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ABSTRACT

Hydrophilic composites of poly (acrylamide-co-2-hydroxyethyl methacrylate) 
reinforced with hydroxyapatite were synthesized, characterized and 
evaluated as drug delivery systems. The results show a strong dependence 
of the polymer composition, the degree of crosslinking and the homogeneity 
of the particles dispersion (filler or the mixed drug) in the characteristics that 
were analyzed. The mechanical properties were better while the swelling 
and the diffusion coefficient were worse than hydrogels with cefazolin of 
similar compositions. A new information criterion based on Bayesian criteria 
was used to elucidate the best fit. The drug diffusion into the medium was 
anomalous with more tendency to diffusional transport, indicating that 
under certain conditions zero-order diffusion could be achieved. This fact 
suggests that these materials could be used in the manufacture of medical 
devices for the controlled delivery of drugs and active or biological principles, 
significantly improving therapeutic procedures today.

Keywords: Composites, Drug delivery, Mathematical models

HIGHLIGHTS

• Hydroxyapatite-acrylic composites were designed to be used as drug 
release system.

• Incorporation of filler decrease the swelling and increase the mechanical 
properties.

• Swelling and release are mainly controlled by anomalous diffusion.
• The composite release 3 times more cephazolin than necessary in a plasma 

serum.
• The new information criterion should be very useful to take decisions 

during the work.
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1. INTRODUCTION

The development of multifunctional polymer-based matrices for 
controlled drug delivery purposes has been a subject of intense research 
during the last six decades. After initial efforts to understand drug 
release mechanisms and to maintain a constant drug concentration in the 
blood, research moved into the advancement of polymers or hydrogels 
as smart materials where the delivery of the drug is triggered by changes 
in environmental factors. 

The development of clinical products with the ability to deliver drug 
molecules to the right place and according to the patients’ needs, has been 
a challenge that has gained more attention every day [1]. Ideally, controlled 
release systems can meet the criteria by maintaining the drug concentration 
within a therapeutic window for an extended period, minimizing dosage 
and frequency of administration.

Hydrogels are three-dimensional copolymeric mixtures crosslinked by 
covalent bonds and weaker cohesive forces, such as hydrogen bonds. 
They offer excellent potential as therapeutic systems due to diversity 
of both natural and synthetic material options and tunable properties. 
Also, crosslinked hydrogel networks can protect drugs from harmful 
environments, such as enzymes, low and basic pH and highly infected 
zones [2].

The hydrogels have been used in a wide range of biomedical applications 
which have been growing since both, synthetic and natural polymers can 
be used to reproduce the characteristics of soft tissue. Several natural 
polymers serve as raw materials to prepare hydrophilic copolymers from 
different sources of plant origin (cellulose, alginate) and of animal origin 
(chitin, chitosan). Their use in the biomedical field is extended to areas 
like ophthalmology, drug delivery, orthopedics and medical devices [3]. 
Virtually any water-soluble polymer can be formulated as a hydrogel. 
A feature that makes hydrogels truly unique as biomaterials for tissue 
regeneration is the possibility of fine tuning their mechanical characteristics 
(for example, elasticity) to match soft human tissue [4].

When used as drug delivery system (DDS) the mechanism of drug release 
includes a complicated diffusion pathway. The main effect is related to 
swelling and diffusion due to concentration gradients. It has been shown 
that drug release profiles can be tailored by various formulation conditions 
such as polymer property, combination of different polymers, surface 
coating, and the state of drug molecules in a solid phase [5].
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On the other hand, the high density and slow biodegradability of some 
ceramic blocks sometimes limit tissue engineering purposes despite their 
excellent properties of bioactivity and bone induction and integration. To 
address these issues, macroporosity can be introduced often in combination 
with osteoinductive growth factors and cells. Ceramics are good carriers 
for drugs, in which release patterns are strongly dependent on the chemical 
consistency of the ceramic, type of drug and drug loading. Biodegradable 
polymers like polylactic acid, gelatin or chitosan are used as matrices for 
ceramic particles or as adjuvant to calcium phosphate cements. The use of 
these polymers can introduce a tailored biodegradation/drug release to the 
ceramic material [6].

It is well known that the incorporation of bioactive inorganic phases in 
hydrophilic polymers can enhance water ingress owing to the internal 
interfaces formed between the polymer and the more hydrophilic 
bioactive inclusions, hence enabling control of the degradation kinetics 
of scaffolds [7]. 

Many biodegradable materials have been evaluated as alternatives for 
DDS including protein-based materials (collagen, fibrin, thrombin, clotted 
blood) and synthetic polymers (polyanhydride, polylactide, polygly-
colide, polyhydroxybutyrate-co-hydroxyvalerate, polyhydroxyalkanoate). 
Various forms and combinations of these materials have been investigated 
worldwide, characterizing their elution properties and performance in 
treating osteomyelitis in animal models [8].

In the biomedical field, the synthesis of hydroxyapatite (HAP)/polymer 
composite materials is of great interest for the development of biomaterials 
suitable to repair the skeletal system. There are several reasons to consider 
HAP powder as an appropriate reinforcement for organic polymers, 
HAP-filled composites using organic polymers have been largely used 
as bone cements, dental implants or bone replacement materials. One of 
the main advantages of HAP/polymer composites with respect to HAP 
biomaterials is the possibility to modulate biodegradability, bioactivity, 
and mechanical properties through changes in compositions. Furthermore, 
the presence of the polymer could improve the interfacial bonding of the 
composite with bone tissue [9].

Several authors report in literature the synthesis, characterization and 
evaluation of acrylic composites as drug delivery systems [10,11]. In the 
meantime, other authors add hydroxyapatite to these composites to improve 
their mechanical properties and bone affinity, and subsequently achieve a 
better control over the swelling and the drug delivery processes [12–14].
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To select the best mathematical model is a child’s play due to the multitude 
of criteria that exist [15,16]. But when models come from a same law, as in 
the case of the Fick’s law of diffusion, all parameters prove to be very similar 
and the selection of the best model turns into a problem [17,18]. 

The information criteria are modern statistical parameters that consider 
any optimized statistical response (maximize or minimize), the number 
of parameters of the equation and the quantity of datapoints. Usually, the 
residual sum of squares is used as minimization and while the decrease of the 
value is higher the accepted opinion is that the adjustment of the examined 
model is better [15,16,19,20].

The aim of this study was − (i) prepare composites of poly(acrylamide-
co-hydroxyethyl methacrylate) with HAP, (ii) study the influence of the 
composition in the hydrolytic and mechanical properties, and (iii) evaluate 
the capacity of the composites as drug controlled delivery systems of sodium 
cephazolin using a novel information criterion to make decisions.

2. EXPERIMENTAL SECTION

2.1. Materials

All chemicals were of analytical grade, used as received and they were 
purchased from Sigma-Aldrich Co. (Madrid, Spain) unless another supplier 
is declared. 2-Hydroxyethyl methacrylate (HEMA), acrylamide (AAm), 
K2S2O8(PPS), N,N-methylen-bis-acrylamide (MBA), and sodium alginate 
(SAG, Nutra Sweet Kelco, San Diego, California, USA) were used for the 
composite preparation. Phosphate buffer saline (PBS) was used as medium 
to study drug release.

Sodium cephazolin (CFZ) was purchased from the Cuban Pharmaceutical 
industry (QUIMEFA, Havana, Cuba). The HAP was the inorganic phase in 
all the mixtures and was prepared by a wet neutralization reaction using CaO 
and H3PO4. The details of the HAP synthesis are described elsewhere [21].

2.2. Copolymerization reaction

Nine different formulations of acrylic composites were prepared according 
to a fractional experimental design (Table 1) 24−1 = 23 = 8 experiments adding 
a center with the variables: monomeric mixture ratio HEMA/AAm (shown 
as HEMA percent, reaching 100% adding AAm), MBA content (3–5%), 
dispersant concentration (SAG, 5–10%) and HAP content (36.5–43.5%).
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Table 1. Experimental planning. 10% of cephazolin was used in all cases 
when decided

 

a Percents calculated using the monomeric ratio (HEMA/AAm) as 100%.

The concentration of initiator (PPS) was 2% and HAP was chosen as alias 
variable according to the relation HAP = HEMA×MBA×SAG. Poly (HEMA-
co-AAm) was prepared by free radical polymerization of the corresponding 
monomers mixtures in aqueous solution helped by the cross-linking agent 
(MBA), as it can be seen in Fig. 1 

.

Fig. 1 - Composites preparation. (a) Schematic representation of the synthesis process. (b) 
Polymerization reaction of acryl monomers.

Glass ampoules were fi lled with the pre-composite fl uid paste, and the 
polymerization was carried out at 60 °C for 2 h (Fig. 1). Then, the composite 
was extracted from the glass ampoule and cut into small discs of 1mm 
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thickness approximately, washed several times with distilled water, and 
dried under vacuum at 40 °C. The discs were polished using sandpaper # 
400 to obtain a homogeneous thickness slightly below 1 mm, washed and 
dried again under same conditions [3].

2.3. Swelling behavior

The swelling behavior of the composites was determined by a weight method. 
The experiments were conducted at 37 °C, for which xerogel disc with (0.96 
± 0.04) mm average thickness. The samples were placed in 10 mL of distilled 
water and five experiments were carried out by measuring the weight gain 
(Sartorius BL 60S, Sartorius AG, Goettingen, Germany; Eq. (1)) as a function 
of immersion time for each composition.

(1)

where W is the samples’ swelling, Mt is the swelling sample mass at t time 
and M0 is the dry sample mass at the time of initiating the study.

Measurements were done when the equilibrium hydration was reached, 
considered as when three consecutive determinations gave the same weight, 
or the swelling profile reached an asymptotic value.

2.4. Mechanical testing

The diametral tensile strength (DTS) was carried out using a load cell of 
1 kN (InstronMicrotest 4505, Norwood, MA, USA). The average cross-
section of the samples was 6mm width x 12mm height. A minimum of five 
samples were tested for each composition. A crosshead speed of 20 mm/
min (3.3×10−4 m/s) was used until complete fracture. The samples for these 
tests were previously immersed in distilled water for 2 h at 37°C and dried 
over secant paper.

2.5. Drug delivery procedure

The composite with CFZ was prepared using the method proposed in Sect. 
3.2, adding 10 wt% of antibiotics to the pre-composite paste. The in vitro 
release of CFZ from composites was carried out at 37°C by immersion in 
10 mL of phosphate buffer saline (PBS) for 5 h at pH=7.4. PBS was collected 
and replaced with equal volume of fresh PBS at scheduled time intervals 
of 5 min during the first 30 min, 10 min up to the first hour, 30 min up 
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to 3 h, and 1 h to the end at 6 h. The released cephazolin was measured
at 272 nm using a UV–Visible spectrophotometer (Cintra GBC 10/20/40,
Sydney, Australia). These experiments were carried out in quintuplicate.
The calibration curve was made using cephazolin solutions with different
known concentrations.

2.6. Mathematical modelling of the drug release kinetics and mechanisms

Analysis of the sodium cephazolin release kinetics from several poly (HEMA/
AAm) composites was performed by stepwise refinement of Fick’s second
law of diffusion under initial and boundary conditions equivalent to those
of the assays carried out in this work [22].

Five diffusion models were considered to fit the experimental data. First,
the Higuchi model (Eq. 2) that related the release mass vs thesquare root of
time [23]. In addition, it was calculated the diffusion coefficients, D (Eq. 3,
from slope of linear fit, kH, of Eq. 2 and compared to the sodium cephazolin
diffusion coefficient in water solution at 37°C from similar copolymers of
3×10−7 cm2/s [24].

(2)

(3)

where Mt/M0 is the fractional drug release, t is the release time and kH is a 
kinetic constant.

The second model (KP) tested was reported by Korsmeyer and Peppas 
through Eq. 4 [25].

(4)

where kD is a kinetic constant and n is the diffusional exponent that can be 
related to the drug transport mechanism. For a thin hydrogel film of n = 0.5, 
the drug release mechanism is considered as Fickian diffusion. While n = 
1, Case II transport occurs, leading to zero-order release. And for a value 
between 0.5 and 1, anomalous transport is stablished [26].
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The third model is described also by the Ritger and Peppas equation, Eq. 5,
but with exponent n fixed to 0.5 [22]. The first term of this equation represents
the contribution of Fickian diffusion and the second term refers to the
macromolecular relaxation contribution on the overall release mechanism;
kD and kR means kinetic constant of each process (diffusion and relaxation):

(5)

The fourth model was described by Lindner and Lippold (Eq. 6), and the b 
term represents the burst effect associated to drug delivery from the matrix 
surfaces [27]:

(6)

The fifth model is based on the Peppas–Sahlin equation (Eq. 7), which 
accounts for the coupled effects of Fickian diffusion and Case II transport 
[28] but with the possibility to fit the value of n:

(7)

In addition, after a certain period of time, a pseudo second order equation 
previously reported [3,29], Eq. 8, was used in order to predict the maximum 
swelling or release from these matrixes:

(8)

Using the estimated parameters kD and kR, obtained from fitting the 
experimental data to Eq. 7, the ratio of Fickian (F) and relaxation (R) 
contributions were calculated with Eq. 9 [28,30] and plotted vs Mt/M∞ as:

(9)
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2.7. Statistical analysis

Data are reported in graphics as mean ± standard deviation (SD) from 
triplicate measurements for each composite and parameters are reported 
in tables as value ± standard error (se) unless stated otherwise. From Eq. 
2 to Eq. 6, the mathematical evaluation is valid only for the first 60% of 
the drug release [23,31,32]. Experimental data were analyzed by linear and 
nonlinear least-squares regression, using OriginPro 2018 (OriginLab Corp, 
Northampton, MA, EEUU).

As statistical criterion to distinguish the models that best described the 
data, the residual sum of the squares (RSS) was calculated. The model with 
the minimal RSS value was considered the better fit model. However, since 
a larger number of model parameters could lead to a higher probability 
of obtaining a smaller RSS value, it was necessary to use a discriminatory 
criterion that was independent of the number of parameters that each 
model had [19,20]. For this reason, a new Bayesian information criterion 
(BICN) was applied. The BICN was defined as:

(10)

where N is the number of experimental data points and p is the number 
of parameters. The model that showed the smallest value for the BICN, 
Eq. 10, was considered as the model that statistically best describes the 
drug release profile [33]. Additionally, the fit of the predicted curve to 
the experimental data and the validity of the calculated parameters was 
examined.

3. RESULTS AND DISCUSSION

The samples preparation by radical copolymerization of HEMA and AAm in 
presence of HAP and sodium alginate and the effect of composition on the 
properties of composite was evaluated. In addition, the incorporation of MBA 
will give chemically cross-linked composites with improved mechanical 
properties due to the additions of HAP [34].

3.1. Swelling studies

The swelling behavior of a polymeric system has a great importance when 
it is applied in the biomedical field as its hydration degree influences on 
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the surface properties and internal chains movement, on its mechanical 
properties and on the type of solute transport mechanism through the 
hydrogel. The equilibrium hydration degrees are slightly different from 
the maximum swelling, Weq ≠ Wmax, and was attained at similar times for all 
studied formulations.

Fig. 2 - Swelling isotherm profiles (37°C) of the composites

Fig. 2 shows the swelling profile of samples. It was observed that those 
identified with odd numbers have more swelling that those with even 
numbers. It could be explained by the more hydration sites in case of 
acrylamide than hydroxyethyl methacrylate, two (-NH2) by one (OHˉ) 
as it can be seen in Fig. 1 (right). Besides, it can be observed that swelling 
maximum value for all samples was reached in a range between 100 
and 150 min. After that, the swelling value descends among 2 and 13% 
in all samples up to reach the equilibrium. The presence of HAP in a 
very short range of variation could be led to a water absorption of its 
agglomerates inside the copolymer in comparison with other similar 
materials [3]. This is one of the causes of the difference between 
the equilibrium hydration degree and maximum swelling in all the 
samples.
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To know the water transport mechanism, the initial swelling data were fi tt ed 
using Eq. 4 in its linear form:

(11)

where Wt is the mass of water uptake at time t, W∞ is the equilibrium water 
uptake, kW is a characteristic constant of the macromolecular network or 
particle system, and n is the diff usional exponent which is indicative of 
the transport mechanism. This power law has fi rst been introduced in the 
pharmaceutical fi eld by Peppas in 1985 and has become known as the “Peppas’ 
equation”. It is valid for the fi rst 60% of the normalized drug release [35].

The values of n have a fl uctuation between 0.53 and 0.71 (Table 2), indicating 
double management of water uptake, but with more infl uence of diff usion 
process than chain relaxations. It was a very good fi tt ing of the swelling 
versus time data to the pseudo second-order kinetic equation proposed in 
the literature was observed because all the values of R2 are higher than 99.8%, 
which explains accurately the variability in swelling from this model (Table 
2). A good agreement among the values from the swelling isotherm and the 
values predicted by Eq. 7 modifi ed was observed. This equation allows to 
predict the equilibrium swelling degree at ending stages with a minimum 
data [29].

Table 2 - Kinetics parameters of swelling process (α=0.05).

From experimental data, ‡from Eq (3.7) substituting the mass ratios by 
swelling ratios; *statistical diff erence at same row (α = 0.05).

Finally, Eq. 12 shows a strong dependence on the three main eff ects with a 
R2=96.94%. It can be observed that the infl uence of the variables is related 
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with the interfering effect of the monomeric composition and cross-linking 
content and synergic effect for the SAG content in that order.

W = 120 – 37 HEMA – 10 MBA + 8 SAG (12)

It should be remarked that the dispersant had an opposite effect than the other 
two variables. It can be explained by the “apparent internal contest” between the 
increase of viscosity and solubility of the sodium alginate. In the experimental 
range, the dispersant hydrophilicity prevails over its capability of change of the 
ion’s concentration of the reaction medium (see Table 2 and Fig. 2).

3.2. Mechanical properties

As expected, the addition of load improves the mechanical capacity of 
the materials. Fig. 3 illustrates the diametral tensile strength values in 
the composites hydrated for 2 h at 37°C. The average strength showed 
an approximate value of 800 kPa, twenty times higher than other similar 
materials. In this case, it can be observed that when the concentration of the 
less hydrophilic monomer (HEMA) is increased, the compressive strength 
of the material increases too. On the contrary, when the amount of alginate 
sodium increases, the DTS decreases [3].

Fig. 3 - Bars graph of DTS for all samples (n > 5).
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For both cases (concentrations of SAG and HEMA), the explanation is very 
similar. An increase in the alginate amount, a soluble natural polymer generates 
more carbohydrate units’ link sites for hydrogen bonding, giving the matrix the 
possibility to maximize its swelling that makes it a little more porous, creating 
a relaxation between the chains that does not benefit the mechanical strength.

The interpretation of the phenomenon with HEMA goes through similar 
channels, but in this case the samples with the highest amount of HEMA 
swell less than the similar ones with a small quantity. Moreover, the 
mechanical properties are better in both cases due to the decrease of the 
number of binding sites for hydrogen bonding.

3.3. Statistical evaluation of mathematical models

Drug release from the different examined formulations occurred during the 
slight erosion of the surface matrix in contact with PBS at pH=7.4. At the 
end of the release process the matrix remains intact, with only a small mass 
loss attributable to the drug released and the creation of small surface pores 
through which PBS penetrates to dissolve the drug and remove it from the 
matrix. The release profiles of each matrix are shown in Fig. 4. As expected, 
they have a similar shape to the swelling profiles, skipping the relationship 
between the two properties. However, there are changes in the behavior 
of samples that can be attributed mainly to the change in medium, that is, 
distilled water for swelling process and PBS for drug delivery.

Fig. 4 - Release profiles of matrixes (n=5).
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The salt concentration of the buff er helps to control the equilibrium in the 
swelling (hydroxyapatite is part of the composite), diff usion, and therefore 
the release in certain compositions. All the process can be considering as 
an osmosis, simulating the main parts of the process such as cell (matrix), 
cell inside (interior of the matrix with drug) and cell outside (PBS release 
medium). These changes in position of some release profi les with respect to 
swelling profi les announce, perhaps, an irregular behavior in the matrices. An 
extremely important factor to remark is that the solubility and concentration 
of drug in the carrier matrix do not exist in the composites prepared for the 
swelling process.

Depending on the composition of a device (type of polymer, drug loading, 
additives) and geometry (size and shape), numerous mass transport 
phenomena and chemical reaction phenomena aff ect the resulting drug 
release kinetics [36]. 

The release experimental data was fi t to Eq. 11 in order to elucidate variations 
in the kinetic parameters with respect to the swelling study without drug 
(Tables 2 and 3) caused by the use of drug in formulations and the change 
in release medium, water by PBS medium. It determines which of the 
phenomena could be aff ecting the drug delivery process.

Table 3 - Kinetics parameters of drug delivery process and diff usion coeffi  cient 
for cephazolin delivery process in PBS at 37 °C. (D⨯107 cm2/s, α=0.05).

It can be clearly seen that the value of diff usional exponent increased while 
the values of the swelling constant decreased by more than one order. In 
the case of diff usional exponent, it can be att ributed to the inclusion of the 
drug and the appreciable ionic concentration on medium with respect to 
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water. This is the cause of the anomalous diffusion process, a competitive 
process between the two classical diffusion types, the Fickian and type II due 
to the interactions of ions of the PBS solution and the drug molecules that 
are dissolved and removed from the matrix. At the same time, the kinetic 
constant reflects this effect when the equilibrium is reached at 100 min in 
swelling and 175 min in release. Most of the phenomena described before 
can affect these matrixes and they explain the changes between swelling 
process and drug delivery, mainly to the matrix composition and the way to 
prepare it [36]. The release experimental data was fitted to Eq. 4.2 to obtain 
the cephazolin diffusion coefficient (Eq. 3) in PBS and compare it with those 
reported in literature.

The diffusion coefficients of the drug are lower than those ones reported for 
cefazolin in all samples except the C8 (Table 3). This coefficient decrease 
could primarily be due to inclusion of hydroxyapatite within the hydrogel, 
which establishes no soluble cores that can become agglomerates and cause 
a slowdown in the process of molecular diffusion by interactions between 
the drug and calcium phosphate nuclei. In addition, the release PBS medium 
could cooperate synergistically to this process by establishing ionic balance 
once the matrix is fully swelling. These two reasons might explain the 
increased values of the adjusted coefficient of determination in Table 3 with 
respect to Table 2.

To discuss the possible mechanism of drug delivery from matrixes to solution, 
the obtained data was fitted to Eqs. 4-7 (Peppas’ models). The fitting was 
globally good as shown in Table 4, according to the values of the adjusted 
coefficients of determination (R2fit).

The values of n obtained from Eq. 4 (Fig. S1) were in the first part of anomalous 
diffusion range (0.50–0.77), according to previous results of swelling. This 
fact confirms that the diffusion, at least, is one of the main processes that lead 
the drug delivery. This was confirmed by BICN values of samples C0 and C3 
which are separated in almost 20 units, which means three orders higher in 
differentiating magnitude (Table 4) instead of R2fit values whose differences 
reach four centesimal places between them. It is obviously affected by the 
number of experimental data used and the residual sum of squares, since, 
in this case, the number of parameters is the same. The values of the kinetic 
constants of the release process are proportionally lower than those in the 
swelling process as with other parameters, due to the change of environment 
and molecular interaction between the drug and interior nuclei of calcium 
phosphate and polymeric crosslinking nodes. A similar explanation applies if 
the results of Eq. 5 (Fig. S2) are analyzed. The values of kD are one order or four 
times higher than kR , indicating the supremacy of the diffusion mechanism 
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associated to t½ over the relaxation process of the polymer chains, associated 
to t [3,22,28]. In fact, some of the values of kR , although small, are negative, 
therefore indicating an interfering effect on the model. For this model, it can be 
seen that the best values in descending order of the determination coefficient 
and sum of the square residuals are for C0, C7 and C8 samples. However, the 
best values of BICN in the same order are samples C6, C4 andC2. It is necessary 
to consider that between C0, C7 and C8 there are only 0.22 units of percent 
in R2fit, while BICN is separated by 3 units (Table 4), as explained before. The 
Peppas’ equations, derived from Higuchi theory, require their application in 
the ascending line at the beginning of the delivery process (usually Mt/M∞ ⩽ 0.6), 

 

because they are based on real diffusion only dependent on the penetration
of fluids through the inter-polymeric channels that are created during the
swelling process. In this model, the statistical criteria, as in the first case, do not
match because the equation to calculate BICN is multiplied by the data number
of points. Due to its low ability to release (Table 4), C6 formulation reaches a
maximum under the ratio required for the implementation of Ritger and Peppas
model [22,37]. In case of Eq. 6 (Fig. S3), b is the y-axis intercept, characterizing
the burst effect [27,38]. It can be observed in Table 4 that all the b values are
negative and with non-statistical significance. This leads us to think that in our
composites the inclusion of the burst effect in the equation may occur from
the physical point of view; it would be able to help the phenomenology of the
problem, but mathematically it is not relevant. In fact, when eliminating it, we
were left with Peppas’s classical equation (Eq. 4) and if a comparison of R2fit is
made in all cases, Eq. 4 will better fit than Eq. 6, but if the BICN , is considered
then Eq. 6 adjusts better than Eq. 4. In general, it is important to consider that
the information criteria are strongly “weighed” by the number of data and
parameters [19,20]. It is clearly seen in the values reported in Table 4, that Eq.
7 (Fig. S4) is the model that best fits all the experimental data, not only for the
highest values of the determination coefficient but also because of the smaller
RSS and BICN . The n values closer to unity confirm the enormous influence of
the medium change, being the drug release dependent linear on time, but the
diffusion mechanism continues as dominant with values in the range of 0.58
and 0.97. It is important that all k1 values are positive and two or three orders
larger than the k2 values, which are all negative, which confirms the greater
influence of the diffusion process over release process from the matrixes. The
results of this model show exactly the same coefficients of determination for
the C7 and C8 samples, which also have fairly similar RSS values. However,
and despite that they only differ in the number of experimental data in one
unit, the BICN manages to separate them by almost seven units. This is similar
to previous results where the best settings for the coefficient of determination
and the residual sum of squares match, but not the best by BICN . C3, C5 and
C0 samples in that order were the best fits for R2fit and RSS while C3, C4 and
C6 samples were the best for BICN .
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Summarizing, in the use of these models it is important to assess competition 
of drug dissolution and removal to the release movement of the solvent 
against relaxation of the polymer chains during the swelling process, greatly 
compromised by the material crosslinking and the addition of hydroxyapatite 
as filler. Hence, drug solubility is a variable of remarkable importance in 
the analysis of the drug release process [22,26,28,35,37]. All the experimental 
values were fitted to Eq. 7 [29], to predict what would be the maximum 
release percent that each matrix would reach. Table 4 shows those values 
and the percentage achieved for each sample. Clear differences can be seen 
between the masses released at endpoint. Experimentally proved, they are 
always being lower than those predicted by Eq. 7. This can be attributed to 
the fact that the release process was stopped aftr 6 h. Another reason could 
be the equilibrium reached. Note that the slopes observed in the upper part 
of the profile (Fig. S1) lead to the conclusion that this process is not complete.

In fact, there can be a variation between 5 and 13% calculated between 
the percentages in both methods, showing that remains drug able to be 
transferred to the physiological medium. However, Eq. 8 (Fig. S5) is very 
useful to predict the maximum percent of matrixes released, considering 
that the identified slopes are small.

Finally, samples delivered between 55 and 85% after 6 h of study while the 
prediction to be released was between 63 and 98% at the end. Cephazolin 
minimum inhibitory concentration (MIC) for Gram(+) sensitive is 0.1–1.0 mg/
mL. It should reach a maximum plasma concentration of 185 μg/mL between 60 
and 120 min after administration [39]. According to these results, in that middle 
range of time (90 min) the concentrations of cephazolin from all the matrixes 
were at least four times higher than the value reported (see last row in Table 4).

Fig. 5 - Fickian release fraction, F vs t (a) and R/F ratio vs the fraction of the drug released from 
composites (b)
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Equation 9 must be used because it is difficult to give an exact answer 
concerning the importance of the Fickian or Case-II mechanism just from 
determination of n, k1 and k2 . Fig. 5 indicates the Fickian release fraction 
vs time, and the ratio between the relaxation contribution (R) and the 
diffusional contribution (F) during drug release process. Both graphs 
give an approximation of the behavior of the release process and the most 
influential mechanisms in it.

Since the values of kR are at least three orders minor than kD , a curve with 
an exponential decrease is shown in Fig. 5a, being the value of diffusional 
exponent dependent on the matrix composition the main factor of 
differentiation. The profiles are similar to that obtained by Peppas and 
Sahlin in their pioneering article on these issues [28]. If we look at Fig. 5b, 
it can be seen exactly up to 50–60% of the release process, the relationship 
ratio R/F remains close to unity, which reinforces the criteria of an 
anomalous diffusion with a tendency to a relaxation of polymer chains 
control at the end of the process [28,30].

4. CONCLUSIONS

Hydroxyapatite-poly(HEMA/AAm) composites were designed and 
synthesized to be used as novel controlled drug release devices. The 
results obtained during experimental and mathematical analysis 
showed that the incorporation of hydroxyapatite decreases the swelling 
capacity of these materials, while the mechanical properties significantly 
increase compared to the similar composition in hydrogels. In turn, the 
polymer composition proves to be the most important factor in almost 
all analyzed properties, except for the synergy of crosslinking and the 
nucleation sites provided by the calcium phosphate. Both, the swelling 
and release processes, are mainly controlled by anomalous diffusion but 
with clear trends to diffusional transport, especially in the case of release, 
where apparently, drug addition and change of medium (PBS by water) 
make the diffusion more dependent on the cross-linked polymer chains. 
The quantity of drug released to the medium was 3 times higher than 
necessary range for cephazolin in biological serum. Additionally, a novel 
statistical criterion allowed to select the best formulations or mechanisms 
according to the statistical analyzes performed. It can be conclusively 
said that these matrices could be used as materials for manufacturing 
medical devices to help a micro-localized, uniform and extended delivery 
of drug in bone tissue.
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Supplementary fi gures

Fig. S1 - Fitt ing of appropriate experimental data (Mt/M∞ ⩽ 0.6) to Eq. 4 (Korsmeyer & Peppas). 
C0 (n=10), C1 (n=17), C2 (n=17), C3 (n=12), C4 (n=17), C5 (n=10), C6 (n=17), C7 (n=8), C8 (n=17), 
R2 = 99.63 %. The data of each sample are displaced by the abscissa to avoid overlapping of 
points and fi tt ing curves.
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Fig. S2 - Fitt ing of appropriate experimental data (Mt/M∞ ⩽ 0.6) to Eq. 5 (Ritger & Peppas). C0 
(n=10), C1 (n=17), C2 (n=17), C3 (n=12), C4 (n=17), C5 (n=10), C6 (n=17), C7 (n=8), C8 (n=17),
R2 = 99.50 %. The data of each sample are displaced by the abscissa to avoid overlapping of
points and fi tt ing curves.

Fig. S3 - Fitt ing of appropriate experimental data (Mt/M∞ ⩽ 0.6) to Eq. 6 (Lindner & Lippold). 
C0 (n=10), C1 (n=17), C2 (n=17), C3 (n=12), C4 (n=17), C5 (n=10), C6 (n=17), C7 (n=8), C8 (n=17), 
R2 = 99.63 %. The data of each sample are displaced by the abscissa to avoid overlapping 
points and fi tt ing curves
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Fig. S4 - Fitt ing of appropriate experimental data (Mt/M∞ ⩽ 0.6) to Eq. 7 (Peppas & Sahlin). C0 
(n=10), C1 (n=17), C2 (n=17), C3 (n=12), C4 (n=17), C5 (n=10), C6 (n=17), C7 (n=8), C8 (n=17), 
R2 = 99.85 %. The data of each sample are displaced by the abscissa to avoid overlapping of 
points and fi tt ing curves

Fig. S5 - Fitt ing of experimental data to Eq. 8 (pseudo 2nd order). N = 16 for all the samples, 
R2 = 99.63 %. The data of each sample are displaced by the abscissa to avoid overlapping of 
points and fi tt ing curves.
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