Biomaterials from beer manufacture waste for bone growth scaffolds
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Agricultural wastes are a source of renewable raw materials (RRM), with structures that can be tailored for the
use envisaged. Here, they have proved to be good replacement candidates for use as biomaterials for the growth
of osteoblasts in bone replacement therapies. Their preparation is more cost effective than that of materials
presently in use with the added bonus of converting a low-cost waste into a value-added product. Due to their

origin these solids are ecomaterials.

In this study, several techniques, including X-ray diffraction (XRD), chemical analysis, mercury intrusion
porosimetry (MIP), scanning electron microscopy (SEM), and bioassays, were used to compare the biocompat-
ibility and cell growth of scaffolds produced from beer bagasse, a waste material from beer production, with a
control sample used in bone and dental regenerative processes.
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Introduction

Following a reduction in the price of raw materials
during the last two decades of the twentieth century,
the present increase is causing serious damage to the
world economy (/-3). One solution for this is the use
of so-called renewable raw materials (RRM), which
are those derived from the agricultural and forestry
sectors and used for purposes other than nutritional.
RRM may be considered as valuable sources of
materials for a number of chemical processes, some-
times with the added bonus of transforming poten-
tially toxic wastes into value-added products (4-6).
Although energy production from biomass is well
established, the use of agricultural waste to provide
RRM for more advanced applications is now being
seriously considered (7-9).

Bone and tooth replacement require materials that
act as scaffolds, directing tissue formation and allow-
ing the transport of biological nutrients. These materi-
als, which require tailored porosity, surface chemistry,
and mechanical strength, are typically produced from
animal bone, organic oil-derived polymers, inorganic
materials, or complex mixtures of all the above (10).

To prepare synthetic scaffolds several steps are
necessary, 1.e. precipitation of calcium-containing

salts at constant pH and temperature; addition of
hydroxides and phosphates, matured for different
periods of time; filtration; drying; and subsequent
calcination at very high temperatures, usually more
than 900°C, to provide the appropriate textures
(3,11). Another way to produce macroporous
bioceramics is to fuse together calcium-containing
precursors and polymers of controlled particle sizes
to generate interconnected macroporosity when
calcined to remove the organic matter (/2—14).

In the past, natural materials have been assessed as
replacement candidates for synthetic biomaterial scaf-
folds. For example, coral has been found to be an
interesting natural substitute; according to the inves-
tigators, “‘the tissue-engineered bone of seeded natural
coral-implant composite scaffold is promising for
dental implant anchoring, which has positive implica-
tion for clinical jaw reconstruction” (15). However,
this material is non-renewable, and its use can
seriously damage the local environment, both flora
and fauna, from whence it is removed (/6).

The use of industrial wastes has been recognized as
a source of RRM, value-added substances that may
lead to a significant reduction (ideally 100%) in waste
(4-6). With the aim to convert waste into value-added




products, agricultural wastes from several crops are at
present being investigated by the authors as potential
RRM for advanced applications, such as liquid
subproducts from citrus production being employed
instead of petroleum derivatives to obtain fine chemi-
cals (4-6). In this study, beer bagasse, a low-cost waste
material from beer production, was employed as the
RRM that was tailored for use as biocompatible
scaffolds for osteoblast growth, given its structure and
composition (7-9). To the best of our knowledge this
is the first time that agricultural waste has been
modified to produce solids that can act as scaffolds
for tissue regeneration.

Results

Chemical analysis of the RRM developed here from
processing of low-cost natural waste products from
beer production shows silicon (16%), phosphorous
(12%), magnesium (8%), calcium (9%), potassium
(1.2%), iron (0.2%), and aluminum (0.1%) with
traces of sodium and sulfur, all of which are
biocompatible ions. In the human body calcium is
used for muscle, bone, and digestive system functions;
magnesium is required for processing ATP, and it
builds bone and influences alkalinity; phosphorous is
required for bones and body energy processing; and
potassium and sodium are required electrolytes for
the heart and nerves. Due to the origin of this waste
material, this RRM can be considered as an ecoma-
terial (7-9,17,18).

The structural characterisations of the RRM
presented in Figure 1, using scanning electron micro-
scopy, mercury intrusion porosimetry, and X-ray
diffraction, shows the porous nature of the inorganic
skeleton left after different pretreatments and subse-
quent calcination of the raw material (Figure 1a and
b). From these two figures the presence of very wide
pores due to both interparticulate and intraparticulate
porosity is confirmed, with more than 90% of the
porous structure being in pores greater than 80 pm.
The bulk and skeletal densities of BBM2§ were 0.21
and 1.72 and of BBM47 were 0.20 and 1.63, giving
porosities of 87.5% and 88.0%, respectively.

Previous studies carried out on materials with
similar compositions reveal significant osseous growth
when the pore sizes are within this range (/9). The
X-ray diffraction patterns of these materials (Figure
lc) show peaks at 22, 31, 33, and 34.5 2@ correspond-
ing to tricalcium phosphate (PDF 09-0348), 31.6 2@
hydroxyapatite, and calcium silicate at 29.5 2 ® (PDF
01-1029), all of which are materials used for bone
growth (20).

In Figure 2 the biocompatibility and efficiency for
bone growth of these solids and a commercial

synthetic scaffold was confirmed. Assuming 100%
as the rate of cell adhesion for the commercial
material, those for BB47 and BB28 were found to
be 110% +12.6 and 116% +6.9, respectively. Thus,
confirming similar adhesion rates for the studied
materials, demonstrating that they possess an appro-
priate porosity to allow cell adhesion. Calculating the
percentage of live cells over total cells (live cells plus
dead cells), a high cell viability rate is observed for
both scaffold materials produced from RRM, similar
to that of the commercial product and the control cell
culture TCPS plates (Figure 2). Although BB2§
had slightly reduced cell viability at initial time
points, more than 85% of the cells growing on this
material remained viable over the whole evaluation
period. Since bone formation is a lengthy process, the
most relevant aspect is that even after seven days of
culture, both these materials displayed similar
biocompatibilities and cell proliferation rates to those
observed on the commercial sample and the TCPS.
Figure 2(b) shows high percentages of live cells
growing on the four materials studied in culture.
This is evident by the predominance of green (live)
over red (dead) cells growing on BB47 (A), BB28 (B),
and Commercial (C), which indeed show a similar cell
morphology to that observed on cells growing on
TCPS (D). Thus, the results in regard to cell viability
demonstrate similar ability of the osteoblast-like cell
line to survive on the tested materials, with BB47
being the best to achieve maximum cell viability.

In summary, murine-derived osteoblastic cells
(MC3T3-E1l) actively adhere to the RRM studied
here, with no significant changes in cell viability of
cells growing on the RRMs compared to those
observed with either the commercial material or the
cells seeded directly onto TCPS plates. Such char-
acteristics are desired in dental and orthopaedic
prostheses (27). We conclude that our RRM are
scaffolds that have the right characteristics to support
adhesion and survival of the osteoblastic cell line
MC3T3E]1, strongly suggesting that they could be
employed in oral and/or bone tissue regeneration. To
the best of our knowledge this is the first time that an
agricultural waste has been tailored to produce solids
that can act as scaffolds for tissue regeneration.

Experimental

The beer bagasse as provided by a Spanish beer
manufacturer was treated as indicated in the patent
procedure (15). First, the solid was dried by heating
in air from room temperature to 150°C at a heating
rate of 5°/min, and this temperature was maintained
for 4 h to stop any further fermentation of the waste,
due to its rich nutrient content. A wide range of
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Figure 1. (a) Scanning clectron micrograph of BB28. (b) Mercury intrusion porosimetry curves for BB28 (bluc) and BB47
(red). (¢) X-ray diffraction patterns for BB28 (blue) and BB47 (red).

thermal and chemical treatments were assessed in
order to vary the structural and surface character-
istics of the solids obtained.

Mercury intrusion porosimetry analyses were
employed to determine the pore size distributions,
pore volumes, particle size distributions, densities,
and total porosities for the commercial material and
the materials prepared from beer bagasse, utilizing
CE Instruments Pascal 140/240 apparatus. The
pressure/volume data were analyzed assuming a
cylindrical non-intersecting pore model, taking the
mercury contact angle as 141° and surface tension as
484 mN m™’. All of the analyses were carried out on
samples that had been previously dried at 150°C
overnight to ensure the reproducibility of the results.

The chemical analyses of the composition of the
solids were carried out by X-ray fluorescence spectro-
scopy using an EXTRA-II spectrometer Rich &
Seifert, with a xenon arc lamp of 150 W. The working

range is 200-900 nm with a wavelength accuracy of
+0.5 nm and a scan speed of 160 nm/s, using a
photodiode as a reference detector.

XRD analyses were carried out on a Seifert XRD
3000P model, recording the spectra in the range 20 =
5-90°, with a step of 0.02° and a 2 sec/pass acquisi-
tion time. Micrographs of selected solids were taken
in a scanning electron microscope ISI model DS-
130C (40 kV).

To study cell adhesion to the materials, the
biocompatibility and efficiency for bone growth,
MC3T3-El, an osteoblast-like cell line, was chosen
because they are well characterized for modeling
endogenous osteoblasts (/6). A commercial synthetic
scalfold, hydroxyapatite nanopowder (<200 nm)
from Sigma Aldrich, was used for comparison.

The cells were seeded onto material-coated plates
in DMEM-10%FBS and allowed to adhere for 2 h at
37°C in a 5% CO, atmosphere. Plates were then
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Figure 2. (a) MC3T3-E1 cell viability after 2, 4, 5, and 7 days growing on TCPS plates or on plates coated with BB28, BB47,
or Commercial. Cell viability was evaluated by live/dead viability assay kit. Data represent mean+S.E.M. ol three
independent experiments. (p <0.05, ANOVA., post-hoc Tukey HSD test, * vs. Control). (b) MC3T3-El cells were seeded on
tissue culture plates coated with BB47 (A), BB28 (B). Commercial (C), and TCPS control plates (D) for 4 days. Live/Dead
Viability Assay Kit was used to determine the cell viability (red: dead cells; green: live cells) (colour online). Scale bar 100pm.

washed with phosphate-buffered based saline solu-
tion (PBS) to remove non-adherent cells. Adherent
live cells were quantified using the live/dead viability
assay kit (Molecular Probes) (22). The number of live
adhered cells was evaluated by fluorescence micro-
scopy, counting at least 10 representative fields per
well.

The biocompatibility of the materials was assessed
with the same MC3T3-E1 cells after different periods
of exposition, comparing the results to those obtained
with the commercial material and regular tissue
culture polystyrene (TCPS) plates, used as controls.
The viability of MC3T3-El cells growing on TCPS,
BB47, BB28, and the commercial material was
determined at two, four, five, and seven days by the
live/dead viability assay, to distinguish dead cells
(red) from live ones (green), as observed by inverted
fluorescence microscopy (23).
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