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 The present work investigated the interaction of human insulin with synthesized poorly 
crystalline apatitic calcium phosphates containing simultaneously 𝐻𝑃𝑂  and 𝐶𝑂  ions in 
various amount. The adsorption kinetics is very fast, while the release kinetics is generally slow. 
The chemical composition of apatite has an influence on both the adsorption and release 
processes. The experimental results show that the percentage of insulin adsorption and release 
decreased with the increase of the content of carbonate. The equilibrium adsorption data are fitted 
into Langmuir, Freundlich, Elovich, Temkin, and Dubinin–Radushkevich isotherms. The 
Langmuir model is best suited with a maximum monolayer adsorption capacity of 33.20 and 
25.08 mg/g at 310 K corresponding to the carbonated and octocalcium phosphate apatite 
respectively. Isotherms parameters have revealed that the adsorption of insulin on these apatites 
is a feasible, spontaneous, and exothermic process. Fourier-transforms infrared confirm the 
fixation of insulin on non-carbonated and carbonated apatite. The adsorption and release of 
insulin molecules can be well described as an ions exchange-reaction between species in the 
hydrated layer of apatite and other species in solution. All of these results suggested that apatitic 
calcium phosphates can be used as systems for insulin delivery. 
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1. Introduction  

 

       
      Calcium phosphate -based biomaterials, especially poorly crystalline apatites are the inorganic compounds constituents 
of hard tissues in vertebrates.1 Calcium phosphates present chemical and biological similarity with bones, teeth and other 
types of calcified tissues.2 Due to biodegradability, bioactivity and osteoconductivity properties, biomaterials based on 
calcium phosphate are used in medicine for different applications, e.g., roofs of teeth and artificial bone, as well as a material 
for drug delivery systems.3-6  In addition, calcium phosphates can be used for controlled release systems due to their high 
affinity to various active agents.7  

      Human insulin is used to treat diabetic diseases by using various methods such as direct injection and system pumping.8-

10 So far, the search for other simple and non-invasive methods is desirable and necessary. Much research focuses on the 
adsorption and release of organic molecules of different sizes such as amino acids and proteins by the apatitic calcium 
phosphates11-14. For this reason, the interaction of insulin with supports such as calcium phosphate will be the objective of 
this research subject in order to understand the adsorption and release processes for the development of surfaces intended 
for the administration of this therapeutic protein. 
 
      Poorly crystalline apatites are covered with a hydrated layer containing ions, such as 𝐶𝑎 , 𝐻𝑃𝑂  and 𝐶𝑂 , their 
composition may vary in the domain in which the Ca/P atomic ratio is between 1.33 and 1.67. These apatites are analogous 
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to bone mineral and are deficient in calcium ion in which the carbonate ions 𝐶𝑂  substitutes the hydrogenophosphate ions 𝐻𝑃𝑂 according to the general chemical formula15 :       
 
                      Ca(8+0.57b)[PO4](3.5+1.64b)[HPO4]2.5(1−b)[CO3]0.86bOH0.5(1−b) with 0 ≤ b ≤ 1.   
 
     In the present, work we are interested in using two apatites ; Octocalcium  phosphate apatitic (OCPa) for Ca/P=1.33 of 
composition : Ca8(PO4)3.5(HPO4)2.5OH0.5  and Carbonated calcium phosphate apatite (CCPa) for Ca/P=1.48 of composition : 
Ca8.27(PO4)4.28(HPO4)1.3(CO3)0.41OH0.26. The capacity of retention and release of these biomaterials have been tested for 
human insulin under physiological conditions. The chemical composition of apatitic calcium phosphates is well considered 
as an experimental factor realized in order to establish a relation between adsorption and release processes with the surface 
characteristic of these apatitic compounds. The Langmuir, Freundlich, Elovich, Temkin, and Dubinin–Radushkevich 
models are used to describe equilibrium isotherms.  Isotherm parameters are also calculated to establish the mechanism of 
adsorption. The physical and chemical characterizations of apatites are conducted by different methods such as X-ray 
diffraction (XRD), Energy dispersive X-ray (EDX) and Fourier-transform infrared (FTIR), the potential of the apatites are 
evaluated for adsorption and release of insulin.  
 
     This work contributes to specifying the role of the parameters which involve in the interaction of insulin with various 
apatitic calcium phosphates and helps to explain the mechanism of this interaction under physiological conditions. 
 
2. Materials and methods 
 
2.1 Adsorbents  
 
    Poorly crystalline apatitic calcium phosphates are synthesised by a double decomposition process in water–ethanol at 
310 K.15 The powders obtained are characterized by physicochemical analysis.16 The calcium content is determined by 
complexometry with Ethylene Diamine Tetra Acetic Acid (EDTA), the phosphate ion content by spectrophotometry of 
phospho-vanado-molybdic acid and carbonates ion by volumetric. The relative error on the level of calcium, phosphate and 
carbonate is 0.5%. The determination of the atomic Ca/P ratio of the precipitate had a relative error of 1%. The specific 
surface area is determined by the BET method, the result obtained is 58 m2/g for OCPa and 95 m2/g for CCPa, with an error 
of 5 %.  
 
      Fourier-transform infrared spectroscopy spectra are determined using 89 VERTEX 70/70V FT-IR spectrometers 
(Bruker Optics). The infrared spectra of synthesized OCPa (Fig. 1) and CCPa (Fig. 2) in 4000–400 cm−1 region show the 
main peaks characteristics of apatitic calcium phosphates. The most characteristic chemical groups are given in Table 1.  
 

  
Fig. 1. FTIR spectra of OCPa Fig. 2. FTIR spectra of CCPa 

 
 
Table 1. FTIR absorption bands of synthesized OCPa and CCPa chemical groups. 

OCPa CCPa 
Chemical groups Absorption bands, (cm-1) Chemical groups Absorption bands, (cm-1) OH  3570.8 ; 633.5 OH  3570.8 ; 633.3 HPO  875 HPO  875 PO  1036.1 ; 962.1 ; 602.9 ; 564.8 ; 

474 
PO  1039.1 ; 961.8 ; 603.1 ; 565.2 ; 

472.4 H O 2600 -3600 ; 638.6 H O 2600 - 3600 ; 1638.8 
 CO  1547.4 ; 1455.9; 1401.8 
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       The XRD patterns of synthesized OCPa (Fig. 3) and CCPa (Fig. 4) are conducted using an X-ray diffractometer 
X'PERT. The positions, interreticular distances and intensities of the peaks are summarized in Table 2. The apatites yielded 
broad and overlapping reflections, indicating their low crystallinity. 
 

  

 
 

Fig. 3. XRD pattern of OCPa Fig. 4. XRD pattern of CCPa 
 
Table 2.  Positions, interreticular distances and intensities of the peaks of diffraction of OCPa and CCPa. 

OCPa CCPa 
Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] Pos. [°2Th.] d-spacing [Å] Rel. Int. [%] 

25.9871 3.42881 63.23 26.0120 3.42558 75.09 
31.7713 2.81654 100.00 31.7575 2.81773 100.00 
39.6824 2.27137 13.62 34.1438 2.62606 30.05 
46.8514 1.93917 22.70 39.8386 2.26283 21.46 
49.4823 1.84206 34.60 46.7326 1.94383 28.77 
53.2745 1.71811 21.21 49.6111 1.83758 36.63 
63.8024 1.45885 18.16 53.3345 1.71632 24.43 

 
      The energy dispersive X-ray (EDX) analysis (Fig. 5) confirmed the presence of relevant elements O, P and Ca in OCPa, 
and O, P, Ca and C in CCPa. The intensity of these peaks is proportional to the chemical composition of these two apatites. 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 5. EDX spectra of (a): OCPa, (b) CCPa 
 
 
      The pH of the zero point charge (pHZPC) is a parameter that plays an important role in the interaction between adsorbate 
and adsorbent. It corresponds to the equality between the negative charges and the positive charges appearing on the surface 
of a solid in contact with a polar liquid phase.17 In order to determine the pHZPC of the apatites, 0.2 g apatite powder placed 
in beakers containing 20 mL of 0.01 M NaCl solutions. The initial pH of these solutions is adjusted from 4 to 10 by adding 
sodium hydroxide solution (0.1 M) or hydrochloric acid solution (0.1 M). After 48 h of stirring at ambient temperature, the 
final pH is measured. The pH corresponding to the point of intersection of ΔpH=pH (final) –pH (initial) with the axis pH (final) = 
pH (initial) is the pHPCZ of the apatite. In the present study, the pHpzc of the OCPa and CCPa are found to be 5.74 and 5.94 
respectively (Fig. 6). 
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      Generally, when the pH value of the solution is lower than pHZPC, the surface of the adsorbent is positively charged and 
the opposite for pH value higher than pHZPC, the surface is negatively charged. 
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Fig. 6. pHZPC of OCPa and CCPa 

 
 
2.2 Adsorbates 
 
      The adsorbate used in this paper is biosynthetic human insulin (rDNA origin) from Novo Nordisk A/S (Bagsvaerd, 
Denmark). The insulin has the empirical formula C257H383N65O77S6, a molecular weight of 5807.57±0.299 Da, and a pI (pH 
isoelectric) of 5.4 ±0.05. The samples of adsorbates are prepared from the stock solution of 3500 mg/l using physiological 
saline (NaCl 9g/l) and stored at 4◦C. The infrared spectrum of insulin (Fig. 7) show two characteristic absorption peaks one 
at ~1660 cm−1 for amide I and another at ~1516 cm−1 corresponding to amide II mainly due to carbonyl group C=O stretching 
vibration characteristic of the protein spectrum.18-21 

 

 
Fig. 7. FTIR spectrum of human insulin 

 
2.3 Experimental protocol 
 
     Adsorption is performed in batch experiments by adding 1ml of the insulin solution to a test tube containing 20 mg of 
powder calcium phosphate. After stirring for 1 min at the speed of 1000 rpm, the mixture of adsorbate and adsorbent is 
placed in a thermostatic bath at a physiological temperature of 37°C for different contact times.  The amount of adsorbed 
insulin per unit of apatite mass is calculated using Eq. (1): 
 𝑄 (𝑚𝑔/𝑔) = 𝑉 (𝐶 − 𝐶)𝑚  (1) 

 
where  𝐶  and 𝐶 are respectively the initial and residual concentration of insulin (mg/ml), 𝑉 is the volume of solution (l) 
and 𝑚 is the mass of adsorbent used (g). The percentage of insulin adsorption (%) is calculated according to Eq. (2): 
 %𝑎𝑑𝑠 = (𝐶 − 𝐶)𝐶 × 100 (2) 



A. El Rhilassi and M. Bennani-Ziatni/ Current Chemistry Letters 11 (2022) 345

      The release experiments are performed using the following method; 1 mL of physiological saline (NaCl 9 g/L) is added 
to a test tube containing 20 mg of the apatite previously adsorbed of insulin. The amount of released insulin per unit of 
apatite mass is calculated from the following Eq. (3):  
 𝑄 (𝑚𝑔/𝑔) = 𝐶 × 𝑉𝑚 , (3) 

 
where 𝐶  is the equilibrium concentration of the insulin released in solution (mg/ml), 𝑉 is the volume of the solution (1 
ml), and  𝑚 is the mass of the apatite used (20 mg). The percentage of insulin release is determined using Eq. (4):  %𝑟𝑒𝑙 = 𝑄𝑄 × 100 (4) 

 
      After treatment, the solid and solution are separated by fritted glass N°4. The supernatants obtained are examined by 
measuring the pH and determining the equilibrium concentration using a UV–vis spectrophotometer (Model 3100, Japan) 
at 540 nm. The collected solids are dried in the oven at 80 ◦C for 24 h and solutions are stored at 4 °C. 
 
3. Results and discussion 
 
3.1 Study of Adsorption 
 
3.1.1 Adsorption kinetics  
 
        Experimental results of adsorption of the insulin with initial concentration 3500 mg/l by OCPa and CCPa for contact 
time 15 min to 24 h at 310 K are reported in Fig. 8. Adsorption kinetics is fast; the maximum adsorption is observed in the 
early minutes of contact and the equilibrium is reached after about 0.5 hours of incubation. The fast adsorption may be due 
to the many active sites available at the beginning of the adsorption process. The formation of plateau within a few minutes 
indicates also that the phosphates are very effective adsorbents for the administration of this drug. 
 
       The adsorption process is influenced by the chemical composition of the adsorbent. Indeed, the adsorption rate 
decreases with an increase in the initial Ca/P atomic ratio of apatite; e.g, it passes from 87.11% for OCPa of Ca/P= 1.33 
containing more 𝐻𝑃𝑂  ions and exempt 𝐶𝑂  ions to 73.43% for CCPa of Ca/P= 1.48 containing 𝐶𝑂 and 𝐻𝑃𝑂 ions. 
 
        It is noticed that the pH values of solutions after adsorption kinetics are between 6.04 and 7.2 (Fig. 9). The pH may 
vary as a function of contact time and of the type of adsorbent used. It decreases with increasing of contact time and with 
decreasing of the Ca/P ratio of apatite.  Moreover, these values are above the point of zero charge (pHpzc); which shows that 
the global charge of the surface of the apatites used is negative. Therefore, the adsorption process may be due to the 
interaction between the negatively charged surface of apatites and insulin molecules. 
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Fig. 8. Adsorption rate (%) of insulin onto OCPa of 

Ca/P= 1.33 and CCPa of C/P=1.48 
Fig. 9. pH of supernatant solutions after adsorption of 

insulin onto OCPa and CCPa 
 
3.1.2 Adsorption isotherms 
          
      The relationship between the adsorbate in the liquid phase and the adsorbate adsorbed on the surface of the adsorbent 
at equilibrium at a constant temperature is described by the adsorption isotherm. In the present study, adsorption isotherms 
are studied at physiological temperature 310 K, on insulin solutions with varying concentrations from 350 to 3500 mg/l, 
and a contact time of 5 hours, time is taken to reach equilibrium. In order to determine the amount maximum of insulin 
adsorbed under the experimental conditions used, it is important to study the various adsorption isotherm models and verify 
which model presented the best adjustment of the experimental equilibrium data. The data are fitted into the following 
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isotherms: Langmuir,22 Freundlich,23 Elovich,24 Temkin25 and Dubinin-Raduskevich.26 Hypotheses and values of the 
parameters of each model for the adsorption of insulin onto OCPa and CCPa are given in Table 3. The evolution of the 
amount adsorbed 𝑄 (mg/g) of insulin as a function of its equilibrium concentration 𝐶  (mg/l) is represented in Fig. 10. 
We can notice that this amount increases quickly for low concentrations in solution and then reaches a plateau; this can be 
explained by the formation of a monolayer adsorption type, which is described by the classical Langmuir model. 
         
      Langmuir adsorption parameters are determined by the following Eq. (5): 
 𝐶 𝑄⁄ = 1 𝑏⁄ 𝑄 + 𝐶 𝑄⁄  , (5) 
 
where 𝐶  (mg/l) is the equilibrium concentration of the adsorbate, 𝑄  (mg/g) is the amount of adsorbed insulin per unit 
of adsorbent mass, 𝑄  (mg/g) and 𝑏 (l/g) are Langmuir constants related to sorption capacity and rate of sorption, 
respectively. Fig. 11 represents the experimental data of 𝐶 𝑄⁄  versus 𝐶  at 310 K. The values of 𝑄  and 𝑏 are computed 
from the slope and intercept, respectively, of the isothermal line and they are listed in Table 3. The insulin adsorption 
capacity, 𝑄  (mg of insulin per g of apatite), which is a measure of the maximum adsorption capacity corresponding to 
complete monolayer coverage, has been influenced by the chemical composition of apatite; e.g., its value was decreased 
from 33.20 to 25.07 mg/g, while the Ca/P atomic ratio increased from 1.33 for OCPa to 1.48 for CCPa. We noted that the 
constant of sorption 𝑏(𝑙/𝑔) increases when the Ca/P increases also, it passes from 3.41 for OCPa to 3.63 for CCPa, the 
compound which contains more carbonate ions and fewer hydrogenophosphate ions. The increase of this parameter can be 
explained by the increase of the specific surface which passes from 58 m2/g for OCPa to 85m2/g for CCPa. 
          
      The essential characteristic of the Langmuir isotherm can be expressed by a dimensionless constant called the separation 
factor 𝑅 , defined by Weber and Chakravorti27 according to the following Eq. (6):  
 𝑅 = 11 + 𝑏 𝐶  , (6) 

 
where 𝐶  is initial concentration of insulin and 𝑏 is the Langmuir constant. This factor show the type of isotherm to be either 
linear (𝑅 = 1), irreversible (𝑅 = 0), favourable (0 < 𝑅 < 1 or unfavourable (𝑅 > 1). Fig. 12 represents the evolution 
of the estimated value of 𝑅  depending on the initial concentration of nsulin in the solution. We found that 𝑅  is lying 
between 0 and 1 indicating the favorable conditions for adsorption at physiological temperature. The 𝑅  correlation 
coefficient values (98.78 for OCPa and 99.73 for CCPa) prove that the data fitted well to the Langmuir Isotherm model 
under the concentrations range studied (Table 4).  
          
      A temperature studied, the free energy of adsorption 𝛥𝐺 (𝐽/𝑚𝑜𝑙) can be calculated by the following equation 28 : 
 𝛥𝐺 = −𝑅𝑇 𝐿𝑛 𝑏 , (7) 
 
where 𝑏(l/g) is the adsorption equilibrium constant obtained from Langmuir isotherm, 𝑇 is the absolute temperature in 
Kelvin, and R is the universal gas constant (8.314 𝐽 𝑚𝑜𝑙 𝐾 ). The thermodynamic parameter, 𝛥𝐺 , is shown in Table 
3. The negative values found of 𝛥𝐺  confirm the spontaneous nature of the adsorption process with a high preference for 
insulin to adsorb onto OCPa and CCPa. Moreover, these values are between −20 KJ/mol and 0 KJ/mol indicating that the 
insulin adsorption process should be regarded as physical adsorption.29 
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         The linearized form of the Freundlich model is expressed by the empirical Eq. (8): 
 𝐿𝑛 𝑄 = 𝐿𝑛 𝑎 + 𝑚 𝐿𝑛 𝐶𝑒, (8) 
 
where 𝑎(𝑚𝑔 𝑔 𝑙 ) and 𝑚 are Freundlich constants and represent the adsorption capacity of adsorbent and adsorption 
intensity, respectively. These parameters must be calculated from the slope and intercept, respectively, of a graph of 𝐿𝑛𝑄  
against 𝐿𝑛𝐶𝑒 (Fig. 13). The values of  𝑎 , 𝑚 and   the coefficients of determination, 𝑅 , are shown in Table 3. According 
to the literature30, the value of 𝑚 in the range of 0.1–0.5 indicates good, 0.5–1 moderately difficult, and greater than 1 poor 
adsorption characteristics. From the data in Table 3, the values of 𝑚 are below one and in the range of 0.1–0.5 indicating 
that the adsorption of insulin is favorable and good by OCPa and CCPa. This result is in agreement with that of the 𝑅  
value. 
           
      The linearized form of the Elovich model is defined by Eq. (9): 
 𝐿𝑛 (𝑄 𝐶 )⁄ = 𝐿𝑛 (𝐾  𝑄 ) + 𝑄  /𝑄  ,  (9) 
 
where 𝑄  (mg/g)  is the maximum theoretical amount of adsorbate adsorbed per unit mass of adsorbent and 𝐾 (𝑙/𝑔) is the 
Elovich adsorption constant related to the affinity of the surface sites with the adsorbate. Fig. 14 represents the experimental 
data of 𝐿𝑛 (𝑄 𝐶 )⁄  versus 𝑄  at 310 K. The values of 𝑄  and 𝐾  are calculated from the slope and intercept, 
respectively, of the isothermal line and they are listed in Table 3. We note that the 𝑄  decreased from 16.49 to 14.80 mg/g 
as the Ca/P increased from 1.33 to 1.48. 
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Fig. 13. Freundlich isotherm model                          Fig. 14. Elovich isotherm model 

 
        The linearized form of the Temkin model is given by the following Eq. (10):   
    𝑄 = (𝑅 𝑇 𝑏⁄ ) 𝐿𝑛 𝑎 + (𝑅 𝑇 𝑏⁄ ) 𝐿𝑛 𝐶  (10) 
 
where 𝑅 is the universal gas constant (8.314 J mol-1 K-1), 𝑇 is the temperature at 310 K, 𝑏  is the Temkin isotherm constant 
associated to the heat of adsorption (J mol−1) and 𝑎   is the Temkin isotherm constant (l/g). The parameters of Temkin model  𝑏  and 𝑎  are determined from the slope and intercept, respectively, of the plot of 𝑄  against 𝐿𝑛 𝐶𝑒 (Fig. 15) and are 
listed in Table 3. The values found of  𝑏   corresponding to OCPa and CCPa are 0.337 and 0.444 KJ.mol-1 respectively. 
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The positive value of this parameter means that the adsorption process is exothermic. In addition, the low values of 𝑏  
suggest that the adsorption of insulin on the OCPa and CCPa can be considered as a purely electrostatic process. 
          
      The linearized form of the Dubinin–Radushkevick (D–R) model is given by the following Eq. (11):   
 𝐿𝑛 𝑄 = 𝐿𝑛 𝑄 − 𝐵  ℇ  , (11) 
 
where 𝑄 (𝑚𝑔/𝑔) is the theoretical isotherm saturation capacity related to mean sorption energy, 𝐵 (𝑚𝑜𝑙 /𝐽 ) is the D–
R model constant and ℇ is the Polanyi potential can be calculated as : 
 ℇ = 𝑅 𝑇 𝐿𝑛(1 + 1/𝐶 ) , (12) 
 
where R and T represent the gas constant (8.314 J/mol.K) and absolute temperature (310 K), respectively. This model is 
used to distinguish the chemical and physical adsorption with its mean free energy of adsorption, 𝐸(𝐾𝐽/𝑚𝑜𝑙), which can 
be considered as the energy required to transfer one mole of molecule from infinity in solution to the surface of the solid 
particles. Its value can be evaluated  from the following equation : 
 𝐸 = 1𝐵 . (13) 

 
The values of 𝐵  and 𝑄  calculated by plotting 𝐿𝑛 𝑄 versus  ℇ  (Fig. 16) and 𝐸 are given in Table 3. It can be found 
that the value of 𝑄  decreased from about 24 to 20 mg/g, while the Ca/P atomic ratio increased from 1.33 for OCPa to 
1.48 for CCPa. This is in great agreement with the findings regarding to 𝑄  the values obtained for the Langmuir isotherm 
model. The values obtained of 𝐸 are 15.58 and 16.44 𝐽/𝑚𝑜𝑙, respectively, for OCPa and CCPa. In the literature,31 the 𝐸 
value ranges from 1.0 to  8.0 𝐾𝐽/𝑚𝑜𝑙 for physical adsorption and from 9.0 to 16.0 𝐾𝐽/𝑚𝑜𝑙 for chemical ion-exchange 
adsorption.31 Therefore, these results indicate that the adsorption of insulin onto OCPa and CCPa may be attributed to the 
physical adsorption mechanism, which is in agreement with the above study. 
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Fig. 15. Temkin Isotherm model                  Fig. 16. Dubinin – Radushkevich Isotherm model. 

 
Table 3. Hypotheses and values of the parameters of Langmuir, Freundlich, Elovich, Temkin and Dubinin–Radushkevich 
models for the adsorption of insulin onto OCPa and CCPa. 

Models Hypotheses parameters OCPa CCPa 
Langmuir - monolayer, 

- finite number of adsorption sites, 
- one molecule per site, 

- no mobility of the molecules and no interaction. 

𝑏(l/g) 3.41 3.63 𝑄 (mg/g) 33.20 25.08 𝑅 (%) 98.78 99.73 𝛥𝐺 (𝐾𝐽/𝑚𝑜𝑙) -3.16 -4.01 
Freundlich - heterogeneous surface, 

- no mobility of the molecules on the surface and 
no interaction. 

𝑎(mg1-m g-1 lm) 1.003 1.203 
m 0.471 0.416 𝑅 (%) 86.18 84.98 

Elovich 
 

- variable number of sites adsorption, 
- multilayer adsorption. 

𝑄 (mg/g) 16.49 14.80 𝐾 (l/mg) 8.01 7.94 𝑅 (%) 68.28 77.53 
Temkin - adsorbate -adsorbate interactions, 

- heat of adsorption (𝑏 ) varies linearly with the 
degree of coverage of the adsorbent. 

𝑏 (KJ.mol-1) 0.337 0.444 𝑎 (l/g) 0.029 0.039 𝑅 (%) 93.24 91.88 
Dubinin – 

Radushkevich 
(D-R) 

-heterogeneous and homogeneous surface, 
-the adsorption follows a pore-filling mechanism. 

𝐸(J.mol-1) 15.58 16.44 𝐵 (mol2/J2) 2.06.10-3 1.85.10-3 𝑄 (mg/g) 24.003 20.026 𝑅 (%) 85.93 87.36 
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       Analysis of Table 3 shows that the Langmuir model is the most appropriate for the fit of the equilibrium experimental 
data of adsorption of insulin on the OCPa and CCPa (higher value of coefficient of determination) as compared to Temkin, 
Freundlich, Elovich, and Dubinin-Radushkevich models under the concentration range studied and in the temperature of 
310K. 
 
3.1.3 Solid (FTIR) 
          
       Fourier transform infrared spectrophotometry is used to study the interaction between apatite and insulin. Fig. 17 and 
18 presents the FTIR spectra of synthetic OCPa and CCPa after adsorption in 3500 mg/l of insulin in 5h contact time. In 
addition to the peaks attributed to apatites OCPa and CCPa, these spectra are illustrated with other major peaks in the region 
1400 -1700 cm-1 characteristic of insulin. The peak at 1455 cm-1 is due to the bending vibration of CH2.32 The OCPa 
spectrum (Fig. 17) shows two absorption peaks one at 1663.3 cm−1 for amide I and another at 1538.9 cm−1 corresponding 
to amide II due to carbonyl group C=O stretching vibration characteristic of the insulin, these peaks are displaced for CCPa 
at 1661.1 cm−1 and 1545.9 cm−1, respectively (Fig. 18). It appears, in the 3670–3300 cm-1  
region, the band attributed to the stretching vibration of the NH2 and NH groups.33,34 

 

  
Fig. 17.  FTIR spectra of OCPa after adsorption in 3500 
mg/l of insulin 

Fig. 18.  FTIR spectra of CCPa after adsorption in 3500 
mg/l of insulin 

 
3.2 Study of Release 
        
     This study is carried out in vitro to examine the insulin's release kinetics, which is previously adsorbed onto OCPa and 
CCPa for contact times: 0.25 to 24 hours (Fig. 19) at 310 K. It is found that the release process is very fast in the first 
minutes and slows down after about 2 hours. We also noticed that the release process of insulin is influenced by the chemical 
composition of apatite. Indeed, the release rate is about 48.4% for OCPa compound free from carbonate 𝐶𝑂 ions and 
presents the maximum of 𝐻𝑃𝑂 ions and about 37.8% for CCPa compound containing both 𝐶𝑂 and 𝐻𝑃𝑂 ions.  
          
      pH values of solutions after the release of insulin previously adsorbed onto OCPa and CCPa are between 5.96 and 6.23. 
These values are nearly more than the point of zero charge (pHpzc) of the apatites, and that may explain their anionic surface. 
We noticed that the high pH value corresponds to the maximum rate (%) of insulin release (Fig. 20). The evolution in pH 
versus time can be explained by a phenomenon of ions exchange between apatite surface previously adsorbed insulin and 
the surrounding environment similar to the biological fluid. 
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3.3 Apatite–insulin interactions 
          
      Due to the presence of significant amounts of bivalent ions, 𝐻𝑃𝑂 and 𝐶𝑂  ions and deficiency in calcium ions, the 
synthetic poorly crystalline apatitic calcium phosphate is considered as a model mineralized biological and non-
stoichiometry. The general chemical formula proposed of this model is : 
Ca(8+0.57b)[PO4](3.5+1.64b)[HPO4]2.5(1−b)[CO3]0.86bOH0.5(1−b) with 0 ≤ b ≤ 1. The synthetic apatite is covered with the hydrated 
layer which contains loosely bound mobile ions (𝐶𝑎 , 𝐻𝑃𝑂 and 𝐶𝑂 ) and insulin previously adsorbed (Fig. 21). 
          The hydrated layer which is located between the apatite domain and solution plays an important role in the apatite–
insulin interactions. Indeed, The ions of the hydrated layer of apatites can be exchanged by ions of the solution or ionic end 
groups of insulin. Due to the very high specific surface area and high reactivity of apatites, the insulin previously adsorbed 
can be released. The reactions adsorption-release of insulin involving the hydrated layer are spontaneously, reversibly, and 
can be considered as electrostatic interactions. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 21. Schematisation of reactions adsorption-release of insulin involving the hydrated layer of apatitic calcium 

phosphate 
 

4. Conclusion and Perspective   
          
      The adsorption and release kinetics process attest to the high interaction between apatitic calcium phosphates of low 
crystallinity with Ca/P 1.33 and 1.48 analogous to bone minerals and various functional groups of insulin under 
physiological conditions. Indeed, the interaction process was very fast in the first minutes, the decrease in release rate might 
be due to the existence of a re-adsorption reaction between the apatite surface and insulin previously released in the solution. 
In addition, the percentage of insulin adsorbed is higher than that released in solution, which explains the high apatites 
reactivity related to their high specific surface area that can interact with the functional groups of insulin.  
       
   The results of Fourier-transform infrared spectroscopy confirm the fixation of insulin with apatites used; the spectra 
reveal, in addition to bands of the apatites examined, specific bands of amide I and amide II constituting the peptide bond 
of the insulin structure. The adsorption and release reactions are strongly affected not only by the chemical properties of the 
insulin but also by the chemical composition of apatite used; the rate of these reactions decreases with the increase of the 
number of carbonate ions and with the decrease of hydrogenophosphate ions in the prepared apatite. Under physiological 
conditions, the pH result of the incubation medium of adsorption and release reaction is higher than that of the isoelectric 
point (PI=5.4) of insulin and higher than the point of zero charge (pHpzc) of apatite, which shows that the insulin molecules 
and the apatites surface used are negatively charged. Due to these reasons, the interaction processes reveal, in this case 
study, an ion-exchange mechanism involving the replacement of mineral ions of the apatites surface (negatively charged 
functional groups) by insulin molecular ions from the solution. Therefore, the adsorption of insulin on apatitic calcium 
phosphates is considered to obey to electrostatic interactions. The possible surface exchange reactions mechanism for the 
interaction of molecular ions of insulin with apatitic calcium phosphates can be hypothesized as below:    
  
                             Adsorption:           (Ins)sol    +   (G)Apt     =     (Ins)Apt   +  (G)Sol      
                              Release:               (Ins)Apt   +  (G)Sol      =     (Ins)sol     +   (G)Apt      
 
with (Ins)Sol and (Ins)Apt are the insulin in an ionic state in solution and on the apatite surface respectively. (G)Apt and (G)Sol 
are the apatite group in an ionic state on the apatite surface and in solution respectively.   
         
      In addition to this hypothesis, the functional groups charged negatively are more than the positive groups on the surface 
of these apatites. Therefore, the interaction process may be involved the anionic groups of insulin and both the calcium sites 
and anionic groups of apatite, it is considered a physical interaction. This is in accordance with the previous study,8 which 
shows that the interaction of amino acids with apatites is governed by electrostatic interactions. Furthermore, the slight 
variation in pH of solution supernatant after adsorption and release processes may be caused by a reaction exchange between 

Solution Apatite Hydrated layer Solution Hydrated layer 

 Insulin 

 Insulin Insulin 

 Insulin 𝐶𝑎  

𝐻𝑃𝑂  

𝐶𝑎  

𝐶𝑂  𝐻𝑃𝑂  

𝐻𝐶𝑂 /𝐶𝑂  

𝐻 𝑃𝑂 /𝐻𝑃𝑂  

𝐶𝑎  

𝐶𝑂  

𝐶𝑎  

𝐻 𝑃𝑂 /𝐻𝑃𝑂  

𝐻𝐶𝑂 /𝐶𝑂  



A. El Rhilassi and M. Bennani-Ziatni/ Current Chemistry Letters 11 (2022) 351

the insulin molecules in solution or those previously fixed on poorly crystalline apatitic calcium phosphates and labile ions, 
such as 𝐶𝑎 , 𝐻𝑃𝑂 ,𝐻 𝑃𝑂   𝑎𝑛𝑑 𝐶𝑂 , at the interface of hydrated surface particles. 
          
     In order to identify the isotherm that best represents the adsorption of insulin onto the OCPa and CCPa, experimental 
data are fitted to five models: Langmuir, Freundlich, Elovich, Temkin, and Dubinin-Radushkevich. Analysis of the results 
shows that the best description of the adsorption phenomenon is correlated well with the Langmuir model under the 
concentration range studied with the highest correlation coefficient value of 99.73. However, the other models all have a 
low R-squared value, between 68.28 and 93.84. The monolayer adsorption capacity according to the most dominant model, 
Langmuir, is 33.20 mg/g for OCPa and 25.08 mg/g for CCPa. The isotherm parameters revealed that the adsorption process 
is favorable, exothermic, spontaneous in nature, and confirmed that this adsorption is controlled by physisorption. 
       
     The results obtained show that the poorly crystalline apatitic calcium phosphates provide a significant advantage over 
the interaction induced by insulin. It is possible to develop new perspectives by adapting drug delivery tools, such as pellets 
of apatitic calcium phosphates, which can be used as a support for the release of insulin. 
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