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Abstract

A Series of in-situ alginate-brushite (Alg-Bru) hydrogel composites were fabricated in order to
optimize release profile of ibuprofen (Ibu) and avoid burst releases associated with pure form of
the hydrogels. The Bru crystals were synthetized and dispersed during the crosslinking process
of Alg matrix. The beads with different formulations were subject to various characterization
tests such as X-ray diffraction (XRD), fourier transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), dynamic mechanical analysis (DMA), and swelling. In addition, the
entrapment efficiency (%EE) and drug release profile were obtained to investigate the impacts of
initial concentration of Alg and content of Bru on these parameters. FTIR and XRD outcomes
confirmed the successful fabricating of Alg-Bru composite and also loading of lbu. Besides, the
results showed that presence of Bru within Alg matrix restricted polymer chain movement and
improved mechanical properties and decreased swelling ratio. Although the presence of Bru

crystals did not improve %EE, they optimized the release profile in a more gradual manner.
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1. Introduction

In the last years, drug delivery systems (DDS) have risen the attention as an optimized
therapeutic method of drug administration. One of the main aim of these systems is to control the
release profile of drugs in order to have a sustained therapeutic level and to minimize adverse
side effects [1]. Among the materials, which have been proposed for the fabrication of DDS,
hydrogels are of particular interest due to their biodegradability, biocompatibility, and also
stimuli responsive characteristics [2]. Several hydrogels based on of polymers, such as alginate
[3], chitosan [4], gelatin [5], polyvinyl alcohol (PVA) [6] poly (ethylene glycol) (PEG) [7] and
so on, have been widely used as carriers for drugs, cells and proteins. However, such
applications of pure hydrogels experience the phenomenon of burst release since hydrogels are

highly water contended and possess weak mechanical properties [8].

Alginate (Alg) is a promising biopolymer which has numerous biomedical application ranging
from wound healing to drug delivery and cell transplantation in tissue engineering [9, 10]. This
anionic polysaccharide is typically extracted from brown seaweed and composed of a-L-
guluronicacid (G) and the B-D-mannuronic acid (M) [11]. Alg gelation occurs as a result of
exchanging sodium ions of G-blocks with multivalent cations like Ca**, Ba**, Sr**, Zn?* to form
electrostatic held junction [12]. Besides, Alg presents pH sensitive swelling behavior which
makes it a potential candidate as drug carrier for oral administration, since it protects the
entrapped drug in the gastric fluid and release it in intestine fluid [13]. Yet, it has been reported
that Alg has a low encapsulation efficiency of water-soluble drug because of drug leakage during
crosslinking procedure. In addition, the fast integration in intestine fluid as well as the highly

porous structure of Alg are two other major limitations to the use of this polysaccharide. One



useful solution seems to be increasing the number of cross-links which will result in decreasing

the swelling ratio [14-17].

Another solution which can be adopted is improving mechanical properties via incorporation of
other phases inside the hydrogel matrix. Various papers focused on fabricating biopolymer-
inorganic reinforcement hydrogel composites to improve mechanical properties by restricting
polymeric chain movements [18-21]. Besides, further improvements seem to be achievable by
changing type of reinforcement and also the content of polymer and inorganic compound.
Indeed, this incorporation must not affect the structure of the Alg and also must not result in

cytotoxic behavior [21].

Calcium phosphate materials, mainly hydroxyapatite, have been incorporated into Alg to prolong
the release profile. Previously Zhang et al [22] showed that in-situ synthetized hydroxyapatite
micro particle within Alg restricted the polymer chain movement and consequently decreased the
swelling ratio. In addition, they demonstrated that incorporating of hydroxyapatite improved the
entrapment efficiency and prevented burst release. Also, llie et al [23] studied the release of
ascorbic acid, Vitamin C, from Alg-hydroxyapatite composite and demonstrated the significant
impact of hydroxyapatite on gradual release of ascorbic acid. In another paper, hydroxyapatite
nanoparticles were introduced into Alg-poly (vinyl pyrrolidone) blends and diclofenac sodium
release was investigated starting from several compositions of these carriers [24]. The release
profile indicated that presence of nanohydroxiapatite particles not only improved the loading

efficiency, but also it remarkably decreased the amount of released drug.

Brushite, dicalcium phosphate dihydrate, (Bru) is a calcium phosphate material with Ca/P ratio
of one. Biodegridibility of Bru is the unique advantage of it over other calcium phosphate

materials [25]. Previously, we investigated the in situ synthetization of Alg- Bru composite



hydrogel and optimized the fabrication method. Moreover, we evaluated the biocompatibility of
these materials respect to osteoblastic cell and observed a significant improve in cell
proliferation respect to calcium Alg [26, 27]. In the current study, we focused on the in-situ
fabrication of Alg-Bru hydrogel composites as drug carriers and evaluated them in terms of
mechanical properties and swelling behavior. Sodium salt of Ibu was used as a model drug to
perform release experiments in order to deeply investigate the mechanical properties impact on

the release behavior of these composite materials.

2. Materials and methods

2.1. Raw materials

All the chemical reagents: sodium Alg from brown algae with a viscosity of 15-20 cps at the
concentration of 1%, calcium nitrate tetrahydrate [Ca(NO3).4H,0, 99%], diammonium hydrogen
phosphate [(NH4),HPQO,4, 98%], hydrochloric acid (HCI), sodium hydroxide (NaOH), potassium
dihydrogen phosphate (KH,PO,), phosphate buffered saline (PBS) tablets, and Ibu sodium salt
were supplied by Sigma-Aldrich. All reagents were used without any purification. A Milli-Q
system with the resistance of 18.2 MQ cm was used to purify water which was consequently

used for preparing solutions and washing steps.

2.2. Beads preparation

A series of Alg-Bru beads were prepared according to the following procedure. First, a
predetermined amount of di-ammonium hydrogen phosphate was dissolved in 10 ml of purified
water at room temperature and 600rpm. Then, accurately weighted amounts of sodium Alg were
added slowly to the above solution under stirring rate of 600rpm. This solution was stirred for

two hours to ensure that Alg completely dissolved. After that, the solution was dripped at room



temperature into the crosslinking solution (0.2 M of calcium nitrate) with gentle stirring (50 rpm)
through a syringe equipped with a 0.8 mm needle. The initial pH of the solutions was maintained
at 7.5 using HCI and NaOH (0.1M). White beads were formed immediately and maintained in
the crosslinking solution to ensure that the Bru crystal growth and crosslinking process were
properly accomplished. Thereupon, the samples were centrifuged at 1000rpm for 5 minutes and
rinsed 4 times to remove excess Ca** and other impurities. Finally, the samples were kept for 24

h at room temperature and placed in the oven for 12 hours at 45°C.

In order to prepare Ibu loaded beads, predetermined amounts of lIbu were added to the aqueous
solutions composed of di-ammonium hydrogen phosphate and sodium Alg. The solutions were
stirred for 1h to ensure that Ibu completely dissolved in the media. The rest of procedure,
including crosslinking and washing steps were done as described above. In addition, calcium Alg
samples were prepared following the above procedure except that no (NH;),HPO, was added to
the Alg solution. The factors significantly impacting on the swelling behavior, drug loading, and
drug release behavior, such as initial concentration of Alg, and primary concentration of

phosphate precursor were summarized in table 1.

Table. 1 preparation conditions and their influence on swelling ratio and storage modulus



Item Sample  Sodium (NH,),HPO, Ca(N0O3).4H,0 Swelling Storage Storage

alginate (M) (M) ratio modulus at modulus at
(Wt %) 10 Hz 85 Hz
(kPa) (kPa)
1 Alg 1.5 15 0.2 12.72+1.00 21.47+#4.17  30.5%3.17
2 Alg1l-P 1 0.1 0.2 7.00+0.63  24.63+2.57  35.2+3.54
0.1
3 Alg 15- 15 0.1 0.2 10.29+0.37 40.37+2.01  58.83%+3.42
PO.1
4 Alg 2-P 2 0.1 0.2 11.38+0.44 56.43+6.14  78.866.53
0.1
5 Alg 2-P 2 0.2 0.2 9.13+1.59 85.9645.31  119.47+6.35
0.2
6 Alg 2-P 2 0.4 0.2 8.65+ 1.67 54.66+10.22 73.93+14.84
0.4
7 Alg 2 2 0.2 0.2 13.57+0.62 49.57+9.73  70%8.21

2.3. Characterization

A Nicolet 380 Fourier transform infrared spectrometer (Thermo Fisher scientific Inc, USA) was
used to obtain FT-IR spectra by KBr technique and evaluate the formation of composite and
interactions between Ibu and composite materials. The spectra were collected within the range of
400 to 4000 cm™. In order to identify the inorganic phase of beads as well as presence of the
entrapped drug, beads were subject to X-ray diffraction (XRD) test. Therefore, A PANalytical
Empyrean x-ray diffractometer with irradiation source of Cu-Ka was used to collect the spectra
over the Brag angle, 26, range of 5-60 at a scan rate of 2° per minute. The obtained spectra were
compared with those of standard JCPDS numbers for Bru (9-0077) and Ibu (32-1723). A
scanning electron microscopy (Hitachi S-2500) was used to investigate the dispersion of Bru

crystals in Alg matrix and morphology of Bru crystals.
2.4. Dynamic mechanical analysis (DMA)

A typical test to gather information about mechanical properties of hydrogels is dynamic
mechanical analysis (DMA). The mechanical properties of different hydrogel samples were

obtained using a custom-made device, figure S1, developed at DICCA laboratory of University



of Genova. All the tests were performed in compression, in the range 5-100 Hz, with an initial
pre-deformation of 20% of the sample diameter. The test consists in a sinusoidal vertical
oscillation of the plate on which is lent the hydrogel sample obtained with a shaker (Briiel &
Kjeer, Mini-shaker, type 4810), at which correspond a sinusoidal deformation of the sample due
to the action of a cylindrical indenter. The corresponding sinusoidal oscillating force, dynamic
oscillating stimulus, is measured with a force transducer (PCB Piezotronic, Load cell, model 208
M116) with the accuracy of 10 N, while the displacement is evaluated with an resolution of
0.01 um through a laser vibrometer (Polytec OFV 3000 vibrometer controller), focused on the

oscillating plate. Table. S1 summerized the set-up parameters of the device.

The dynamic complex modulus, E”, defines as the stress to strain amplitude ratio of the materials

placed in the vibration conditions.

Equl E=2

&

The complex modulus can be split in two parts according to the Equ.1:

Equ.2 E'=E’ +HE”

Where

Equ3 E’ = E'cos § = % cos 0 is the storage (or elastic) modulus
Equd4 E”= E’sin & = % sin 0 is the loss (or damping) modulus

The Storage Modulus represents the elastic component of the material and it indicates the
amount of energy stored during a loading cycle. The Loss Modulus, instead, represents the
viscous component and it is proportional to the energy dissipated, such as heat, during the same

loading cycle. Both E’ and E” are dynamic material-specific characteristics that depend on the



frequency as well as the measuring conditions. The behavior of a material is conventionally
called solid-like when E’ > E” at a given frequency, namely when the loss factor, tan 6 < 1,
otherwise it is defined as liquid-like. The loss factor (Q?) is the ratio of loss modulus to storage
modulus and it is a measure of the energy lost, expressed in terms of the recoverable energy. It
represents the mechanical damping or internal friction in a viscoelastic system. The phase angle
0 is the phase difference between the dynamic stress and the dynamic strain in a sample

subjected to a sinusoidal oscillation. For a viscoelastic material d falls into the following range:

0<o<m/?2

2.5. Swelling ratio

The swelling ratio of the micro beads was calculated gravimetrically by measuring their weight
gain in phosphate buffer saline (PBS) at pH 7.4. Accurately weighted (W,) and dried micro
beads were immersed in PBS at 37° C. After predetermined time intervals (30, 60, 90, 120, 180,
240, 300, and 360 minutes?), the beads were filtered from the solution through a Millipore 0.22 n
filter equipped with a pump to remove extra liquid and weight immediately (W;). The following

equation will give us swelling ratio (SR) of micro beads at different time.

wt-wo
)

SR =( 70

2.6. Drug content

In order to estimate drug encapsulation efficiency, 10 mg of dried beads was placed and shaken
in 10 ml of PBS for 24 h at 37° C, and then sonicated (FALC-HK2200, Italy) for 30 minutes in
order to ensure a complete IBU release. After that, the solution was centrifuged and filtered

using Minisart 5.00 p filter. The actual amount of IBU was determined using a UV visible



spectrophotometer (Jasco V-570) at the wavelength of 264 nm and a calibration curve in PBS.
Then, the entrapment efficacy (% EE) for Ibu was calculated according to the following

equation:

0, - Acctual drug loading
/0 EE (Theoretical drug loading) x 100

2.7. In-vitro drug release experiment

In vitro drug release of Ibu from the different formulation of Alg-Bru samples was carried out at
37 °C using Heraeus incubator equipped with an IKALABORTECHNIK shaker at the rotation
speed of 100 rpm in PBS. The first two hours of experiments were carried out in a PBS solution
at pH 1.5 (prepared by dissolving 0.05M of KH,PO, and adding HCI to adjust the pH) and
followed by 8 hours in PBS solution at pH 7.4 to simulate the behavior of the carrier in the
gastric fluid and intestine fluid, respectively. 10 mg of dried hydrogel samples were immersed in
a 10 ml of release media. After predetermined time intervals, 5 ml of solution was withdrawn
and replaced with equal amount of fresh media. These withdrawn samples were subject to UV
visible spectrophotometer at 264 nm. The IBP release percentage was calculated according to

following equation:
IBP release percentage = (R;/ Rg) % 100

Where R; is the released amount of IBP at time t and Ry is initial amount of Ibp encapsulated in

the beads.

3. Result and Discussion
Previously we investigated the mechanism of in-situ fabrication of these hydrogel composites
[26]. Briefly, two simultaneous phenomena occurred as a result of in-situ synthetized method

which was used to fabricate the hydrogel composites. First, the nucleation and growth of Bru



crystals inside the Alg matrix occurs, followed by crosslinking of the polymeric network and
formation of the 3D structure of beads. IBU was loaded into the beads by dissolving it in the
solution containing sodium Alg and (NH4),HPO,4. This procedure started as soon as the
polymeric solution was introduced to the crosslinking solution in a dropwise manner. The
homogeneous dispersion of Ca®* and PO,* ions in both solution would yield to uniform
dispersion of Bru crystals within the Alg matrix. As reported before [22] the concentration of
(NH4),HPO, and sodium Alg significantly impacts on the mechanical properties, swelling ratio,
entrapment efficiency, and in—vitro release behavior. Therefore, we investigated the influence of
the following factors on the mentioned characteristics. In addition, the initial drug content is
another significant factor owing to its interaction with the carrier in the molecular scale. Hence,
we studied the loading efficiency and its consequent in vitro release for three different

concentration of drugs.

3.1.Characterization

3.1.1. FT-IR analysis
Fig. 1 shows the IR spectra of Alg -Bru hydrogel composite and Ibu loaded Alg-Bru hydrogel
composite in comparison to spectra of pure reference materials, i.e. calcium Alg, Bru and, Ibu. In
the spectrum of the Ibu-loaded composite several bands are detected, characterizing both the
hydrogel matrix and the drug molecule. In the high frequency region, the two doublets are
diagnostic peaks of Bru which corresponds to O-H stretching peaks of the two structural water
molecules [28]. These peaks in our spectrum were detected at 3164, 3278 cm™ and 3496, 3546
cm™ . Furthermore, the corresponding sharp peak to the H-O-H bending mode was observed at
1640 cm™[29]. The peaks at 1133, 1056 and 985 cm™ represent the specific peaks of PO, [28,

30]. Besides, the bands at 1226 and 869 cm™ indicates stretching mode of P-OH and bending



mode of P-OH, respectively [29]. Moreover, P-O deformation mode of phosphate group were
observed at 659, 574 and 526 cm™ [28]. On the other side, the broad bands centered at 1640 and
1425 cm™, which represent the asymmetric and symmetric stretching mode of the carboxyl group
in Alg spectrum [31] appear as very weak absorptions, partially masked by the Bru strong
features. Also the complex peak in the range of 1000-1200 cm™ due to C-O and C-C stretching

modes of in the Alg chain [31] is overlapped with bands of the phosphate group.

As for the Ibu molecules loaded in the complex matrix, the band at 1720 cm™ is assigned to C=0
stretching vibration of the undissociated (acidic) COOH group, while weak and sharp bands at
1508, 1461, and 1384 cm™ can be attributed to C-C vibrational modes in phenyl ring and
vibration of C-H bond in the Ibu structure [4,32,33]. In the same figure, the spectrum of Ibue in
form of Na-salt is reported for comparison, characterized by two strong bands at 1550 and 1412

cm™, which are assigned to the asymmetric and symmetric vibrational modes of the —COO-
group.

The subtraction spectrum [Alg-Bru-lbu spectrum] — [Alg- Bru spectrum] reported in Fig. 2
evidenced two main effects arising from the drug entrapment: i) the two strong bands appearing
in the spectrum of the pure Na-Ibu and due to asymmetric and symmetric stretching modes of the
salt are not detected anymore, replaced by the sharp band at 1720 cm™ (vC=0 of the -COOH
group);ii) other bands of the drug molecules, for instance bands due to alkyl chain and aromatic
ring, are clearly detectable and only very slightly affected by the interaction with the composite.
A likely explanation is that the pH decreasing during Bru formation in the matrix [34] leads to
the formation of free COOH groups in the acidic form of Ibu. Inclusion of the drug in its acidic

(neutral) form within the beads might be favored in comparison with the inclusion of the



corresponding anionic form, by reducing the electrostatic repulsion with negatively charged Alg

chains.
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3.1.2 X-Ray diffraction
Fig. 3 shows the XRD patterns of Alg-Bru hydrogel composite, Ibu, and Ibu loaded Alg-Bru
hydrogel composite. The standard Bru JCPDS card (9—0077) and the standard 1bu JCPDS card
(32-1723) were used to analyze the resultant spectra. As we can see in Fig. 3, those peaks
marked by red * are characteristic peaks of Ibu. In addition, those peaks with blue * are mutual
peaks of Bru and Ibu. The rest of peaks relate to characteristic peaks of Bru component. Hence,

the FT-IR results along with those of XRD confirmed that the drug successfully was entrapped

by Alg-Bru beads.
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Fig. 3 XRD patterns of alginate-brushite, ibuprofen, and ibuprofen loaded alginate-brushite

3.1.3. Scanning electron microscopy (SEM)
The SEM micrograph of calcium Alg and Alg-Bru dried beads at different magnification are
presented in Fig. 4A, 4B, 4C, 4D, 4E and 4F to investigate the impact of phosphorus group
incorporation on the surface morphology of beads. In addition, Fig. 4G presents the EDS spectra
of the beads to have an elemental analysis of the dried beads. It has been reported [22] that the
dried beads of calcium Alg have a round, tight, and soft surface whilst, the Alg-Bru beads
present an irregular shape and rough surface with considerable wrinkles. Angadi et al [35]
claimed quick drying process as well as heterogeneous structures was the main reason for
irregular shape of Alg composite dried beads. Higher magnification images demonstrated the
accumulation of Bru plate-like crystals with various dimension in the Alg matrix. Furthermore,

the elemental analysis of the dried beads from EDS showed the presence of Ca, P, Na, C, and O.



The calcium content relates to both calcium Alg and Bru, while the phosphorous content can be

attributed only to the Bru. In addition, Na is also detected due to presence of small amount of

residual sodium Alg.
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Fig. 4 the SEM micrograph of Alg 1.5 at A: 50x B: 500x and Alg 2-P 0.2 sample at C: 75x, D: 200x, E:
1000, F: 3000x, G: EDS spectra of Alg 2-P 0.2

3.1.4. Dynamic mechanical analysis (DMA)
Fig. 5A, 5B, and table. 1 present DMA results of different composite and reference samples
versus frequency. As we can see, the loss factor (Q) < 1 in all samples indicating that all the
hydrogel samples presented a solid like behavior. Furthermore, as the concentration of Alg
increased, the storage modulus showed an upward trend Fig. 6. Almost 35 kPa enhancement in

the storage modulus of composite samples seemed to be considerable when the concentration of



Alg increased from 1% to 2%. This improvement can be attributed to the fact that an increase in
the concentration of Alg led to a denser polymeric chain. In addition, higher crosslinking density,
likely due to an increase in the electrostatic attraction between carboxylate groups of Alg and
calcium ions can explain this improvement [36]. The comparison between the Alg 1.5 and Alg 1.5-
P 0.4 samples, which were composed of equal Alg concentration, revealed more than 20 kPa
improvement in the storage modulus. This relates to the fact that Bru component has higher
mechanical properties than Alg and the polymeric chains movements are restricted by the

crystalline component.

The impact of Bru content on the storage modulus at different frequency can be seen in the Fig.
5B and Fig. 6. It is clear that storage modulus at different frequency, i.e. 10 and 85 Hz, was
significantly enhanced by increasing in the content of Bru. However, this improvement was
followed by a remarkable decrease when higher content of Bru (Alg 2-P 0.4) was introduced into
the sample. This can be explained by the fact that the higher amount of PO,> in the Alg 2-P 0.4
sample is acting as a barrier in the crosslinking process. Therefore, the sample Alg 2-P 0.4 is less
crosslinked than the other two as evidenced by storage modulus results, although the higher
amount of Bru crystal reduces the mobility of the polymeric chains, conferring to the specimen a

further increase of their solid-like status, reduction of the loss factor (Fig. 5B).
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3.1.5. Swelling ratio
The release behavior of Alg and of its composites is highly dependent on the swelling ratio and
swelling kinetics. In fact, the main release mechanism is based on the swelling behavior. As we
can see in the table. 1, the presence of Bru had a good effect on the swelling behavior of the
hydrogel so that at the same concentration of Alg the swelling ratio decreased from 12.72 to
10.29. On the other hand, the swelling behaviors of samples were significantly influenced by
variation of Alg concentration. The swelling ratio showed an upward trend as the concentration
of Alg increased and the content of Bru crystals decreased. We can see that the swelling ratio
grew from 7 to 10.29 with a 0.5% increase in the concentration of Alg. This was followed by
1.09 further growth in the sample prepared with 2% of Alg. In addition, the sample Alg 1- P 0.1
had the lowest swelling ratio because in-situ formed Bru crystals restricted the Alg polymer

chain movement thus hindering penetration of water into the network. Besides, as the content of



Bru increased in the Alg matrix due to increase in the primary concentration of (NH4),HPO,, a

slight decrease was detected in swelling ratio of Alg 2-P 0.2 and Alg 2-P 0.4 samples.

Fig.7 shows the swelling kinetics of different samples in PBS media at 37°C. As we can seg, the
swelling ratio of the samples increased significantly through swelling time passage to reach their
maximum ratio. Then, it followed a sharp downward trend with further swelling time passage
and even ALg-1.5 and Alg 1- P 0.1 samples experienced disintegration. Osmotic pressure is the
main responsible for penetration of water into the polymeric network and consequently weight
gain of the samples [37]. Since the strength of -COO ~"Ca "~ "OOC bonds were at its minimum
in the swelling ratio peak, due to the polymer chain expansion, the bonds were easily broken by
PO,% in the surrounding PBS media. This resulted in disintegration of the Alg, leading to aburst

release of the drug.

The significant impact of Bru is considerable in the kinetics of swelling so that the composite
samples smoothly gain weight and the disintegration process prolonged further. This can be
attribute to Bru crystals resistance against penetration of the PO,> functional group and

consequently postponed the breakage of -COO ~~" Ca " "OOC.
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Fig. 7 swelling ratio variation in alginate and alginate-brushite beads in PBS pH 7.4 at different time

3.2. Release behavior
3.2.1 Encapsulation efficiency
The encapsulation efficiencies of the different samples are listed in table. 2. Although we
expected that incorporation of Bru into Alg matrix would increase the encapsulation efficiency,
due to the formation of a dense surface and retarding the leakage of drug, the results were
unexpected. This can be attribute to the fact that presence of Bru has limited the sol-gel transition
and made a delay in crosslinking process. Another reason relates to time consuming process of
the composite formation and leakage of drug from surface pores. Therefore, more IBU molecules
were leaked from the composite samples during fabrication process. Besides, incorporating
higher amount of drug resulted in composite beads carrying higher amount of drug. However,

what we have to mention is that the significant decreased in EE% does not seem to be ignorable.



Table. 2 preparation conditions and their influence on encapsulation efficiency

Item Sample Sodium [(NH,),HPO, (M)  Ca(NO3).4H,0 Ibuprofen EE (%)
alginate (M) (%)
(wt %)
1 Alg 1.5-1 15 0.2 1 74.97+6.67
2 Alg1-PO0.1-1 1 0.1 0.2 1 70.02+5.43
3 Alg 1.5-P 15 0.1 0.2 1 73.65+16.14
0.1-1
4 Alg2-P0.1-1 2 0.1 0.2 1 74.96 £ 2.81
5 Alg 2-P 0.2-1 2 0.2 0.2 1 79.91+2.13
6 Alg 2-P 0.4-1 2 0.4 0.2 1 63.80 £ 2.23
7 Alg 2-P 0.2- 2 0.2 0.2 15 67.68 £ 1.15
15
8 Alg 2-P 0.2-2 2 0.2 2 63.24 £3.29

3.2.2. Cumulative release
As it is evident in fig. 8, all the formulations demonstrated pH sensitive release behavior. It has
been reported that pKa of Alg is almost 3.2 and the transformation of carboxylate group in the
Alg chain into -COOH occurs at a pH lower than 3 [38]. Therefore, this transformation
stablished hydrogen bonding between —COOH and hydroxyl group in Alg which restricted the
dried beads to swell in simulated gastric fluid. The impact of Alg concentration on cumulative
release is illustrated in Fig. 8A. As we can see, the rate of release is not significant owing to low
swelling ratio of the samples in acidic condition and all the sample release almost the same level
of Ibu. Hence, these results suggest that the IBU was released from the samples by diffusion
mechanism. Also, low solubility of IBU in acidic media (simulated gastric fluid) could be
another reason for slow release of Ibu from the samples. As discussed before, the formation of
Bru within Alg matrix resulted in loading acidic form of Ibu with —COOH carboxyl group into
carriers. Therefore, formation of hydrogen bonds between —COOH of Ibu and -COOH of alg is
another cause for slow release of Ibu from the carriers in acidic environment. This phenomena
was also reported for Diclofenac release from hydrogel based on methacrylated Alg [38]. On the

other hand, samples in simulated intestine fluid (pH=7.4) present a total different behavior. All



the samples showed a burst release of IBU owing to extensive swelling in PBS 7.4 and
consequently penetration of PO,% into the polymer. Besides, all the ~-COOH groups in alg and
Ibu transformed into -COO™ at pH 7.4 which not only increased the solubility of Ibu but also,

caused electrostatic repulsion between —COQO" groups and led to faster release of Ibu.

We can see that more than 85% of IBU was released from Ca-Alg samples after 4 hours in PBS
7.4 while, the Alg 2- P 0.1-1 sample release 62% of entrapped IBU at the same time and further
4 hours were need to release 81% of entrapped IBU. Also, we can see that the presence of Bru in
the ALG matrix resulted in more than 10% decrease in final IBU release in the Alg 1.5- P 0.1-1
sample. This suggested the positive effect of Alg on release behavior and controlled release of
Ibu. Although the sample Algl- P 0.1-1 had the highest relative content of Bru, the IBU release
behavior was almost similar to that of Ca-Alg. This behavior can be explained by the irregular
shape of these samples. Unlike the other samples which had the spherical shape, their shape
tended to be less spherical due to platelet-like morphology of Bru. In other words, the beads of
Alg1-P0.1-1 were less stable than the other composite samples. Hence, the disintegration process

accelerated and a higher content of the drug was released.

Next step was evaluating the impact of Bru content on release behavior. Therefore, Alg2-P0.1-1
was chosen as the reference sample because it had the best release profile as well as the beads
had a sufficient stability so that the beads would remain stable following the increase in the
content of (NH4),HPO,. As plotted in Fig. 8.B the cumulative release decreased when the
primary concentration of (NH,4),HPO4 was 0.2 M. The Bru crystals resisted against swelling and
following PO, penetration. Further increase in the concentration of (NH.),HPO, had a negative
impact on the release profile since the beads were less crosslinked than the other two samples

and disable to restrict release of IBU. Furthermore, Fig. 8C demonstrates how initial drug



content would change the release profile. It is clear that the Alg 2- P 0.2-1.5 sample follows
almost the same pattern of release as Alg 2- P 0.2-1 sample when the incorporated drug
increased up to 0.5%. Further increase in the content of drug possibly had reverse effect on the
release profile owing to intermolecular crosslinking between sodium IBU and sodium Alg,
sodium IBU and Bru. As a result, less stable beads were formed in a way that the beads exhibit
less resistance against penetration of Ibu to the surrounding media. Hence, these results indicate
that an increasing in the drug content not only decreased the EE%, but also it had a reverse effect

on release profile.
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Fig. 8 cumulative release versus time in pH 1.5 followed by pH 7.4 A: alginate variation, B: brushite
content variation, C: drug content variation

Conclusion



The current study was carried out to evaluate in-situ synthetized Alg-Bru as a new potential
reinforced carrier for delivering drug and other active biomolecules. IBU was actively loaded in
the carriers during crosslinking and formation of Bru within Alg matrices. According to FT-IR
and XRD results the composite materials were successfully fabricated and the drug was loaded
into the carriers. SEM images demonstrated the significant impact of Bru crystals on the

morphology of the beads.

The restriction of Alg chain movement by uniformly dispersed Bru crystals was the main cause
for regulating swelling behavior and enhancing the mechanical behavior. Furthermore,
improving the swelling behavior consequently caused the gradual release in composite samples
and avoided burst release which was experienced in the case of calcium Alg beads and the
optimal formulation prolonged 1BU release for a period of 10 hours. These results allow us to
suggest that the in-situ synthetization of Bru within Alg sufficiently modified release behavior.
However, the entrapment efficiency was not remarkably improved in comparison with that of
calcium Alg. Simplicity along with effectiveness of the used method in the present study to
fabricate a carrier with gradual release behavior can be further improved to encapsulate bioactive
molecules including other drugs, proteins, vitamins for a prolonged release as well as reduced the

risk of high dosage.
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Fig.S1 schematic of the DMA test equipment to obtain storage and loss modulus

The experimental set-up posses following items:

Fixed head movable by a screw, so that the distance between the two plates can be
adjusted accordingly with the sample dimensions.

Electrodynamic mini-shaker (Briel & Kjaer type 4810): it is provided with a
permanent field magnet and it applies oscillating stimuli to the implant.

Power amplifier (Bruel & Kjaer type 2706): it controls the mini-shaker and the
amplification magnitude of the sinusoidal vibrations can be set through a
potentiometer.

Force transducer: it consists of a piezoelectric load cell, which generates a charge
signal (proportional to the applied force) as a response to the mechanical stimulus
applied by the shaker.

Laser vibrometer (Complete Polytec Laser Vibrometer System OFV 3000/302 with

Nikon Lens Sensor Head Version): it’s located above the experimental set-up and it



measures the displacement. This component works on the principle of optical
interference: a laser

e Dpeam is aimed towards a target plate, leading to light scattering. The light that has
been scattered is then collected and it interferes with a reference beam.

e Metal plate placed over the mini-shaker and used as a reflecting surface for the laser
beam.

e Sensor signal conditioning (482C series, PCB Piezotronics): it amplifies and converts
the signal acquired by the force transducer into an electrical one.

e Labview software responsible for the functioning of the instrument, and for storing,
displaying and processing measurement data. The instrument is isolated from vibration

by blocks of cement and rubber supports.

Table. S1 set up parameter for the DMA tests

Initial deformation 20% of initial diameter
Amplitude 5.00 V

Start frequency 5.00 Hz

Stop frequency 100.00 Hz

Stimulus 9.73 N/V




