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Abstract: Functionalized PVA microspheres are commonly used as drug carriers in the fields of pharmacy and 
medicine. With this aim, we obtained and test novel PVA-PVAc-AMPS sulfonated microspheres by free radical 
suspension polymerization of vinyl acetate (VAc) and 2-acrylamido-2-methyl-1-propanesulfonic sodium salt acid 
(AMPS), followed by saponification. The microspheres exhibited a porous core-shell structure with excellent 
sphericity, a mean size of 171 µm, and elasticity modulus comparable with commercial particles currently used in 
medical applications. Methylene blue (MB) which has shown similar adherence properties as the cytostatic drug 
doxorubicin was used as a model drug to study the drug loading/release characteristics of the sulfonated 
microspheres prepared in this work. 20.7 mg g-1 MB per gram of microspheres was the maximum adsorption 
capacity in two hours using UV-Vis absorption spectroscopy. The experimental data on adsorption were well 
described by the pseudo-second order kinetic model. The in vitro release profile of loaded MB microspheres 
showed rapid desorption in the first hour followed by slower MB release, reaching 8.6% elution at four hours. The 
diffusion process was found to be dominant in the MB desorption from the PVA-PVAc-AMPS microspheres. 
Keywords: Poly(vinyl alcohol) (PVA); Core-shell polymers; Biopolymers; Copolymerization; Drug delivery 
systems; Methylene blue. 

 
 
1. Introduction 
 

Ion exchange microspheres (IEM) are commonly used in fields related to pharmacy and medicine, particularly 
in the controlled administration of medications, diagnosis and administration of anticancer drugs [1–5]. These 
particles consist of a polymer solid phase containing integrated ionic moieties with high affinity for oppositely 
charged ions. When IEM are mixed with a fluid, the ions in the fluid can be exchanged with the counterions of the 
polymer solid phase and physically removed from it [6]. This process is controlled by factors such as pH, 
temperature, ionic strength of the release medium and drug properties such as molar mass and charge density. 
Furthermore, the release rates can be controlled by the polymer structure such as the degree of crosslinking, and 
also by the size of the particles [1,6-8]. 

Within this type of microspheres, IEM containing PVA have gained considerable importance in the medical 
field, and their use is directly related to the qualities of this polymer: non-toxic, biocompatible, good elasticity and 
swelling capacity, high compressibility and effective chemical resistance to acids and bases [1,3]. On the other 
hand, PVA contains in its structure abundant reactive and chemically modifiable -OH groups. This has allowed 
the functionalization of the microspheres, in some cases with positively or negatively charged groups, which gives 
them the ability to sequester drugs with opposite charge by ionic interaction [5,6,8]. However, PVA cannot be 
obtained by direct polymerization of the vinyl alcohol monomer due to the tautomerism of the vinyl alcohol 
molecules, and is generally obtained by saponification of a poly(vinyl ester), such as poly(vinyl pivalate) and 
poly( vinyl acetate), PVAc, the latter being the most common precursor of PVA. This method has been reported 
by several authors in the preparation of core-shell PVAc-PVA microspheres with suitable characteristics for their 
application in transarterial embolization procedures (TAE) [9-13]. In this topic, embolic microspheres of PVA 
modified with sulfonate groups or sodium acrylate have been developed, and are known as DC Beads and 
Hepasphere, respectively [1,14,15]. These functional groups give the microspheres a negative charge and the 
ability to capture and release positively charged drugs such as Doxorubicin and Irinotecan through ionic interaction. 
This procedure is known as chemoembolization and today it is considered a first-line therapy for the treatment of 

27

https://doi.org/10.32732/jma.2021.10.1.27
Journal of Materials and Applications 2021;10(1):27-42



 

 
 

hepatocellular carcinoma [1,14-18]. Currently DC Beads are the most widely used microspheres. Its synthesis 
method consists of the preparation of a macromer based on PVA and N-acryloyl-aminoacetaldehyde (NAAADA) 
which is subsequently copolymerized with 2-acrylamido-2 methylpropanesulfonate sodium salt (AMPS), the 
monomer that confers the sulfonate groups, and hence the negative charge to the microspheres [8,19,20]. 

In this work we present novel "PVAc-PVA-AMPS" sulphonated PVA microspheres with a view to its 
application in controlled drug release. A simple synthesis method based on free radical copolymerization of VAc 
and AMPS, followed by saponification was used. MB was chosen as a model drug, not only because it has a 
positive charge under physiological conditions as various chemotherapeutic agents, but also because of its use in 
phototherapy and its recently reported efficacy in the treatment of Alzheimer's disease and other neurodegenerative 
diseases [21-23]. 
 
2. Experimental section 
 
2.1 Materials 

For the microspheres preparation 2-Acrylamido-2-methylpropane sulfonic acid sodium salt solution 50% 
(AMPS solution), benzoyl peroxide (BPO, 97%), poly(vinyl alcohol) (PVA, Mw 578 kg/mol, 85% hydrolyzed); 
vinyl acetate (VAc, 99%, 3-20 ppm of hydroquinone as inhibitor) from Sigma Aldrich were used. Also Methanol 
(MeOH) from Dorwill, sodium hydroxide (NaOH, 99%) and hydrochloric acid (HCl, 36.5-38%) from Cicarelli 
Laboratories. Simulated body fluid (SBF) was prepared for in vitro MB release assays using the Kokubo protocol 
[24]. The reagents were the following: sodium chloride (NaCl, 99.9%), sodium sulfate (Na2SO4, 99.5%) and 
calcium chloride (CaCl2, 99.9%) were supplied by Mallinckodt. Sodium hydrogen carbonate (NaHCO3, 99.9%) 
and potassium chloride (KCl, 99.9%) by Sigma-Aldrich, dipotassium hydrogen phosphate trihydrate 
(K2HPO4.3H2O, 99.5%) was supplied by Berna reagents, and Tris-hydroxymethyl aminomethane (TRIS 99.8-
100.1%) by Merck. Methylene blue used for adsorption/release studies was obtained from Biopack. 

The reagents were used without prior purification, and de-ionized water was applied for the polymerization and 
treatment processes.  

 
2.2 Methods 

The synthesis of microspheres was carried out taking as reference the methodologies used in the preparation of 
PVAc-PVA-AMPS films and PVAc-PVA microspheres, with some modifications [25-28,12,13]. The synthesis 
process is detailed in Figure 1.  

 
Figure 1. Stages of PVA-PVAc-AMPS microsphere synthesis and probable reactions. 

 
In a first stage, the free radical suspension copolymerization of VAc and AMPS was carried out to obtain PVAc-

AMPS microspheres. It is known that direct copolymerization of AMPS and VAc results in copolymers of 
inhomogeneous composition due to the low solubility of the monomers during copolymerization [26,27]. To 
overcome this problem, a mixture of AMPS and MeOH solvent was prepared and added in batches to the VAc 
containing initiator BPO during the polymerization process. In a second stage, the PVAc-AMPS microspheres 
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were subjected to alkaline hydrolysis to replace the acetate groups with hydroxyl groups, thus forming an outer 
layer of PVA.  

 
2.2.1 Free-radical suspension copolymerization 

The copolymerization reactions of VAc and AMPS were carried out in a 500 mL glass reactor at 70 °C under a 
nitrogen flux generating an inert atmosphere with slight overpressure. The reactor was provided with a reflux 
condenser connected to a cold bath. 

Initially the reactor was fed with 50 mL of water and 0.04 g PVA was added as suspending agent. The mixture 
was heated at 90 °C for one hour to achieve dissolution of the PVA then the temperature was reduced to 70 °C. 

A mixture of 8 mL AMPS and 12 mL MeOH was prepared and added to a solution containing 0.5 g of BPO 
and 24 mL of VAc. The resulting solution was adjusted to neutral pH with 0.1N HCl and 0.1M NaOH, and added 
to the flask containing the PVA solution at 70 °C. The system was maintained at isothermal conditions with 
constant agitation of 300 rpm for 60 minutes.  20 mL of AMPS-MeOH solution was added, maintaining the 
polymerization reaction for another 60 minutes under the same experimental conditions. The polymerized sample 
was called PVAc-AMPS microspheres. Then the temperature of the reaction medium was reduced to 30 °C for the 
saponification step. 

 
2.2.2 Saponification 

The saponification process was carried out in the polymerization reactor containing the PVAc-AMPS 
microspheres. When the temperature decreased to 30 °C, 50 mL of 2M NaOH solution were added and the reaction 
was maintained for two hours at constant temperature, at 300 rpm. Agitation was stopped, the supernatant solution 
was removed and the resulting PVA-PVAc-AMPS microspheres were washed with distilled water several times, 
filtered under vacuum and allowed to dry at room temperature. Figure 1 shows a schematic of the process of 
synthesis of the PVA-PVAc-AMPS microspheres 
 
2.3 Physical characterization 

The chemical structure of the synthesized microspheres was studied by Proton Nuclear Magnetic Resonance 
(1H NMR) and Fourier Transform Infrared Spectroscopy (FTIR). 1H NMR spectrum was obtained on an Advance 
III HD 600 NMR spectrometer at 600 MHz, using DMSO-d6 as the solvent. The FTIR spectra were obtained in 
the wave number range from 3500 to 450 cm−1 during 30 scans, with 4 cm−1 resolution (Paragon 1000, Perkin-
Elmer, USA). 

To determine the AMPS content, elemental microanalysis of N was carried out by combustion at 900 °C, using 
a Thermo Scientific Flash EA 1112 Nitrogen and Carbon analyzer. These analyses were done at the Regional 
Bariloche Center, National University of Comahue. 

The morphological study of the microspheres was performed by scanning electron microscopy (SEM) using a 
SEM-FIB Zeiss crossbeam 340 equipment. Samples were covered with a thin layer of gold 15 nm thick with a 
Blazers Sputter Coater SCD 050 before analysis.       

To determine the size distribution, the diameter of 500 microspheres were measured with a Leica DM 2500 
microscope using the sizing tool provided in the analysis software package (Soft Imaging Systems GmbH, Berlin, 
Germany). 

The BET surface area analysis was performed by the Isotope Separation Division of the Bariloche Atomic 
Center, using a Micromeritics ASAP 2020. The lyophilization method was used as a pre-treatment of the samples 
to remove the remaining water and solvents, thus avoiding heating during degassing. Using the ImageJ software, 
and the SEM images, the pore size distribution and the average pore size was obtained. 

Elastic modulus of PVA-PVAc-AMPS microspheres was estimed using stress-strain measurements on single 
microspheres with a cylindrical probe attached to an Instron Materials Testing Systems Model 5567, equipped 
with a 1KN force load cell. The samples were immersed in MB solution (100 mg L-1) for 24 hours. Individual 
microspheres were removed from the immersion medium and their diameter was measured with a Leica optical 
microscope. Each microsphere was placed on a flat surface below the probe. The probe was then extended at a 
speed of 0.1 mm min-1 and the Force (F)-displacement (H) data was recorded. This test was performed on 5 
individual microspheres. 

To estimate the Young's modulus Hertz's theory was applied, using the equation: 
 

𝐹𝐹 =  4
3

 √𝑅𝑅  𝐸𝐸
(1−𝑣𝑣2)

 �𝐻𝐻
2
�
3
2                                                                 (1) 

 
where R is the radius of a bead, E is the Young’s modulus, H is the displacement and 𝑣𝑣 is the Poisson ratio, for 
which a value of 0.5 was considered, based on data reported by other authors for PVA hydrogels [29]. The 
compression force (F) was plotted against the displacement (𝐻𝐻/2)3/2. The Young’s modulus was determined from 
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the slope of the initial linear behavior part of the curve, using a least square regression of the plot of F versus  
(𝐻𝐻/2)3/2. 

The degree of crystallinity of the microspheres was determined with an XRD Panalytical Empyrean 
diffractometer, using CuKα radiation (λ = 1.54 Å), and 40 kV/30 mA beam voltage/current. Analyses were 
performed varying the angle 2θ, from 10 to 90°, with a step width of 0.013°. 

Glass transition temperature (Tg) was determined by Differential Scanning Calorimetry (DSC) using a TA 
Instruments Q2000 DSC. About 5 mg of microspheres were placed, and sealed in aluminum capsules. The samples 
obtained were cooled to -20 °C, stabilized for 5 minutes at this temperature and then scanned from -20 to 140 °C 
at 10 °C min-1. 
 
2.4 Adsorption of MB onto sulfonated microspheres 

To study MB adsorption, the batch equilibrium technique was used. Thus, 0.02 g of PVA-PVAc-AMPS 
microspheres was put into a conical flask and 10 mL of a MB aqueous solution were added. MB concentrations of 
5, 25, 50 and100 mg L-1 were used. The pH of the initial solution was adjusted to 4.0, 6.0, 8.0 and 10.0 with 
solutions additions of 0.1 N HCl and 0.1 M NaOH using a pH meter (Mettler Toledo).  

The samples were shaken at 350 rpm for different time intervals (120, 240 and 360 minutes) at room temperature. 
After adsorption, the adsorbent and the supernatants were separated by filtration. The residual concentration of 
MB in the supernatant was analyzed using a UV-Vis spectrophotometer by monitoring the absorbance changes at 
664 nm. The amount of dye adsorbed per gram of adsorbent (𝑸𝑸𝒆𝒆), and loading efficiency were calculated using 
equations (2) and (3), respectively: 

 
𝑸𝑸𝒆𝒆 = 𝑽𝑽

𝒎𝒎
 (𝑪𝑪𝟎𝟎 − 𝑪𝑪𝒆𝒆 )                                                                          (2) 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (%) = 𝐶𝐶0−𝐶𝐶𝑒𝑒 
𝐶𝐶0

 × 100                                            (3) 
 

where 𝑪𝑪𝟎𝟎 and 𝑪𝑪𝒆𝒆 (mg L-1) are the initial and equilibrium concentrations of dye solution, respectively; V is the 
volume of dye solution and m is the weight of PVA-AMPS microspheres. All samples were prepared and measured 
in triplicate. 

 
2.5 In vitro release of MB into SBF solution 

The elution profiles of MB from the PVA-PVAc-AMPS microspheres were evaluated in SBF solution at 37 °C. 
1000 mL of SBF were prepared according to the Kokubo protocol [24] and in each experiment 10 mL of SBF 
solution were contacted with 0.020 g of MB loaded microspheres. The samples were maintained at 37 °C, and MB 
release was measured at different time intervals between 0.33 and 4 hours by UV-Vis spectroscopy at 664 nm. A 
standard MB solution at a concentration of 100 ppm was prepared with the extraction medium (SBF) as solvent 
and was used for quantification purposes.  
     The amount of MB desorbed as a function of time, was expressed in terms of percentage rate eluted by the 
equation (4): 
 

 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (%) = MB concentration in SBF solution
 MB concentration in the microspheres

 × 100                          (4) 
 

In vitro drug release tests were performed in triplicate.  
 

3. Results and discussion 
 

3.1 Synthesis and Characterization of sulfonated PVA-AMPS microspheres 
Figure 2 shows the 1H NMR spectrum of the PVA-PVAc-AMPS microspheres and the proposed chemical 

structure for them based on the synthesis method. The peaks at 4.7, 1.75, 1.4 and 1.92 ppm were those of the 
methine (c), methylene (a, a’) and methyl (d) groups of PVA-PVAc chain, respectivamente [11,30], and the peaks 
at 2.1 and 1.40 ppm could be assigned to the methine (e) and methyl (g) groups of AMPS [31,32]. 

During the saponification process, the acetate groups are replaced by hydroxyl groups, the methine (b*) signal 
should appear as a wide peak between 3.44-3.88 ppm, and the methylene peak (a) between 1.2-1.5 ppm. 

In our 1H NMR spectrum a weak signal between 1.2-1.5 ppm can be observed, but the broad peak expected 
between 3.44-3.88 ppm corresponding to the methine bound to the hydroxyl groups was not detected, which 
suggests a low degree of hydrolysis of the samples after saponification stage. This result is also reflected in the 
infrared spectra.  

Figure 3 shows the FTIR spectra of the microspheres obtained before and after the saponification step: PVAc-
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AMPS (Figure 3A) and PVA-PVAc-AMPS (Figure 3B), respectively. For reference, the infrared spectra of the 
microspheres without AMPS, before and after saponification: PVAc (Figure 3C) and PVA-PVAc (Figure 3D), 
respectively, were acquired. 

 
Figure 2. 1H NMR spectrum of PVA-PVAc-AMPS microspheres. 

 
Figure 3. FTIR spectra of A) PVAc-AMPS. B) PVA-PVAc-AMPS. C) PVAc and D) PVA-PVAc microspheres. 
 
In agreement with the literature about PVA-PVAc microspheres, in Figures 3C and 3D can be observed bands 

vibration characteristics of PVAc can be observed at  2927 cm-1 (stretching C-H), 1740 cm-1 (stretching C=O), 
1434 cm-1 ( CH2 asymetric deformation), 1376 cm-1  (CH3 asymetric deformation ), 1250 cm-1 (C-H in plane 
bending), 1122 and 1095 cm-1 (stretching C-O modes), 1045 cm-1 (CH2 wagging), 1022 cm-1 (CH2 twisting), 946 
cm-1 (CH3 wagging), 793 cm-1 (CH3 rocking), 658 and 632 cm-1, in plane and out of plane C=O bending, 
respectively [33-36]. The band at 3550-3200 cm-1 (stretching O-H), 2900-2700 cm-1 (stretching C-H), and 1650-
1630 cm-1 (flexion OH) can be attributed to PVA [33]. However the strong absorption bands at 1740, 1250 and 
1022 cm-1 of the ester, suggest that the microspheres are composed mainly of a large core of PVAc surrounded by 
a very thin outer PVA layer. These bands are also observed in the spectra of the samples containing AMPS (Figures 
3A and 3B), but also a new band between 1500 and 1570 cm-1 centered at 1556 cm-1 was detected, indicating the 
formation of new bonds. These new bonds can be attributed to N-H bending (Amide II) at 1556 cm-1, and C=O 
stretching (Amide I) at 1650 cm-1 [37-39]. The broad band between 3150 and 3720 cm-1 is assigned to the overlap 
of N-H and O-H stretching vibrations of AMPS and PVA, respectively [40]. The typical bands of the sulfonate 
groups in the 1000-1250 cm-1 region, corresponding to the symmetric and asymmetric S-O stretching and C-S 
stretching around 621 cm-1 could not be observed due to the superposition of the PVA-PVAc bands [38-41]. 
However, S was detected by Energy Dispersive Spectroscopy chemical analysis (Figure 4). 

This result confirms that S is present in the microspheres composition, being AMPS the only S source [37-39]. 
Other indicator of the AMPS monomer content in the microspheres was determined by N elemental microanalysis. 
It resulted in 0.15 ± 0.02 w/w % total nitrogen.    From the latter, we estimate the amount of AMPS in the 
microspheres, since AMPS was the only reagent that contained nitrogen. Using a value of 229.23 atomic mass 
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units for the AMPS molar mass, we obtain a value of 2.44 ± 0.02 w/w % AMPS content. This value is within the 
range reported by Moritani et al. and Vicari in the preparation of VAc and AMPS films [27,28], suggesting that 
the parameters of each stage of the synthesis process were adequate. 
 

 
Figure 4.  EDS analysis of PVA-PVAc-AMPS microspheres. 

 
The surface morphology of the PVA-PVAc-AMPS microspheres was investigated by SEM. The samples 

revealed a spherical morphology with an average diameter of 171 µm (Figures 5A and 5B, respectively). In 
addition, a highly porous surface can be distinguished in the detail of Figure 5A. Previously we have observed 
porosity in PVA-PVAc microspheres obtained by the free radical polymerization method, followed by 
saponification [42]. 

 
 

 
Figure 5. A) SEM images of PVA-PVAc-AMPS microspheres. B) Size distribution of PVA-PVAc-AMPS 
microspheres. C)  Pore size distribution. 

 
This result is related to the addition of organic solvents in the reaction medium during the polymerization stage. 

The removal of these solvents at the end of the reaction generates porosity in the final material [13,42,43]. An 
attempt was made to measure the BET surface area of the microspheres by performing a lyophilization 
pretreatment. This additional step was performed to avoid heating the samples during degassing, and possible 
damage to the polymeric microspheres. The result obtained was 0.2484 ± 0.0042 m2 g-1. Despite being superior to 
those reported by Peixto et al. using standard BET equipment [13,43],  they are lower than expected according to 
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SEM micrographs. Therefore, it was also not possible for us to obtain a conclusive result of the surface area of the 
PVA-PVAc-AMPS microspheres using this technique.  

To estimate the average pore size, 800 pores were measured from SEM images, using the ImageJ program. A 
pore size distribution in the range of 0.03 and 4.82 microns was obtained with an average diameter of 0.93 microns 
(Figure 5C). Both the spherical morphology and the porosity in particles obtained are very important characteristics 
in medical applications [1-5,9-13]. Particularly, in embolization and chemoembolization procedures, the spherical 
morphology is an extremely important characteristic since it prevents the agglomeration of the particles responsible 
for the occlusion of the catheter with consequent interruption of the procedure [12,13]. For its part, porosity has a 
crucial role in the application of the material. As a point in favor, a high porosity provides a large specific area that 
can increase the adsorption capacity of the drug of interest, and modifies its release kinetics. But as a disadvantage 
it can affect its mechanical properties leading to failures during the chemoembolization procedure. To assess 
whether the porosity observed on the surface of the microspheres affects their mechanical behavior, the modulus 
of elasticity of the microspheres loaded with MB was measured. Figure 6 shows the typical Force versus 
displacement curve for one PVA-PVAc-AMPS microsphere loaded with MB. A highly linear relationship can be 
observed up to approximately 30% deformation (dash).   

 
Figure 6. Typical Force versus (H/2)3/2 curve for one PVA-PVAc-AMPS microsphere loaded with MB (line), and 
theoretical line (dash). 

 
The correlation coefficient R2 for this microsphere was > 0.92, and the other samples also presented high 

coefficients. These data therefore demonstrate the validity of Hertz's theory up to a deformation of 30% for PVA-
PVAc-AMPS microspheres. The estimated average elastic modulus was 23.4 ± 0.6 MPa, wich is in the range of 
the values estimated by Ashrafi et al. for microspheres (70–150 μm size range) loaded with drugs used in 
chemoembolization (Table 1) [44].  
 
Table 1. Young's modulus of microspheres loaded with Doxorubicin (Dox), Irinotecan (Iri) and the MB loaded 
PVA-PVAc-AMPS microspheres from this work. 

Bead Type Modulus [MPa] 
Dox-Loaded DC Bead™ 0.87 ± 0.23 

Iri-Loaded DC Bead 0.49 ± 0.21 
MB-Loaded PVA-PVAc-AMPS 24.30 ± 0.60 
Dox-Loaded DC Bead LUMI™ 53.1 ± 7.1 
Iri-Loaded DC Bead LUMI™ 53.8 ± 9.2 

 
This preliminary result suggests that the porosity observed on the surface of the microspheres does not impair 

their elasticity, an important requirement for their use as chemoembolization agents. However, since the MB 
molecule has a simpler molecular structure than chemotherapeutic agents, each individual case must be 
investigated. 

X-ray Diffraction (XRD) analyses were performed to identify the crystalline characteristics of the PVAc-AMPS 
and PVA-PVAc-AMPS spherical particles. Figure 7 shows the diffractograms obtained from samples before and 
after saponification (Figures 7A and 7B) and also from the commercial PVA (Figure 7C). 

It can be seen that the PVAc-AMPS microspheres synthesized through free-radical suspension polymerization 
presented two very broad Bragg diffraction peaks in the region 2θ = 10–30° (Figure 7B), which can be related to 
the amorphous structure of the polymer matrix. In contrast, PVA commercial samples presented a completely 
different XRD diffractogram, which can be associated with a semi-crystalline polymer structure, emphasized by 
accentuated Bragg diffraction peaks at 2θ = 19.38° and 22.58° (Figure 7C), values in agreement to PVA Bragg 
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diffraction data reported in the literature [9,10]. PVA-PVAc-AMPS samples presented in general XRD 
diffractograms that were very similar to the ones observed for the PVAc-AMPS particles, confirming that the 
fraction of hydrolyzed acetate groups was low, and that the PVA is in the form of a thin outer layer [9,43]. This 
result was also corroborated by thermal analysis.  

 
Figure 7. X-ray Diffraction of A) PVAc-AMPS microspheres, B) PVA-PVAc-AMPS microspheres and C) 
Commercial PVA. 

 
Figure 8. DSC curves of A) PVAc-AMPS microspheres. B) PVA-PVAc-AMPS microspheres. C) PVA-PVAc 
microspheres without AMPS. 
 

Figure 8 shows the DSC curves of A) PVAc-AMPS microspheres, B) PVA-PVAc-AMPS microspheres and C) 
PVA-PVAc microspheres without AMPS. A 5.6 ºC increase in the Tg value is observed between B) and C), due 
to the incorporation of AMPS in the polymer chain during the copolymerization stage. In addition, Tg´s values of 
microspheres before and after the saponification are: 38.1 °C and 41.4 °C, respectively (Figures 8A and 8B), 
indicating that the PVA shell constitutes a thin layer on the surface of the particles, as previously suggested, since 
pure PVA has a Tg value in the range about 75-85 °C [12]. 

To estimate the degree of saponification of the PVA-PVAc-AMPS microspheres, the Fox equation was used:  
 

1
𝑇𝑇𝑔𝑔

= ∑ 𝛼𝛼𝑖𝑖
𝑇𝑇𝑔𝑔,𝑖𝑖

                                                                                     (5) 

 
where 𝑇𝑇𝑔𝑔 is the glass transition temperature of the PVA-PVAc-AMPS microspheres, and 𝑇𝑇𝑔𝑔,𝑖𝑖   the theoretical glass 
transition temperature of each of the components of the copolymer [9], 𝛼𝛼𝑖𝑖 is the mass fraction of component i in 
the copolymer particles. 

The results obtained indicated that the PVA shell is 8.5 wt% of the PVA-PVAc-AMPS microspheres. Similar 
results have been reported by other authors, where the PVA shell constitutes a very thin layer at the surface of the 
particles [9,13]. Oliveira et al. have reported that a thin layer of PVA appears to be sufficient to guarantee the 
biocompatibility of the particles, and that for embolization and chemoembolization procedures, a considerable 
amount of PVAc in the nucleus of the microspheres ensures that the particle deforms within of the blood vessel 
and adjust to its shape to promote more efficient physical occlusion of the blood vessel [9,12]. However, if it is of 
interest to increase the PVA content of the final polymeric particle, some parameters of the saponification process 
should be modified, such as longer reaction times and higher alkali concentrations [9,10,45,46]. 

 
3.2 Adsorption of MB onto sulfonated PVA microspheres 
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3.2.1 Effect of pH on MB adsorption 
pH is an important parameter that controls the adsorption processes. In this work the adsorption capacity of MB 

on sulfonated microspheres was studied as a function of pH at ambient temperature, with 100 mg L-1 as initial dye 
concentration. Figure 9A shows the amount of MB adsorbed by the PVA-PVAc-AMPS microspheres at different 
pH values, after six hours stirring.   

 

 
Figure 9. MB adsorption on sulfonated PVA microspheres. A) Effect of pH. B) Effect of concentration. C) Effect 
of contact time. 

 
It can be seen that the adsorption capacity increases when the pH values of the solution increase from 4 to 6, 

reaching a maximum value of 20.7 mg g-1 at pH = 6. At pH > 6 values, the adsorption capacity decreases with the 
pH increase. This behavior is associated mainly with the −𝑁𝑁(𝐶𝐶𝐶𝐶3 )2 groups present in MB and −SO3

−  in PVA-
PVAc-AMPS, which are strongly influenced by the pH of the solution.  

At the 4 ≤ pH ≤ 10 range studied, MB (pKa = 3.8) is dissolved as an ionic dye:  
 

𝑀𝑀𝑀𝑀 − 𝐶𝐶𝐶𝐶 →  𝑀𝑀𝑀𝑀+ + 𝐶𝐶𝐶𝐶− 
 

On the other hand, when the pH value increases from 4 to 6 the microspheres contain negatively charged 
−SO3

− groups, and the adsorption process occurs because of the electrostatic attractions between these counter ions: 
 

R − SO3 
− + 𝑀𝑀𝑀𝑀+ → 𝑅𝑅 − 𝑆𝑆𝑂𝑂3𝑀𝑀𝑀𝑀 

 
In addition, other mechanism for MB adsorption is possible. A chemical reaction between –OH group of PVA 

surface, and the reactive group Cl− may occur, resulting in MB+ adsorption on the surface and eliminating HCl in 
solution [47,48]. 

Under acidic pH conditions (pH < 6), the excess of H+ competes with the MB+ cations for the active sites of 
adsorption. The most of sulfonic groups −SO3

− are protonated, forming  −𝑆𝑆𝑂𝑂3𝐻𝐻 [46], in addition the -OH groups 
of PVA are also protoned, as consequence, the latter groups exhibit a coulombic repulsion with MB+ groups: 

 
                                                          −OH + 𝐻𝐻+ →  𝑂𝑂𝑂𝑂2+ + 𝑀𝑀𝑀𝑀+     … (coulombic repulsion) [48] 

 
Both reasons tend to decrease the adsorption capacity at low pH. On the other hand, at pH > 6, a drop in 

adsorption capacity was observed. The motive of the adsorption loss at the highly basic solutions is “charge 
screening effect” of excess Na+ (from NaOH solution) in the adsorption media, which shields the anionic functional 
groups and prevents effective negative-positive interactions of adsorbent and adsorbate [49]. 
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3.2.2 Effect of initial MB concentration on dye adsorption capacity 
Different concentrations of MB (5, 25, 50 and 100 mg L-1), at pH 6, were used to study the effect of the initial 

dye concentration on the adsorption capacity of PVA-PVAc-AMPS microspheres. As seen in Figure 9B, the dye 
adsorption capacity of microspheres increases with increasing concentration of MB reaching a Qe of 20.7 mg g-1 
after six hours. The increase in adsorption capacity with the increase in initial dye concentration has also been 
observed by other authors in polymer hydrogels, and can be attributed to the greater availability of dye molecules 
in the vicinity of the polymer [49], and to the high driving force for mass transfer [48,50]. 

 
3.2.3 Effect of contact time on dye adsorption capacity 

Figure 9C shows the effect of the contact time on MB adsorption (100 mg L-1, pH= 6). It is observed that the 
dye adsorption capacity in the PVA-PVAc-AMPS microspheres increases rapidly within the first 15 minutes.  In 
the subsequent process, the adsorption gradually reaches equilibrium with an adsorption capacity of 20.7 mg g-1 
at six hours of contact with the MB solution. The rapid uptake of MB at first minutes may indicate that most of 
the active sites of the samples are exposed for interaction with the dye [51,52].   

 
3.2.4 Adsorption kinetics 

The adsorption kinetics describes how fast the adsorption occurs and also gives information on the factors 
affecting the rate of reaction. To investigate the mechanism and rate-controlling step, three kinetic models, such 
as the pseudo-first-order, the pseudo-second-order and the intra-particle diffusion, were used to evaluate the 
experimental data. 

The pseudo-first-order kinetics model assumes that the adsorption is originated from a physical process [47-
52]. It is given as: 

                                                            𝐿𝐿𝐿𝐿𝐿𝐿(𝑄𝑄𝑒𝑒 − 𝑄𝑄𝑡𝑡) = 𝐿𝐿𝐿𝐿𝐿𝐿𝑄𝑄𝑒𝑒 −
𝐾𝐾1 
2.303

 𝑡𝑡                                                         (6) 
 
Where 𝑄𝑄𝑡𝑡  and 𝑄𝑄𝑒𝑒  [mg g−1] indicate the amount of the dye adsorbed at time 𝑡𝑡 and at equilibrium, respectively; 

𝐾𝐾1  is the pseudo-first-order rate constant [min−1] for the adsorption process. The values of 𝑄𝑄𝑒𝑒  and 𝐾𝐾1  can be 
obtained from the intercept and slope values of the linear plot of 𝐿𝐿𝐿𝐿𝐿𝐿(𝑄𝑄𝑒𝑒 − 𝑄𝑄𝑡𝑡) against 𝑡𝑡. 

The pseudo-second-order kinetics model can predict the behavior over the whole adsorption process and is in 
agreement with the chemisorption mechanism being the rate-controlling step [47-52]. It can be represented with 
the following equation: 

 
𝑡𝑡
𝑄𝑄𝑡𝑡

= 1
𝐾𝐾2𝑄𝑄𝑒𝑒2

+ 1
𝑄𝑄𝑒𝑒

 𝑡𝑡                                                                                (7) 
 
Where 𝐾𝐾2 [g mg−1 min−1] is the rate constant of the pseudo-second-order model. The values of 𝐾𝐾2  and 𝑄𝑄𝑒𝑒  can 

be obtained from the plot of 𝑡𝑡
𝑄𝑄𝑄𝑄

  against 𝑡𝑡. 
The regression plots of Lagergren-first-order kinetic model and pseudo-second-order kinetic model are shown 

in Figures 10A and 10B, respectively. The corresponding kinetic parameters for the two kinetic models are listed 
in Table 2. The results obtained show that the pseudo second order model agrees better with the experimental data 
than the pseudo first order model. 

As seen in Table 2, the calculated values of the adsorption capacity (20.8 mg g-1) using the pseudo-second order 
model are closer to the experimental values (20.7 mg g-1), while the values calculated from the pseudo first order 
model differ widely from the experimental data. In addition, the values of correlation coefficients R2 of the pseudo 
second order model in PVA-PVAc-AMPS microspheres are much closer to unit than those of the pseudo first 
order model (0.99997 and 0.89109, respectively). These results suggest that the adsorption process to follow a 
pseudo-second order kinetic model, and that a chemical reaction might be responsible for adsorption of MB onto 
PVA-PVAc-AMPS microspheres. Other authors have also reported that the adsorption kinetics of many dye 
species in various materials conforms to the pseudo-second order kinetic model [48]. 

To describe intra-particle diffusion in porous materials, Weber's model is one of the most used methods 
[47,49,51]. It can be expressed as:   

 
𝑄𝑄𝑡𝑡  =  𝐾𝐾𝑝𝑝 t0.5 + 𝐶𝐶                                                                        (8) 

 
Where 𝑄𝑄𝑡𝑡 [mg g−1] indicates the amount of the adsorbed dye at time 𝑡𝑡; 𝐾𝐾𝑝𝑝 [mmol g−1 h−0.5] is the intra-particle 

diffusion rate constant and C is the intercept which gives information about the thickness of the boundary layer 
[47]. When the intra-particle diffusion model is the only rate-controlling step, the plot of 𝑄𝑄𝑡𝑡   against t0.5  gives a 
line that passes through the origin, if not, the boundary layer diffusion affects the adsorption to some extent, but 
also other kinetic models may control the rate of adsorption, all of which may be operating simultaneously [47]. 
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Figure 10. A) Pseudo-first-order. B) Pseudo-second-order and C) Intra-particle diffusion kinetics models plots for 
MB adsorption onto sulfonated PVA microspheres. 

 
Table 2. Kinetic parameters for the MB adsorption onto PVA-PVAc-AMPS microspheres. 

Model Parameter Value 
Pseudo first order model 𝑄𝑄𝑒𝑒  experimental [mg.g-1] 20.7 

𝐾𝐾1  [min-1] 0.018723 
𝑄𝑄𝑒𝑒  calculated [mg.g-1] 5.94 

R2 0.89109 
Pseudo second order model 𝑄𝑄𝑒𝑒  experimental [mg.g-1] 20.7 

𝐾𝐾2 [min-1] 0.01067 
𝑄𝑄𝑒𝑒  calculated [mg.g-1] 20.8 

R2 0.99997 
Intra-particle diffusion model 𝐾𝐾𝑝𝑝1 [mmol.g−1h−0.5] 0.7981 

𝐶𝐶1 [mg.g-1] 12.07 
R1

2 0.95639 
𝐾𝐾𝑝𝑝2 [mmol.g−1h−0.5] 0.00296 

𝐶𝐶2 [mg.g-1] 20.59 
R2

2 -0.23236 
 

Figure 10C shows intra-particle diffusion kinetics for adsorption of MB on PVA-PVAc-AMPS microspheres. 
It can be observed that the adsorption plots of 𝑄𝑄𝑡𝑡versus 𝑡𝑡0.5are not linear over the whole time range, and that it 
does not pass through the origin. This means that the intra-particle diffusion model is not the step that controls the 
rate of adsorption, and that other adsorption mechanisms are also involved in the process [47,53]. As seen in Figure 
10C, two zones with different slopes can be distinguished in the adsorption curve. The first portion can be assigned 
to the film diffusion, that is, the diffusion of MB molecules from solution towards the external surface of the 
polymer, where the adsorption rate is very high. The second portion corresponds to intra-particle diffusion of dye 
molecules through pores of the microspheres, where intra-particle diffusion is rate-controlling [47,51,53,54].  

The parameters 𝐾𝐾𝑝𝑝 and R2 of all three linear segments of 𝑄𝑄𝑡𝑡versus 𝑡𝑡0.5 are shown in Table 2. In accordance with 
results reported by other authors for the adsorption of MB, it can be seen that the 𝐾𝐾𝑝𝑝 values increase as 𝐾𝐾𝑝𝑝1>𝐾𝐾𝑝𝑝2; 
indicating that the diffusion of the film is a rapid process, while the intraparticle diffusion is a gradual process 
[47,53].  
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3.3 In vitro release of MB loaded in PVA-PVAc-AMPS microspheres 
The study of MB desorption was performed in SBF solution at 37 °C to simulate in vivo release, by competitive 

ion-exchange displacement.  
Figure 11 shows a release profile of MB from PVA-PVAc-AMPS microspheres. An initial burst release within 

the first hour can be observed, in which the unbound MB is rapidly released from the beads, followed by a slower, 
more controlled release of bound MB as it is displaced by ions in the elution medium, reaching 8.6% release after 
four hours. 

 
Figure 11. Release profiles of MB into SBF from PVA-PVAc-AMPS microspheres at 37 °C. 

 
To study the mechanism of desorption the Ritger-Peppas equation was used: 
 

𝑀𝑀𝑡𝑡
𝑀𝑀∞

= 𝐾𝐾𝑡𝑡𝑛𝑛                                                                              (9) 
 

Where 𝑀𝑀𝑡𝑡 is the fraction of the adsorbed dye that was released at time t and 𝑀𝑀∞ is the fraction of the adsorbed 
dye that was released at equilibrium. 𝐾𝐾  is the release velocity constant that incorporates the geometrical 
characteristic of the system and 𝑛𝑛  is a feature desorption parameter indicating the type of dye desorption 
mechanism [55,56]. This equation is applicable for the first 60% of fractional release, and according to this model, 
in the case of spherical samples, n approaches to 0.43 for Fickian diffusion release mechanism (dye diffusion is 
dominant), 0.43 < 𝑛𝑛 < 0.85 for non-Fickian release (anomalous), this means that drug release followed both 
diffusion and matrices erosion controlled mechanisms. If n is more than 1 desorption mechanism follow case II 
transport (Table 3) [55]. 
 
Table 3. Ritger-Peppas diffusional exponent value ranges and associated diffusional release mechanisms of 
controlled release systems taken from literature. 

Diffusional expontent, 𝒏𝒏 Drug release mechanism 
Thin film Cylindrical sample Spherical sample  

0.5 0.45 0.43 Fickian diffusion 
0.5 < 𝑛𝑛 < 1.0 0.45 < 𝑛𝑛 < 0.89 0.43 < 𝑛𝑛 < 0.85 Anomalous (non-Fickian) transport 

1.0 0.89 0.85 Case-II transport 
 

Data obtained from in vitro MB release studies were plotted as logarithm of the fraction of dye released versus 
logarithm of time: 

 
𝐿𝐿𝐿𝐿𝐿𝐿 �𝑀𝑀𝑡𝑡

𝑀𝑀∞
� = 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑛𝑛 𝐿𝐿𝐿𝐿𝐿𝐿(𝑡𝑡)                                                           (10) 

 
Parameters 𝑛𝑛 and 𝐾𝐾 were calculated from the slope and the intercept of equation (10), (not shown here). The 

values obtained were 0.26 and 0.255 min-1, respectively. This result suggests that the dye release from the PVA-
PVAc-AMPS microspheres under simulated physiological conditions is controlled by a diffusion process (Table 
3).  
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4. Conclusions  
 

Novel PVA-PVAc-AMPS microspheres have been synthesized using free radical copolymerization of VAc and 
AMPS in stages, followed by saponification. The porous sulfonated microspheres were obtained with good 
sphericity and an average diameter of 171 microns and good elasticity modulus. The PVA layer is estimated to 
conform about an 8.5% of the microspheres volume, with a polyvinyl acetate inner core. The adsorption/release 
capacity of positively charged molecules was demonstrated using MB as a model drug.    Maximum adsorption 
capacity was found at pH = 6, 100 mg L-1 MB concentration, 2 hours adsorption time at room temperature. The 
adsorption kinetic studies revealed that the data were well described by the pseudo-second-order kinetic model, 
indicating that the MB adsorption mechanism is controlled by a chemisorption process. The release data fitted to 
the Ritger-Peppas equation, indicating a MB release mechanism controlled by Fickian diffusion under simulated 
physiological conditions. 
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