTW20, fTW80 and f90R4, respectively (Fig. 7). Among cements
with surfactants, the fTW80 material had the highest
compressive strength.

The apparent densities of the examined materials were
consistent with the compressive strength results and equaled to
1.06 � 0.05, 0.90 � 0.05, 1.00 � 0.02, and 0.95 � 0.06 g cm�3 for
fCTRL, fTW20, fTW80 and f90R4, correspondingly.
ment (results were rounded to the nearest multiple of 5%). (B) Pore size

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Compressive strength of the investigated materials. Asterisks
indicate the statistical differences: ns – not significant, *p < 0.05, **p <
0.01, ***p < 0.001.
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3.8. Microstructure

Observations of cement surfaces at low magnication per-
formed by SEM showed the presence of multiple pores on the
Fig. 8 Microstructure of the studied cements at low magnification.

© 2021 The Author(s). Published by the Royal Society of Chemistry
cements obtained by surfactant assisted process (Fig. 8). The
numerous pores were visible on the surface of fTW20 and
fTW80 materials. On the other hand, the pores in the f90R4
material were less frequent.

The microstructure observations revealed that at higher
magnications the obtained cements did not differ signicantly
from each other. Their common feature was the blurred grain
boundaries (Fig. 9).

3.9. Chemical stability and bioactivity studies in vitro

Investigated foamed cements were chemically stable in vitro.
The tested materials during their incubation caused a slight
decrease in pH of SBF (Fig. 10A). Aer 28 days pH of SBF where
materials were incubated ranged from 7.09 to 7.19 (for the
control at this point pH equaled to 7.48 � 0.02). Aer the
fourteenth day of incubation, the changes in pH were already
negligible.

Aer incubation in SBF, numerous apatite-like forms were
visible (Fig. 10C). Surprisingly, apatite precipitates on the
surface of SBF-treated samples that contained surfactant were
less visible than on the control cement (fCTRL). However, at the
cross-sections of the specimens, this difference was no longer
visible. The high bioactivity of the obtained cements has also
RSC Adv., 2021, 11, 23908–23921 | 23915
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Fig. 9 Microstructure of the investigated cements after 7 days of setting and hardening in air.
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been conrmed by mass changes of the samples subjected to
the immersion in SBF. Aer 28 days, the increase of weight of
samples in SBF was about 7% (Fig. 10B).
4. Discussion

The bioactive, highly porous calcium phosphate bone cements
obtained by the surfactant-assisted foaming process are a rela-
tively new group of bone tissue substitutes.36 Suchmaterials can
mimic the architecture of cancellous bone tissue and due to
their porosity, fCPCs are expected to be prosperous scaffolds for
new regenerating bone tissue. They can be used as pre-set
apatitic scaffolds with the a-TCP / CDHA (calcium decient
hydroxyapatite) transformation already completed,37 as bio-
ceramic sinters with higher compressive strength38 or as non-
injectable or injectable foamed cement pastes introduced into
the cavity set in situ along with the release of the incorporated
surfactant.

The use of surfactants for bone cement preparation is a very
difficult issue because it is necessary to focus on many prop-
erties of the surfactant itself such as: chemical character (ionic,
nonionic, etc.), hydrophilic-lipophilic balance value, form
(liquid, powder), solubility in water. Surfactant properties have
a direct impact on the nal material. The experiment should be
23916 | RSC Adv., 2021, 11, 23908–23921
planned concerning many aspects of the material application,
for example, the method of its implantation. If the cement
scaffold is placed in a defect, ready-made, sintered or previously
incubated (even if in SBF), it is not necessary to worry about the
inuence of the foaming agent on cytotoxicity. In the case of
a direct application of freshly-prepared cement paste to
damaged bone tissue (by spatula or by injection), it is necessary
to take into account the effects of each of its components, and
thus also the surfactant, more precisely its physicochemical and
biological properties.

In this study, as a liquid phase of the CPCs, 2% (w/v) aqueous
solutions of Na2HPO4 with or without surfactant addition were
used. The three different nonionic surfactants (Tween 20,
Tween 80 or Tetronic 90R4) were added to the cement liquid
phases in order to obtain highly porous, foamed CPCs.
Surfactant-assisted foaming during the cement preparation
leads to the pore formation in the material so it is extremely
important to select a suitable surfactant with foaming activity.

The surfactant foaming activity depends on surface tension
and its critical micelle concentration.39 Thus, it is important to
indicate these values when working with surface active agents.
According to the literature, the surface tension of the water/air
interface is equal to 72.86 � 0.05 mN m�1.40 Any substance
added to the water may affect this property. Surface tension of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) Changes of pH during cements incubation in SBF. (B) Materials' mass changes after incubation in SBF in selected time points. (C)
Microstructure of cross-sections of the investigated cements after 7 day incubation in SBF (magnification 10 000�).
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2% (w/v) aqueous solution of Na2HPO4, used as control liquid
phase of the obtained CPCs, was 72.64� 0.40 mNm�1. It can be
stated that the addition of this salt does not change the surface
tension of pure water. The foamability of a surfactant solution is
maximum at concentrations around and above its critical
micelle concentration, therefore this value should be deter-
mined.41 Foam generation generally increases with surfactant
concentration up to the CMC value above which surfactant
concentration has a minor impact.42 As specied by a manu-
facturer CMC of Tween 20 is 60 mg L�1. In our study, when
Tween 20 was added to Na2HPO4 solution, no major surface
tension uctuations, aer reaching a Tween 20 concentration
over 250 mg L�1, were noted. A similar trend was observed for
Tween 80 which according to the manufacturer possess CMC
equal to 13–15 mg L�1, while in Na2HPO4 solution, the plot of
the correlation between surface tension and concentration
© 2021 The Author(s). Published by the Royal Society of Chemistry
began to atten aer the surfactant concentration exceeded
50 mg L�1. Tetronic 90R4 behaved no differently in Na2HPO4

solution in the same manner and had CMC over 25 mg L�1,
whereas in distilled water according to Chen et al. 5 mg L�1.43

Taking into account the aforementioned results it can be stated
that CMCs of the surfactants used in our study in Na2HPO4

solution are about 4 to 5 fold higher than in the distilled water.
These results indicate that the determination of the surface
active agent critical micelle concentration in the solution in
which we intend to use it during the study (in our case in 2% (w/
v) aqueous solution of Na2HPO4), should be carried out. The
surface tension of all studied surfactants solutions did not
change signicantly if their concentration reached 250 mg L�1.
In order to exceed the CMC of applied surfactants, as a liquid
phase of the cements, solutions with surfactant concentrations
higher than this value should be used.
RSC Adv., 2021, 11, 23908–23921 | 23917
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The non-cytotoxic concentration of surfactants in the
cements liquid phases was determined based on indirect
cellular (MG-63) cytotoxicity tests. Alamar Blue test based on
resazurin reduction is an important redox indicator that is used
to evaluate metabolic function and cellular health.44 Our results
have shown that even the control sample extract (a-TCP cement
without any surfactant addition) was cytotoxic. It is suggested,
that the cytotoxicity of the CPCs constituent – a-TCP results
from the pH decrease of medium due to an increase of the
phosphoric acid ion arising from a-TCP hydrolysis to CDHA.45,46

Decreasing of pH by a-TCP based cements was conrmed also
in chemical stability studies in SBF. The pH drop results in
a less favourable environment for cells.47 This phenomenon can
be also caused by capturing of Ca2+ ions by a-TCP, described
previously.48 The mechanism of “false cytotoxicity” of highly
reactive calcium phosphates has been already explained49 – the
decreased osteoblast viability tested in standard cytotoxicity
assays may be the consequence not of toxin release but of a high
capacity to ion-adsorption and removal of essential compounds
from themedium. Twice diluted extract from fCTRL sample was
already cytocompatible and it should serve as the correct
reference sample (in addition to the MEM sample). The results
of cell viability obtained on days 1 and 3 of culture suggest that
“safe dilution” for all cements containing surfactants is 1 : 8.
This dilution corresponds to the surfactant concentration in the
liquid phase of 1.25 g L�1. Although on day 7 cell viability was
signicantly lower for this surfactant dilution as compared to
control, one should keep in mind that in tissue environment
there is a constant exchange of uids, so even harmful leached
molecules can be neutralized by the cells and the concentration
of the toxic substance locally decreases over time.50,51 It is also in
line with standard recommendations, which consider materials
cytocompatible if percent viability is $70% of the control.31 In
our case cell viability already exceeded 70% of the control at
1 : 2 dilution for fCTRL, at 1 : 4 dilution for f90R4 and fTW80
whereas at 1 : 8 for fTW20. Eight times diluted materials
extracts with the addition of surfactants were already nearly
cytocompatible if compared with fCTRL or MEM. This dilution
corresponded to 1.25 g L�1 of each surfactant in 2% (w/v)
Na2HPO4 solution which can be used as liquid phases for
preparation of non-cytotoxic cements. It has been noticed that
cytotoxicity depends not so much on the surfactant content in
the liquid phase as on its molarity (each of the surfactants used
in the study is characterized by a different molecular weight –
Table 1). The higher molarity and thus the increased number of
surfactant molecules, the higher cytotoxicity of the cements
containing it. Moreover, oen cell studies of foamed cements
were performed on samples that have already been incubated,
i.e., with a complete a-TCP / CDHA transformation.52 In our
case, to highlight the effect of surfactant on cytotoxicity this step
was omitted.

Through cements' foamability assessment, it was veried
whether the lower concentration of surfactants in the cements
liquid phases selected according to the cytotoxicity studies
results affects the deterioration of their foaming properties. The
foamability studies have shown that the surfactant concentra-
tion (10 g L�1 or 1.25 g L�1) was irrelevant. The alterations
23918 | RSC Adv., 2021, 11, 23908–23921
between foamed cements with different surfactant concentra-
tions were caused rather by a particular example of produced
material – in principle, the amount of air that was enclosed in
the sample during mixing, as evidenced by high standard
deviations. Looking at the results of cement foamability, it is
difficult to design it without controlling the number of air
bubbles produced by the mixing surfactant solution. One of the
possible approaches already described by Zhang et al. is syringe-
foaming, where the previously measured amount of air in one
syringe is introduced into the cement paste in the second one.24

As cement foamability and the porosity of the nal material can
be linked, the foaming procedure was chosen on the basis of the
foamability highest values. The method I was used for fabrica-
tion of fCTRL, fTW20, fTW80, while method II was applied for
f90R4 cement. To conclude, the foaming procedure should be
matched individually for each surfactant.

Considering the cytotoxicity studies outcomes combined
with the foamability assessment the physicochemical charac-
terization was done for materials where surfactant concentra-
tion in cements liquid phases equaled to 1.25 g L�1.

The diffractograms of all prepared cements revealed the
presence of reections from two crystalline phases a-TCP and
hydroxyapatite (HAp). What is more, the level of a-TCP hydro-
lysis can be correlated with SSA results – a higher amount of
HAp phase implies larger SSA. It should be pointed out that
Tweens have inuenced the process of a-TCP hydrolysis,
decelerating it. This can be caused by the presence of numerous
air bubbles in fTW20 and fTW80. The amount of HAp phase in
all materials reached almost 100% aer 7 day incubation in
SBF, conrming almost full hydrolysis of a-TCP.

An extremely important feature of bone substitutes is its
open porosity, which enables the migration of nutrients and
cells. Highly porous materials for bone tissue defects treatment
and bone tissue engineering are assumed to have an open
porosity of over 50 vol% (ref. 53) what corresponds to the
porosity of spongy bone (50–90 vol%).54 In this study, the
objective of the high porosity was achieved, especially for the
cements with the addition of polysorbates which possessed
porosity over 70 vol%. The porosity of the control cement
without any surfactant addition reached about 55 vol% whereas
the f90R4 material near to 58 vol%.

The mechanical strength of bone varies depending on its
type. Compressive strength of cortical bone is in the range of
100–200 MPa, whereas for spongy bone 2–20 MPa (ref. 55) (in
some sources 0.1–16 MPa (ref. 56 and 57)). The compressive
strength of the materials with surfactant addition ranged from
0.80 to 2.30 MPa (fTW80 material possessed the highest one)
whereas for the control cement reached up to 2.90 MPa. Low
values were caused by the high porosity of the materials which
synergistically resulted from the high L/P ratio, foaming step as
well as the presence of surfactants. Nevertheless, the obtained
results correspond to the compressive strength of the cancel-
lous bone. In order to achieve the wider application potential of
the foamed cements, it would be necessary to increase their
compressive strength, for example by modifying the foaming
method or adding other components to the mixture such as
polymers (e.g. polysaccharides) that could strengthen their nal
© 2021 The Author(s). Published by the Royal Society of Chemistry
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microstructure. The L/P ratio can also be reduced up to a certain
value as an excessively low L/P ratio will at the same time
prevent the cement from foaming.

According to SEM observations, the presence of numerous
pores on the cements surfaces was noticed. Pores on the f90R4
surface appeared less frequently. This would explain the rela-
tively low open porosity obtained in the mercury intrusion
porosimetry method for this material. At highmagnication, no
differences in the microstructure of the materials aer setting
and hardening were visualised.

The tested materials were chemically stable. Their incuba-
tion in SBF caused a slight decrease in its pH. The measured pH
values were close to the physiological one. What is more, ob-
tained fCPCs possessed high bioactive potential which was
conrmed by about a 7%mass increase of samples aer 28 days
of incubation in SBF. Conventional CPCs usually experience
a mass increase as a result of a-TCP hydrolysis and the forma-
tion of apatite on the surface of the samples.58 Other conr-
mation of high bioactive potential was the presence of
numerous apatite forms on the materials surfaces aer 7 day
incubation in SBF. However, their occurrence and morphology
are different for surfactant-containing cements against the
fCTRL material. The presence of surfactants releasing from
cements into SBF affects the apatite forms on the samples'
surfaces. On the surfaces of cements with surfactants oval-
shaped crystals over plate- or needle-like morphologies were
dominant.

In order to have a total view on the behaviour of the obtained
fCPCs in aqueous media, degradation process of materials
(based on changes of ionic concentration during the incubation
of the cements in SBF or MEM), occurring along with precipi-
tation of apatite, should be studied. This query may be the
subject of future research regarding fCPCs.

Our results indicate that type and surfactant concentration
as well as the foaming procedure are crucial in the fabrication of
macroporous calcium phosphate cements.

5. Conclusions

In this study, highly porous CPCs have been successfully ob-
tained by surfactant-assisted process and their properties were
investigated. We focused on the determination of surfactants
(Tween 20, Tween 80 and Tetronic 90R4) critical micelle
concentration, cytotoxicity depending on its amount in a liquid
phase of the cement and the inuence of the foaming procedure
on the cement foamability, i.e. indirectly the porosity of the nal
materials.

According to the CMC results we established that solutions
with surfactant concentrations at least higher than 250 mg L�1

should be used as a liquid phase of the cements. Cytotoxicity
studies showed that among used surfactants, Tween 20 was the
most cytotoxic whereas the least Tetronic 90R4. We agreed that
1.25 g L�1 addition of studied surfactants into the liquid phase
of cement is a “safe” concentration for MG-63 cells. What is
more, applied surface active agents in such concentration in
a liquid phase provide sufficient foaming ability which is
extremely important for the preparation of fCPCs. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
foamability of the cements depends on the foaming procedure
which is used during their preparation. We established that the
foaming procedure should be matched individually for each
surfactant. Phase composition of tested materials revealed the
presence of two crystalline phases a-TCP and hydroxyapatite
(HAp). If polysorbates were added to the liquid phase the
hydrolysis slowed down. The obtained cements aer a week of
incubation in SBF were almost completely hydrolysed. Cements
with the addition of Tween 20 or Tween 80 possessed open
porosity over 70 vol%. The material with an addition of Tetronic
90R4 had open porosity near to 58 vol%. Compressive strength
of the materials with surfactant addition ranged from 0.80 to
2.30 MPa (the highest one possessed fTW80 material). All
studied materials were chemically stable in vitro and show only
a subtle pH decrease during 28 day incubation in SBF. Aer 7
days of incubation in SBF, numerous apatitic forms on the
materials' surfaces can be observed, indicating their bioactive
potential.

In conclusion, a holistic glance not only at the properties of
the material itself but also at the characteristics of the applied
surfactant is essential in order to achieve the best possible
outcomes.
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