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A B S T R A C T

The present study focused on investigation of graphene oxide/hydroxyapatite (GO/HAp) and 
amine modified graphene oxide/hydroxyapatite (GO-NH2/HAp) composites as potential drug 
carrier agents for 5-Fluorouracil (5-FU). Incorporation of 5-Fluorouracil drug was performed via 
adsorption through π-π interactions and electrostatic attractions. Modification of graphene oxide 
was performed for the production of amine modified graphene oxide/hydroxyapatite composite 
with the intention of enhancing adsorption performance. The X-Ray Diffraction (XRD), Fourier 
Transform Infrared Spectroscopy (FTIR), Thermogravimetric Analysis (TGA) and zeta potential/ 
particle size analysis were performed for particle characterization while Scanning Electron Mi-
croscopy (SEM) and Transmission Electron Microscopy (TEM) analysis were used to analyze 
detailed morphological properties. Experimental design studies were followed out in order to 
determine the effect of adsorption parameters including graphene oxide amount, pH and initial 
drug concentration on 5-Fluorouracil adsorption behavior. Adsorption isotherms of both com-
posites with unmodified and modified GO were best fitted to Freundlich model with R2 values of 
0.9616 and 0.9682 respectively. The maximum adsorption capacities (qm) were calculated as 
47.3 mg/g and 18.4 for graphene oxide/hydroxyapatite and amine modified graphene oxide/ 
hydroxyapatite composites respectively at pH 2.0. The highest adsorption percentage was ob-
tained for amine modified graphene oxide/hydroxyapatite composite as 40.87 % at pH 2.0 
condition. In vitro release kinetic studies revealed that compliance with Higuchi and Korsmeyer- 
Peppas kinetic models were observed for graphene oxide/hydroxyapatite, whereas zero order and 
Korsmeyer-Peppas kinetic models pointed out as the well-fitted model for amine modified gra-
phene oxide/hydroxyapatite composite. The release period of 5-FU drug from all composites were 
continued up to 8–10 h in physiological conditions (pH 7.4, 37 ◦C) indicating an achieved 
controlled release. Based on the overall findings, graphene oxide/hydroxyapatite and amine 
modified graphene oxide/hydroxyapatite composites could be suggested as a potential drug de-
livery agent for 5-FU in clinical applications.

1. Introduction

Cancer as one of the most significant causes of mortality has been known to require severe therapy methods including surgery, 
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radiotherapy and chemotherapy [1]. Chemotherapy is one of the traditional methods practiced as a cancer treatment, performed by 
the administration of highly toxic drugs intravenously [2]. Depending on the kind of utilized anti-cancer agent, the therapeutic ef-
ficiency of the treatment could be significantly low, because of the short circulation time through the body and non-selectivity to 
cancer cells [3]. In order to address these limitations, biomaterials have been proposed in the recent years as drug carriers for providing 
a controlled release manner. Controlled drug delivery systems have a potential to keep drug concentration within the range of 
therapeutic window, thus reducing the adverse effects and increasing circulation time [4]. Hydroxyapatite and graphene oxide are 
among these delivery system constituents which have gained attention as potential drug carriers.

Hydroxyapatite (Ca10(PO4)6(OH)2, HAp) is a calcium phosphate bioceramic being one of the basic components of bone tissue. Due 
to its significant biocompatibility, bioactivity and osteoconductivity, HAp emerges as a highly demanded biomaterial in the fields of 
dentistry and bone tissue engineering as a filling material and scaffold [5,6]. Apart from that, HAp also has been considered as an 
appropriate drug carrier material mainly because of its drug adsorption ability and pH responsive behavior [7]. Since nanosized 
hydroxyapatite particles demonstrate growth-inhibiting effect on cancer cells, hydroxyapatite containing materials could be opted for 
drug delivery systems of anti-cancer drugs. The calcium ions released from HAp structure has been known to enhance the cancer 
therapy effectiveness by the disruption of intracellular calcium homeostasis [8]. However, single use of HAp was reported to result in 
burst release of drug which is undesirable for maintaining controlled delivery [9,10]. The hard and brittle structure of HAp also stands 
out as a mechanical disadvantage limiting the single use of hydroxyapatite in clinical applications. For these reasons, performance of 
HAp as a drug delivery agent has been preferred to be enhanced with the contribution of various materials including polymers [11–14] 
ionic substitutions [15,16] and carbon based [17–19] nanoparticles.

Graphene oxide (GO) is an oxidation derivative of graphene possessing a two-dimensional structure and layered morphology. The 
molecular structure of GO is decorated with oxygen bearing functional groups such as carboxyl and carbonyl groups at the edge and 
epoxy groups with hydroxyl on the basal plane. Due to the high specific surface area of GO together with its ability to adsorb drug 
molecules through hydrogen bonding and π-π interactions, GO have been considered as a potential drug delivery agent candidate in 
recent years [20,21]. The oxygen containing functional groups provide notable hydrophilic characteristics enhancing dispersibility 
and stability in physiological conditions, offering a good biocompatibility as a result [22]. However, alone administration of GO 
reportedly holds potential for a possible decline in the mammalian cell viability, leading to potential toxic activity [23]. In this context, 
further functionalization of GO for improved features based on intended drug delivery application have been investigated extensively. 
A wide range of biomaterials have been proposed including chitosan [24], polyethylene glycol [25], gelatin [26], carboxymethyl 
cellulose [27], polylactic acid [28], β-Cyclodextrin [29] and metal organic framework [30], utilized together with GO. Among these, 
graphene oxide/hydroxyapatite containing composites also have been investigated for tissue engineering and drug delivery appli-
cations as potential drug carrier of ibuprofen [19], amoxicillin [31], vitamin D [32] and doxorubicin [33].

5-Fluorouracil (5-FU) is a commonly used anticancer drug which is an uracil analogue, applied for the treatment of numerous 
cancer types including skin, breast, colon, stomach, lung, ovarian, head and neck cancers. There is a fluorine atom replaced with 
hydrogen atom at the C-5 position of 5-Fluorouracil structure and anticancer activity is displayed by thymidylate synthase inhibition 
[34,35]. The highly toxic characteristic of 5-FU drug for not only cancer cells but also healthy cells results in severe side effects such as 
hair loss, fatigue, fever and mouth erosions [36,37]. Also, short circulation time through the body (8–20 min) and non-selectivity to 
cancer cells emerge as limiting factors for therapeutic efficiency of 5-FU. In this regard, providing the controlled release of 5-FU 
through a carrier is substantial for enhancing the therapeutic efficiency through prolonged circulation time, which in turn increase 
the likelihood of drug’s interaction with cancer cells. To this day, 5-FU incorporated biomaterials have been studied as carriers 
including HAp and GO such as hydroxyapatite/(poly(lactic-co-glycolic acid)) [38], hydroxyapatite/chitosan [39], graphene oxide/-
sodium alginate [40] and graphene oxide/chitosan [41]. Previously published studies on the adsorption behavior of 5-FU drug on 
various composites have been found in the literature investigated for both drug delivery and drug removal from waste water appli-
cations. Compounds including chitosan functionalized graphene oxide [41], chitosan modified single walled carbon nanotube [42] 
and mesoporous silica SBA-15 [43] have been proposed as potential adsorbent for 5-U applied to be in drug delivery systems. In 
addition, adsorption behavior of 5-FU onto alginate/geopolymer hybrid beads [44], cellulose nanofibrils [45] and MIL-101-NH2 
(Co/Fe) bi-metal–organic framework [46] materials were studied for efficient 5-FU removal from waste water through adsorption. To 
the extent of our knowledge, adsorption and release behavior of 5-FU from GO/HAp and amine modified GO/HAp composites have not 
been investigated previously.

In this study, the potential of GO/HAp and amine modified GO/HAp composites as carriers of 5-FU were aimed to investigate for 
controlled drug delivery purposes. In this context, production and characterization of GO, HAp, GO/HAp and amine modified GO/HAp 
were carried out initially followed by the drug adsorption performance studies of aforementioned composites. Firstly, GO was syn-
thesized via Hummers’ method and incorporated into HAp structure during production by chemical precipitation. Incorporation of 5- 
FU drug was performed via adsorption through π-π and electrostatic interactions. In order to optimize the 5-FU adsorption conditions, 
Box-Behnken experimental design studies were conducted including 3 factors and 3 levels. After defining the optimal conditions for 5- 
FU adsorption, amine modification of GO was performed prior to composite production with the aim of enhancing the adsorption 
capacity. In addition, the impact of main adsorption parameters including pH, adsorbent dosage and initial drug concentration was 
assessed. Adsorption isotherm and kinetic studies were performed to better assess the potential of produced composites in biomedical 
applications as 5-FU carriers.
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2. Materials and methods

2.1. Materials

5-Fluorouracil (≥99 %) was obtained from Sigma Aldrich. Sodium chloride (NaCl), calcium hydroxide (Ca(OH)2, 96 %), ortho-
phosphoric acid (H3PO4, 85 %), n-butylamine and ethanol were purchased from Merck.

2.2. Synthesis of graphene oxide (GO) and amine modified graphene oxide (GO-NH2)

GO synthesis was performed according to Hummers Method with minor modifications. Production steps were explained in a 
previous study [47]. Amine modification of prepared graphene oxide was performed with n-butylamine [48]. Firstly, a GO/distilled 
water mixture was prepared by dispersing 100 mg of GO in 50 ml distilled water in a beaker and ultrasonicated for 30 min via ul-
trasonic homogenizer (power: 15 %, pulse mode: 0.6 s on/5 s off). In another beaker, 150 mg n-butylamine and 15 ml ethanol were 
added and sonicated with ultrasonic bath for 10 min. Then, obtained GO/distilled water and n-butylamine/ethanol mixtures were 
placed into a flask in an oil bath and allowed to stir at 250 rpm under reflux at 60 ◦C for 20 h. After the completion of amination 
reaction, resultant black mixture was left undisturbed for 24 h, followed by separation via centrifugation at 4000 rpm for 20 min. 
Extracted GO-NH2 product was washed with ethanol several times with bath sonication and dried overnight at 40 ◦C in a drying oven.

2.3. Preparation of graphene oxide/hydroxyapatite (GO/HAp) and amine modified graphene oxide/hydroxyapatite (GO-NH2/HAp) 
composites

In order to obtain GO/HAp-2 composite with a GO content of %2 (w/w), graphene oxide-distilled water mixture (0.8 mg/ml) was 
prepared and 25 ml of this mixture was ultrasonicated at 35 ◦C for 30 min via ultrasonic homogenizer (power: 15 %, pulse mode: 0.6 s 
on/5 s off). In the meantime, calculated amounts of Ca(OH)2 and H3PO4 for 1 g hydroxyapatite production according to Eq. (1) were 
taken into separate beakers including 50 ml distilled water. After adding the sonicated GO/water to Ca(OH)2/water, resultant mixture 
was stirred continuously at 37 ◦C for 1 h together with H3PO4 solution at 40 ◦C. The homogenized H3PO4 solution was added dropwise 
to the aqueous Ca(OH)2/GO mixture by peristaltic pump at a rate of 5 ml/min. After this period, pH was adjusted to be in the range of 
9–10 by adding 1 M NaOH solution, if necessary. The final mixture was aged for 24 h, filtered through filter paper, washed with de- 
ionized water and dried for 24 h at 40 ◦C in a drying oven. This experimental route was followed similarly by varying the GO content 
(2.0 mg/ml and 3.2 mg/ml) for production of composites named GO/HAp-5 and GO/HAp-8. For the production of GO-NH2/HAp 
composite, GO-NH2 sample was used instead of GO. 

10 Ca(OH)2 +6H3PO4 → Ca10(PO4)6(OH)2 + 18H2O (1) 

2.4. Adsorption experiments

Loading of anticancer 5-FU drug onto composites were performed through adsorption based on the experimental design conditions 
presented in Table 2. Predetermined amount of drug was dissolved in 50 ml distilled water adjusted to selected pH (2, 6 or 10) in a way 
that 0.02 mg/ml, 0.06 mg/ml and 0.1 mg/ml initial drug concentrations were obtained. Then, 50 mg composite was added, followed 
by stirring at room temperature at 300 rpm in the dark overnight. After 24 h, 5-FU loaded composite was collected via filter paper and 
dried in a drying oven for 24 h at 40 ◦C. This experimental route was conducted for all composites depending on the concentration 
parameters presented in 2.8. Experimental design section. Also, various additional adsorbent dosages (25, 75 and 100 mg) and initial 
drug concentrations (0.2, 0.3, 0.4 and 0.6 mg/ml) were further studied to comment on the effect of these variables.

2.5. Adsorption isotherm experiments

In order to have a better insight on adsorption behavior and capacity of 5-FU on prepared composites, adsorption isotherms were 
generated according to Freundlich, Langmuir and Dubinin-Radushkevich isotherm models. The nonlinear expression of Langmuir 
model is presented by Eq. (2) [49–51]: 

qe =
qmkLce

1 + kLce
(2) 

with qm (mg/g) as the maximum adsorption capacity, qe (mg/g) as the adsorption capacity, kL (L/mg) as the Langmuir isotherm 
constant and ce (mg/L) as the drug concentration at equilibrium. The adsorption capacity qe (mg/g) is described as follows by Eq. (3): 

qe =(c0 − ce)V /m (3) 

in which V(L) the volume adsorption medium, m(g) the mass of composites and c0 (mg/L) accounts for the initial drug concentration. 
In addition, the favorableness of the adsorption process is interpreted against separation factor (RL), which is expressed in Eq. (4): 

RL =
1

1 + kLc0 max
(4) 
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where c0max (mg/L) represents the maximum value of initial drug concentration engaged in adsorption experiments. Eq. (5) proposes 
the Freundlich isotherm model as: 

qe = kFce
1/n (5) 

where n is associated with adsorption intensity and kF (mg/(g(mg/L)1/n)) model constant with adsorption capacity [49,52]. 
Dubinin-Radushkevich model is represented by Eq. (6) as follows: 

qe =qDe(− kDε2) (6) 

where kD (mol2/J2) stands for the average free energy per mole of adsorbate, qD (mg/g) the saturation capacity and ϵ (kJ/mol) the 
adsorption potential expressed in Eq. (7): 

ε=RTln
[

1+

(
1
/ce

)]

(7) 

The adsorption free energy calculated in Eq. (8) enables to have an opinion on adsorption nature in regards to being chemisorption, 
physisorption or ion exchange [49,53]. 

E= 1
/ ̅̅̅̅̅̅̅̅

2kD

√ (8) 

In order to interpret the compatibility of adsorption isotherm models, Akaike’s information criterion (AIC) (Eq. (9), Eq. (10)) and root 
mean square error (RMSE) (Eq. (11)) values of the models were calculated and compared. The N value represented the number of 
experimental data, SSE the sum of squares error, Np the number of parameters, qe,exp experimental drug release (mg/g) and qe,pre 
predicted drug release (mg/g) from the model equation [54,55]. 

AIC=Nln
(

SSE
N

)

+2Np +
2Np

(
Np + 1

)

N − Np − 1
(9) 

SSE=
∑N

N=0

(
qe,exp − qe,pre

)2
(10) 

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

N=0

(
qe,exp − qe,pre

)2

√
√
√
√ (11) 

2.6. Drug release studies

In the context of drug release studies, following procedure was performed. Firstly, 10 mg amount of 5-FU loaded composite was 
inserted into a piece of dialysis tubing (Sigma, 14 kDa) including 5 ml of phosphate buffer solution (PBS) with a pH value of 7.4, the 

Table 1 
Mathematical models for drug release kinetics studies [56–60].

Model Equation Variables and constants

Zero order ct = c0 + k0t t: Time (hour)
c0: Initial drug concentration
ct: Released drug amount after the time t
k0: Zero order model constant

First order q1
q0

= e− k1t t: Time (hour)
q0: Initial mount of drug dissolved
q1: Released drug amount after the time t
k1: First order model constant

Korsmeyer-Peppas Mi/M∞ = ktn t: Time (hour)
M∞: Drug amount at equilibrium
Mi: Released drug amount after the time t
k: Constant of incorporation
n: Release exponent

Higuchi q = kH
̅̅
t

√ t: Time (hour)
kH: Higuchi release constant
q: Released drug amount after the time t

Hixson-Crowell ̅̅̅̅̅̅̅
W0

1/3
√

=
̅̅̅̅̅̅
Wi

1/3
√

+ kHCt t: Time (hour)
W0: Initial drug amount in the system
Wi: Remaining drug amount in the system
kHC: Constant of incorporation
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edge of the tubing was sealed tightly and placed in a beaker including 100 ml of PBS. The beaker was transferred to a shaking water 
bath at 120 rpm and 37 ◦C. At determined time intervals, PBS specimen was collected for analyzing the drug content via ultra-
violet–visible (UV–vis) spectrophotometer (Hach DR6000) at 266 nm. Same experimental procedure was conducted also for varied pH 
values (1.2 and 5.0), composites types and drug loaded composites in adsorption mediums with various initial drug concentrations 
(0.1, 0.2, 0.3, 0.4, 0.6 mg/ml).

2.7. Drug release kinetics

In order to provide a better insight on drug release kinetics behavior of obtained composites, mathematical models were taken into 
consideration as of zero-order, first-order, Higuchi, Korsmeyer-Peppas and Hixson-Crowell. Calculated correlation coefficients (R2) of 
utilized models were compared and model displaying the highest R2 value was admitted to be the best fitting model. AIC and RMSE 
values were also calculated according to Eqs. (9)–(11) as given in 2.5. Adsorption isotherm experiments section with qe,exp representing 
the experimental drug release percentage and qe,pre predicted drug release percentage. Referent model equations with variables and 
constants were described in Table 1.

2.8. Experimental design

Optimum conditions for 5-FU release from GO/HAp composites were determined via Box-Behnken design experiments including 3 
factors and 3 levels. Designated design factors including GO amount (% (w/w)), initial drug concentration (mg/ml) and pH as the 
independent variables at different levels were given in Table 2. Amount of adsorbed drug (%(w/w)) (y1) values obtained from 
experimental data assigned as the designed experiment response which is also the dependent variable. A number of 15 experimental 
runs with 3 center points were required by the design experiment, from which a second order polynomial was evaluated via Minitab 21 
Software. Contour plots were obtained via Design Expert Software.

Analysis of variance (ANOVA) calculations were investigated to understand significance of the selected independent variables (p- 
value<0.05) and relevancy of the model was interpreted considering R2 and adjusted R2 values. Created three-dimensional surface and 
contour plots were referred to examine individual and bilateral interactions of the variables. The formulation demonstrating the 
highest response was deduced as the optimum formulation.

2.9. Characterization

XRD analysis was performed with CuKα1 radiation (λ = 1.5406 Å) for 2θ ranging from 10◦ to 80◦ (PANalytical X’Pert PRO). FTIR 
analysis of obtained products were carried out via PerkinElmer Spectrum 100 FTIR spectrophotometer covering the region 650–4000 
cm− 1. The effect of GO incorporation to HAp structure on thermal behavior was investigated by TGA performed with PerkinElmer 
Diamond TG/DTA by heating with a rate of 10 ◦C/min (25–550 ◦C) under nitrogen atmosphere. The particle size measurements were 
carried out by dynamic light scattering (DLS) method together with zeta potential measurements by Malvern Zetasizer Nano ZS. The 
surface morphologies were investigated by use of SEM operated at 10 KV (SEM, Zeiss EVO® LS 10). Detailed morphological structures 
were examined through transmission electron microscopy (TEM) (JEOL JEM-1400 PLUS). Stability of the produced composites were 
assessed by wavelength scanning in the range of 250–600 nm via (UV–vis) spectrophotometer (Hach DR6000).

3. Results and discussions

3.1. XRD

XRD patterns of GO, HAp, GO/HAp and GO-NH2/HAp composites are presented in Fig. 1. The peak at 2θ = 10.56◦ in GO diffraction 
pattern was detected as the characteristic peak of GO confirming the successful oxidation process of graphite [25,61]. The appearance 
of diffraction peaks at 2θ = 25.92◦, 31.83◦, 32.08◦, 39.79◦, 46.79◦ and 49.50◦ showed that characteristic peaks of HAp phase were 
present, confirming the formation of HAp structure in the composites [62]. As the main phase of the composites are HAp, no significant 
change from HAp was detected for GO/HAp and GO-NH2/HAp composites as expected, while all the characteristic HAp diffraction 
peaks were present a s well.

Table 2 
Independent and dependent variables of designed Box-Behnken experiments.

Factors/independent variables Levels

Low (− 1) Medium (0) High (1)

GO amount (%(w/w)) x1 2 5 8
Initial drug concentration (mg/ml) x2 0.02 0.06 0.10
pH x3 2 6 10

Dependent variable y1 = Amount of adsorbed drug (%(w/w)).
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3.2. FTIR

FTIR spectra of GO/HAp composites and 5-FU loaded GO/HAp-8 are given in Fig. 2 in comparison with GO. The disappearance of 
the C=O absorption band peaks at 1720 cm− 1 belonging to the carboxyl groups of GO structure confirmed the formation of covalent 
bonds with Ca2+, which was indicative of the strong interaction between HAp and GO [63,64]. At 1023 cm− 1 (ν3), P-O asymmetric 
stretching vibrations belonging to PO4

− 3 groups as one of the characteristic peaks of HAp were determined in all composite samples. In 
addition, P-O symmetric stretching vibrations corresponding to PO4

− 3 groups were observed at 963 cm− 1 (ν1). The peaks emerged at 

Fig. 1. XRD patterns of GO, HAp, GO/HAp and GO-NH2/HAp.

Fig. 2. FTIR spectra of A) GO, HAp, GO/HAP and 5-FU loaded GO/HAp composite, B) GO, GO-NH2, GO-NH2/HAp and 5-FU loaded GO-NH2/ 
HAp composite.
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1417 cm− 1 (ν3) and 874 cm− 1 (ν2) appeared to originate from CO3
− 2 ions present in the HAp structure [65]. Also, the peaks at 874 cm− 1 

pointed out the participation of carbonate ions to OH− containing regions during synthesis. The FTIR spectra GO/HAp samples did not 
reveal a significant difference in comparison with HAp, possibly the result of small GO amounts present in composites. In case of 
modified GO-NH2 sample, two distinct peaks at 2925 cm− 1 and 2956 cm− 1 emerged after amine functionalization, representing the 
stretching vibrations of C-H originating from aliphatic chains of amines [66]. The peak observed at 1564 cm− 1 was the characteristic 
peak indicating the presence of in-plane N-H [67]. The intensity of the broad peak of OH stretching vibration between 3000 and 3400 
cm− 1 in GO spectra decreased and peak at 1720 cm− 1 corresponding to carboxyl groups completely disappeared after functionali-
zation. This could be interpreted as the amine modification of GO was performed successfully [66]. The peak observed around 1240 
cm− 1 in drug loaded GO/HAP-8 and GO-NH2/HAp composites was ascribed to the existence of characteristic C-N vibrations of 5-FU 
[68]. In addition, peak at 897 cm− 1 corresponding to C-C stretching, peak at 2987 and 2988 cm− 1 representing C-H asymmetric 
stretching and peak at 3668 cm− 1 indicating O-H and C-H stretching were attributed to the presence of 5-FU [69]. In summary, the 
FTIR study confirmed the formation of composites and successful adsorption of 5-FU drug.

3.3. TGA

TGA analysis of GO/HAp and GO-NH2/HAp composites were carried out in order to investigate the effect of GO content and amine 
modification on the thermal stability of composites. As observed from Fig. 3A, plain HAp exhibited a high thermal stability with an 
approximately 9 % weight loss at 550 ◦C. Meanwhile, decomposition of GO and GO-NH2 incorporated composites occurred in two 
stages with a slightly higher final weight loss in comparison with HAp. The first stage of decomposition indicated to the evaporation of 
water molecules until around 125 ◦C for all samples. While the second stage between 125 and 325 ◦C could be ascribed to the pyrolysis 
of functional groups within GO structure. A slight relapse of thermal stability was observed as the contents of GO were increased, with 
an approximately 14 % final weight loss for the highest GO content of 8 %. This could be associated with the increase in mass loss due 
to pyrolysis of oxygen bearing functional groups in the composite structure as the amount of GO increases [31,70]. Amine modification 
of GO resulted in accelerated weight loss up to 200 ◦C, possibly due to the additional weight loss by the elimination of covalently 
bonded n-butylamine within GO-NH2 structure [66]. From 200 ◦C up until 550 ◦C, TGA curves of GO/HAp-8 and GO-NH2/HAp-8 
overlapped as expected, simply because involving similar amount of oxygen containing functional groups. The two-staged degradation 
of GO and GO-NH2 incorporated composites could also be observed in DTG analysis (Fig. 3B). It is a known fact that increase in the area 
under the DTG curve denotes higher mass loss. Considering the areas under the DTG curves around 120 ◦C, it is clear that higher GO 
and GO-NH2 content inclined an increase in the mass loss meaning the thermal stability of HAp slightly regressed.

3.4. Zeta potential and particle size distribution

Particle size distribution of GO/HAp-8 and GO-NH2/HAp-8 composites are presented in Fig. 4. GO/HAp-8 composite showed a size 
distribution in the range of 10–300 μm, with a maximum of 248.9 μm and average particle size of 118.3 μm (Fig. 4A). While GO-NH2/ 
HAp-8 composite also showed a size distribution within the same range with a maximum of 292 μm, the average particle size was 
obtained as 155.2 μm (Fig. 4B). From zeta potential measurements (Table 3), an increase in the negative surface charge of HAp with the 
incorporation of GO was detected, from − 1.7 mV to maximum of − 14.7, corresponding to the presence of negatively charged carboxyl 
groups in GO structure. Whereas, GO/HAp composites exhibited quite lower surface charge values in comparison with GO, possibly the 

Fig. 3. A) TGA and B) DTG curves of HAp, GO/HAp-2, GO/HAp-5, GO/HAp-8 and GO-NH2/HAp-8.
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result of the composite formation mechanism. During production process, oxygen containing functional groups existed on GO surface 
including hydroxyl, epoxy and carboxyl, acted as nucleation sites for HAp crystals to be formed. This process induced by the 
attachment of Ca2+ ions on negatively charged functional groups of GO or through ion exchange with H+ ions of carboxyl groups. 
Following the attachment of Ca2+ ions on GO surface, negatively charged PO4

3− and OH− ions existed in the aqueous medium were 
attracted by Ca2+ ions, which in turn initiated the formation of HAp crystals on GO surface [62]. Therefore, the drop in the negative 
surface charge values could be explained by the participation of negatively charged functional groups to HAp crystal formation. In 
addition, relatively lower amounts of GO in comparison to HAp might have resulted in closer surface charge values to HAp. In contrast 
with GO/HAp, GO-NH2/HAp composite revealed a positive surface charge, possibly the result of NH2 groups contribution. It is a 
known fact that protonation of NH2 groups results in the formation of NH4

+ ions, providing a positive surface charge [71]. In case of 
GO-NH2, a negative surface charge close to GO might have been obtained as the negatively charged oxygen containing functional 
groups outnumbered the NH2 groups. While for GO-NH2/HAp, the number of carboxyl and other functional groups on GO-NH2 surface 
could have reduced upon HAp crystal formation, leading to positive charge domination originated from NH2 groups contribution. 
Hence, it can be suggested that NH2 groups emerged as the distinctive factor for the surface charge value of the composite.

3.5. SEM

The surface morphologies of produced samples and drug loaded composites were examined by SEM images presented in Fig. 5. A 
sponge like morphology was detected for HAp powder, which is a reported characteristic of chemical precipitation method based HAp 
products obtained with H3PO4 as a phosphate source [72,73]. The smooth and sheet like surface of GO was found to be rougher 
following HAp crystal growth, resulting in a similar sponge like structure in comparison with HAp alone. The GO/HAp composites with 
adsorbed 5-FU on its surface displayed a smoother surface compared to GO/HAp, showing a decrease in its sponge like structure. This 
could be associated with the release of Ca2+ and PO4

3− ions from the HAp surface to the aqueous adsorption medium. Composites with 
amine modified GO also exhibited a smoother surface in comparison with GO/HAp composite, lacking of the sponge like morphology 
of HAp sample. Possible explanation could be the declining of oxygen containing functional groups upon amine modification, which in 
turn leaving less nucleation sites for HAp growth. Hence, rough and sponge like morphology of HAp might not be obtained.

3.6. TEM

In order to observe the detailed morphology of GO, HAp, GO/HAp and GO-NH2/HAp sample structures, TEM analysis was per-
formed and images were presented in Fig. 6. A sheet like and wrinkled morphology for GO was detected similar to reported studies in 
literature [74,75] whereas elongated crystal morphology was observed for HAp [76]. The nucleation and deposition of HAp particles 

Fig. 4. DLS measurements of A) GO/HAP-8, B) GO-NH2/HAp-8 composites in aqueous solution.

Table 3 
Zeta potential measurements.

Sample Zeta Potential (mV)

GO − 39.6
HAp − 1.7
GO-NH2 − 31.8
GO/HAp-2 − 0.74
GO/HAp-5 − 14.7
GO/HAp-8 − 10.8
GO-NH2/HAp-8 12.7
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on GO planar sheet were clearly demonstrated by the images of GO/HAp-8 sample, where HAp particles were appeared as darker 
elongated structures [77]. Similar morphology was also observed for GO-NH2/HAp-8 composite, confirming the HAp crystal formation 
on amine modified GO planar surface.

3.7. Stability

The stability of produced GO/HAp-8 and GO-NH2/HAp-8 composites in the water as an adsorption medium were examined by 
absorbance measurements at pH values of 2, 4 and 6 (Fig. 7). Composites were stirred for 24 h as in the adsorption experiments and 
samples were taken for absorbance measurements at predetermined time intervals. For both GO/HAp-8 and GO-NH2/HAp-8 

Fig. 5. SEM images of HAp, GO, GO/HAp-8, GO/HAp-8/5-FU, GO-NH2/HAp-8, GO-NH2/HAp-8/5-FU.
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composites, an increase in the absorption strength was detected after 6 h for all pH values. This could be associated with better ho-
mogenization of the composite particles with increasing agitation time, leading to absorbance increase. Meanwhile, lowest absorption 
values were observed after 24 h for GO/HAp-8 composite at pH 2 and 6, indicating slightly loss of stability for these conditions with 
time. No significant change in the absorption spectra was occurred with time and pH change, eliminating the possibility of composite 
decomposition [78,79].

3.8. Experimental design and optimization studies of GO/HAp

The obtained data from experimental design studies are presented in Table 4 including experimental and predicted adsorbed 5-FU 
percentages. The maximum adsorption percentage was determined as 26.3 % (R6) whereas minimum adsorption was 5.5 % (R8). The 
ANOVA Table (Table 5) was generated considering the elimination of insignificant terms and a quadratic mathematical expression for 
the adsorption of 5-FU on GO/HAP was obtained (Eq. (9)). The integrity of the data was confirmed with a R2 value 91.91 % and an 
adjusted R2 of 88.67 %. The ANOVA results revealed a p value below 0.05 together with a lack of fit value higher than 0.05 (p = 0.196, 
F = 4.47), notating an acceptable significance level.

The influence of independent variables on drug adsorption and their bilateral interactions were assessed via contour plots and are 
presented in Fig. 8. As observed from Fig. 8A and B, highest adsorption was tended to occur in case of high GO amount and low initial 
5-FU concentrations. While elevating GO incorporation did not make a significant difference at a fixed initial concentration of 5-FU, 
increasing the initial concentration at a fixed amount of GO significantly reduced the adsorption percentage. Similarly, in Fig. 8C and 
D, increasing the pH value at constant amount of GO resulted in lower adsorption percentages. While Fig. 8E and F indicated highest 

Fig. 6. TEM images of HAp, GO, GO/HAp-8 and GO-NH2/HAp-8.

E. Kahraman and G. Nasun-Saygili                                                                                                                                                                                Heliyon 10 (2024) e38494 

10 



adsorption performance at low pH and initial 5-FU concentrations. Considering the coefficients of the model equation, initial 5-FU 
concentration emerged as the most prominent factor due to the highest absolute value. Overall data demonstrated that a signifi-
cant increase in drug adsorption percentage at low pH levels and 5-FU initial concentrations were observed, while the increase in the 
amount of GO leaded to a slight increase being the factor with the lowest effect. Experimental values in comparison with predicted 
values of the adsorbed percentages of drug obtained from Box-Behnken design were depicted in Fig. 8G. Based on the obtained results, 
adsorption experiment was repeated under the conditions expected to give the best results (pH 2, GO: 8 %, initial drug concentration: 
0.02 mg/ml). Since these conditions were not included in the planned experimental design, they were also accepted as an experiment 
to verify the obtained model equality. Under these conditions, the percentage of adsorbed drug was obtained as 31.19 %, while the 
value calculated using the model equation was 29.89 %. Hence, aforementioned implication for the highest drug adsorption conditions 
were confirmed. Adsorption of 5-FU molecules on GO/HAp composite corresponds to the hydrogen bonds with GO functional moieties, 
π-π interactions with aromatic groups of GO and electrostatic interactions with HAp surface. Consequently, increasing amount of GO 
incorporation might have resulted in larger number of available functional and aromatic groups for 5-FU to interact, which in turn 
improved adsorption. A possible elevation in the HAp surface area at low pH values was reported in literature previously, which was 

Fig. 7. UV–Vis spectrum of the GO/HAp-8 and GO-NH2/HAp-8 composites in water medium.
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attributed to low OH concentrations at low pH mediums. OH ions presence is required for an effective HAp crystal formation and 
growth. As high pH value mediums prone to bear higher OH concentrations, increasing pH value of adsorption medium might have 
caused further crystal formation during adsorption, leading to surface area reduction through agglomeration [80]. Accordingly, 
surface area increment at low pH values could potentially enable 5-FU adsorption and led to considerably high adsorption percentages. 

y1 = 13.155 + 1.428 x1 – 7.728 x2 – 4.947 x3 + 2.60 × 1 × 1 (9)                                                                                                   

3.9. Adsorption experiments after amine modification

In order to investigate the effect of amine modification on 5-FU adsorption, studies at selected experimental design pH values (pH 2, 
6 and 10) were conducted for GO-NH2/HAp composite. The ratio of GO-NH2 was selected as 8 % since GO/HAp-8 was the composite 
with highest adsorption efficiency in experimental design studies. Table 6 presents the adsorption percentages of 5-FU onto GO/HAp 
and GO-NH2/HAp comparatively. At first glance, almost 10 % increase in 5-FU adsorption could be detected for the adsorption me-
dium pH of 2 and 6, whereas highest adsorption was obtained as 40.87 %. The improvement in 5-FU adsorption following amine 
modification could be attributed to hydrogen bonds formed between N atoms of amine groups in GO-NH2/HAp structure and H atoms 
of 5-FU molecules [81]. While the 5-FU adsorption onto GO/HAP solely occurred through GO functional groups, π-π interactions 
between aromatic groups and electrostatic interactions on HAp surface; amine modification might have provided additional 
adsorption sites for 5-FU drug to attach in GO-NH2/HAp. Similar to GO/HAp, adsorption at increasing pH values also limited 5-FU 
adsorption onto GO-NH2/HAp, resulting in percentages as low as 14.72 %. The fact that 5-FU drug has a pKa value in the range of 
7.6 and 8.05 [82,83] might have an effect on the adsorption decrease at elevated pH values. 5-FU bear two available deprotonation 
regions on the N1 and N3 nitrogen of amide in its molecular structure, hence can be found in two anionic figurations above its pKA 
values [84]. As GO/HAp-8 composite was found to be negatively charged from zeta potential measurements, a possible electrostatic 
repulsion between GO/HAp-8 composite and negatively charged 5-FU molecules at pH 10 could be suggested as the cause of lower 
adsorption values. On the contrary, similar adsorption drop was also observed for GO-NH2/HAp-8 even though its being positively 

Table 4 
Predicted adsorption data of GO/HAp by Box-Behnken design with design points and experimental data.

Runs Parameters Responses

x1 x2 x3 y1

Experimental Predicted

R1 2 0.06 2 18.47 19.27
R2 5 0.06 6 12.98 13.16
R3 5 0.06 6 10.39 13.16
R4 2 0.02 6 24.41 22.06
R5 2 0.10 6 5.66 6.60
R6 8 0.02 6 26.34 24.91
R7 8 0.10 6 6.43 9.46
R8 5 0.10 10 5.46 0.48
R9 5 0.02 10 14.72 15.94
R10 5 0.10 2 11.47 10.37
R11 5 0.06 6 11.69 13.16
R12 8 0.06 2 24.60 22.13
R13 2 0.06 10 8.78 9.38
R14 5 0.02 2 25.37 25.83
R15 8 0.06 10 11.36 12.24

x1 = GO amount (%(w/w)); x2 = Initial drug concentration (mg/ml); x3=pH; y1 = Amount of adsorbed drug (%(w/w)).

Table 5 
ANOVA calculations for GO/HAp adsorption data.

Source DF Adj SS Adj MS F-Value P-Value

Model 4 715.201 178.8 28.39 0.000
Linear 3 689.948 229.983 36.51 0.000
x1 1 16.325 16.325 2.59 0.139
x2 1 477.821 477.821 75.86 0.000
x3 1 195.802 195.802 31.09 0.000
Square 1 25.253 25.253 4.01 0.073
x1*x1 1 25.253 25.253 4.01 0.073
Error 10 62.988 6.299  
Lack-of-Fit 8 59.653 7.457 4.47 0.196
Pure Error 2 3.335 1.667  
Total 14 778.189   
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Fig. 8. Three dimensional surface plots and contour plots obtained from experimental design calculations for GO/HAp (A: GO amount (%(w/w)), B: 
initial drug concentration (mg/ml), C: pH, y1: amount of adsorbed drug), A-B) GO amount (%(w/w)) vs. initial drug concentration (mg/ml), C-D) 
GO amount (%(w/w)) vs. pH, E-F) initial drug concentration vs. pH, G) experimental values vs. predicted values.

Table 6 
Comparative 5-FU adsorption percentages of GO/HAp-8 and GO-NH2/HAp-8.

pH GO-NH2/HAp-8 GO/HAp-8

Amount of adsorbed drug ((w/w)%) 2 40.87 31.19
6 37.96 26.34
10 14.72 19.99a

a Amount of adsorbed drug ((w/w)%) onto GO/HAP-8 at pH 10 was calculated from model equation obtained in experimental design studies.
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charged and higher electrostatic attraction between composite and negatively charged 5-FU molecules was expected. Therefore, 
electrostatic forces could not be suggested as the dominant factors effecting the adsorption behavior at varying pH values.

3.10. Adsorption isotherms

3.10.1. Adsorption isotherms of GO/HAp composites
Adsorption isotherms of GO/HAp were evaluated against three models including Freundlich, Langmuir, and Dubinin- 

Radushkevich. Experimental conditions were maintained by selecting the sample with the highest drug adsorption capacity (GO/ 
HAp-8) and the pH value with the highest efficiency (pH 2). For this selected sample, experiments were carried out with different initial 
drug concentrations in pH 2 environment. Evaluated adsorption isotherm parameters and regression coefficients (R2) are given in 
Table 7. Non-linear and linear fit of isotherm models are given in Fig. 9 and Fig. S1 respectively.

Freundlich model emerged as the best fit for 5-FU adsorption on GO/HAp, with the highest R2 value of 0.9616 together with the 
lowest RMSE and AIC values. Affinity to Freundlich model could be interpreted as adsorbent GO/HAp’s surface is heterogeneous and 
adsorption is multilayer [85]. From Langmuir model, maximum adsorption capacity (qm) was obtained as 47.3 mg/g together with a 
separation factor (RL) of 0.5330, and n value of 1.8936 from Freundlich model. Both RL and n values could provide a better insight of 
the favorability of adsorption process. A RL value of 0 is associated with an irreversible, RL value in the range of 0 and 1 favorable, and 
RL value > 1 unfavorable adsorption. Whereas 1/n value in the range of 0.2 and 0.8 together with n value between 1 and 10 and is an 
evidence of good adsorption [49]. Hence, obtained RL and n values indicated that 5-FU adsorption of GO/HAp was favorable. The free 
energy of adsorption (E) was determined as 9.28 kJ/mol from Dubinin-Radushkevich model, implying an endothermic adsorption 
process due to positive E value [49,86]. E value below 8 kJ/mol demonstrates that adsorption occurs by physisorption, E value in the 
range of 8 and 16 kJ/mol by ion exchange and E value above 16 kJ/mol by chemisorption [49,87]. Therefore, an E value of 50 kJ/mol 
signified the nature of adsorption on GO/HAp composite was ion exchange. In addition, kD value was obtained as 0.0058 mol2/J2 (<1) 
from Dubinin-Radushkevich model, which is also an indication of microporous adsorbent surface [49].

3.10.2. Adsorption isotherms of GO-NH2/HAp composites
Adsorption isotherms of GO-NH2/HAp were generated under the identical experimental conditions explained in section 3.7.1. 

Adsorption isotherms of GO/HAp composites and presented in Fig. 8. Non-linear fits of isotherm models were given in Fig. 10 together 
with derived parameters in Table 8. Linear fittings of the models were presented in Fig. S2.

Evaluated adsorption isotherm data revealed the maximum adsorption capacity of GO-NH2/HAp composite as 18.4 mg/g. Similar 
to GO/HAp composite, the highest compatibility was obtained for Freundlich model with a R2 value of 0.9682, along with the lowest 
RMSE and AIC values. The n value from Freundlich model obtained as 4.5364 and 1/n as 0.2204, indicating a favorable adsorption 
process. In addition, calculated RL from Langmuir (0.0282) depicted a favorable adsorption process also, as satisfying the condition of 
0< RL < 1. The E value of Dubinin-Radushkevich model which was calculated as 33.71 kJ/mol, demonstrated an endothermic 
adsorption process through chemisorption (E > 16 kJ/mol). Lastly, a kD value of 0.00044 mol2/J2 signified that composite’s surface 
was microporous.

A summary of adsorption capacities obtained for various materials in recent literature studies was presented in Table 9. While a 
direct comparison between the adsorption capacities would not be accurate due to different range of initial drug concentration, it is 
clear that enhanced 5-FU adsorption was reported for nanogel, NiO/geopolymer and metal organic framework adsorbents with ca-
pacities of 659.7 mg/g, 329.7 mg/g and 645.4 mg/g respectively. On the other hand, materials designed for drug delivery purposes 
including chitosan-functionalized graphene oxide, chitosan modified single-walled carbon nanotube and mesoporous silica displayed 
an adsorption capacity of 44.29 mg/g, 31.77 mg/g and 55 mg/g respectively which are closer to the adsorption capacities obtained for 

Table 7 
Isotherm model parameters for GO/HAp-8 composite (pH: 2.0, adsorbent dosage: 0.05 g).

Isotherm Model Parameter Value

Langmuir qm (mg/g) 47.3
kL (L/mg) 0.00146
R2 0.9522
RL 0.5330
RMSE (mg/g) 2.658
AIC 14.732

Freundlich n 1.8936
kF (mg/(g(mg/L)1/n)) 0.7279
R2 0.9616
RMSE (mg/g) 1.936
AIC 10.927

Dubinin-Radushkevich qD (mg/g) 27.03
kD (mol2/J2) 0.0058
E (kJ/mol) 9.28
R2 0.8596

 RMSE (mg/g) 6.042
 AIC 24.585
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this study.

3.11. Drug release studies

3.11.1. Drug release kinetics of GO/HAp composite
Drug release kinetic models were originated under the optimum conditions determined from experimental design for the 

adsorption of 5-FU onto GO/HAp (GO: % 8, initial drug concentration: 0.02 mg/ml, pH: 2). The effect of release medium pH value, GO 
ratio and initial drug concentration were investigated to gain a better insight on the release behavior.

Three distinct pH values including pH 1.2, 5.0 and 7.4 were selected as the release medium pH, representing the pH value of 
stomach, cancerous and physiological medium respectively. Release kinetics were evaluated against five different kinetic models 
including zero-order, first-order, Higuchi, Korsmeyer-Peppas and Hixson-Crowell model. Obtained data from the drug release studies 
were both fitted to linear (Fig. S3–5) and nonlinear versions (Fig. S11–13) of the model equations apart from zero-order and calculated 
parameters were detailed in Table 10. As observed from the linear fitting parameters in Table 10, Higuchi model was emerged as the 
best fitting model displaying R2 values of 0.9707 and 0.9899 for pH 1.2 and 5.0 conditions respectively, together with the lowest RMSE 
and AIC values. Under these conditions, drug release was understood to occur through diffusion and dissolution being directly pro-
portional to square root of time [92]. While in the case of pH 7.4, compatibility with zero order model was observed with a R2 value of 
0.9492, indicating a controlled release of drug with a near constant release rate. In drug release systems with zero order release ki-
netics, sudden release could be prevented by ensuring the release of the drug at a constant rate and the concentration of the drug can be 

Fig. 9. A) Adsorption values against initial concentration of drug. Nonlinear fitting of adsorption isotherm models for GO/HAp-8 composite: B) 
Langmuir model, C) Freundlich model, D) Dubinin-Radushkevich model (pH: 2.0, adsorbent dosage: 0.05 g).
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maintained within the therapeutic window limits for longer periods. Providing this release profile allows limiting side effects due to 
immediate release and reducing dosing frequency. In certain drug delivery applications, zero order drug release kinetic could be 
targeted for the drugs with short biological half-life and narrow therapeutic window including 5-FU [93]. In that context, release 
profile of 5-FU from GO/HAp at physiological pH could be interpreted as a desired profile in such cases.

On the other hand, evaluation by nonlinear fitting of the drug release data resulted in compliance to Korsmeyer-Peppas model for 
all pH conditions, displaying slightly higher R2 values compared to Higuchi model. The R2 values were obtained as 0.9847, 0.9928 and 
0.9694 for pH 1.2, 5.0 and 7.4 conditions respectively. The fact that the drug release exponent (n) < 0.5 indicates a Fickian type 
diffusion, which is the case for pH 1.2 (n = 0.408) and 5.0 (n = 0.4547) conditions, could be interpreted as the release of 5-FU in lower 
pH mediums influenced by Fickian Diffusion [94]. Whereas, n value for pH 7.4 (n = 0.7449) condition is in the range of 0.5 and 1, 
denoting that the release system in physiological pH follows anomalous or non-Fickian diffusion and different mechanisms might have 
affected the release along with diffusion [95].

The initial release ratios at the end of first hour were obtained as 49.9 %, 43.5 % and 24.7 % for pH 1.2, 5.0 and 7.4 respectively 
(Fig. 11A). The relative increase in burst release with pH decrease is a sign of pH sensitive release of 5-FU from GO/HAp, a behavior 
which was also reported in several studies on HAp based drug carriers [96–98]. It is known that solubility of HAp increases at low pH 
values leading to release of Ca2+ and PO4

− 3 from the surface. The higher release rate at pH 1.2 can be attributed to the diffusion of drug 
molecules close to the surface and the acceleration of these drug molecules’ diffusion due to the release of more Ca+2 and PO4

− 3 ions 
under these conditions. Higher release rates at lower pH values is a favorable aspect for the 5-FU delivery around tumor cells and 
inflammatory tissues, as it is known that lower pH values are observed in these regions [99]. Hence, aforementioned zero order release 

Fig. 10. A) Adsorption values against initial concentration of drug. Nonlinear fitting of adsorption isotherm models for GO-NH2/HAp-8 composite: 
B) Langmuir model, C) Freundlich model, D) Dubinin-Radushkevich model (pH: 2.0, adsorbent dosage: 0.05 g).
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Table 8 
Isotherm model parameters for GO-NH2/HAp-8 composite (pH: 2.0, adsorbent dosage: 0.05 g).

Isotherm Model Parameter Value

Langmuir qm (mg/g) 18.4
kL (L/mg) 0.0574
R2 0.9381
RL 0.0282
RMSE (mg/g) 2.238
AIC 12.665

Freundlich n 4.5364
kF (mg/(g(mg/L)1/n)) 4.8580
R2 0.9682
RMSE (mg/g) 0.691
AIC − 1.443

Dubinin-Radushkevich qD (mg/g) 18.49
kD (mol2/J2) 0.00044
E (kJ/mol) 33.71
R2 0.6859
RMSE (mg/g) 3.388
AIC 17.643

Table 9 
Comparison of 5-FU adsorption capacities among relevant literature studies.

Adsorbent Adsorption capacity Initial drug concentration Refs.

Chitosan-functionalized graphene oxide 44.29 mg/g 0–80 mg/L (20 ◦C) [41]
Chitosan modified single-walled carbon nanotube 31.77 mg/g 0–100 mg/L (25 ◦C) [42]
Cellulose nanofibrils 0.123 mg/g 2–10 mg/L [45]
Mesoporous silica SBA-15 55 mg/g 0-5x10− 2 mol/L [43]
β-cyclodextrin grafted poly(N-vinylcaprolactam) nanogel 659.7 mg/g 0–1000 mg/L [88]
Mesoporous silica (MCM-48)/biopolymer 141.2–191 mg/g 0–900 mg/L [89]
Poly(vinyldiaminotriazine) nanoparticle 6.897 mg/g 0–0.025 mg/ml [90]
NiO/geopolymer 329.7 mg/g 0–250 mg/L (40 ◦C) [91]
Graphene oxide/gelatin 108.7 mg/g 0–8 mg/ml [47]
MIL-101-NH2 (Co/Fe) bi-metal–organic framework 645.4 mg/g 0–500 mg/L [46]
Alginate/geoplymer hybrid beads 6.28 mg/g 0.1–40 mg/L [44]
Graphene oxide/hydroxyapatite 47.3 mg/g 0–600 mg/L This study.
Amine modified graphene oxide/hydroxyapatite 18.4 mg/g 0–600 mg/L This study.

Table 10 
Kinetic model parameters derived from linear and nonlinear fitting of % drug release from GO/HAp-8 composite at various pH values (temperature: 
37 ◦C).

Model Linear Fitting Nonlinear Fitting

pH pH

1.2 5.0 7.4 1.2 5.0 7.4

Zero Order k0 (h¡1) 11.009 10.951 13.203 - - -
R2 0.8568 0.9026 0.9492 - - -
RMSE 12.134 9.694 8.237 - - -
AIC 52.419 47.930 44.672 - - -

First Order k1 (h− 1) 0.4537 0.3392 0.4376 0.4434 0.3619 0.2916
R2 0.9201 0.9609 0.8981 0.9570 0.9590 0.9462
RMSE 7.274 5.587 8.990 6.649 6.295 8.471
AIC 42.187 36.909 46.422 40.389 39.295 45.234

Korsmeyer-Peppas n (h− 1) 0.4702 0.4856 1.3652 0.408 0.4547 0.7449
R2 0.9608 0.9806 0.8927 0.9847 0.9928 0.9694
RMSE 5.108 3.081 23.031 3.961 2.633 6.390
AIC 31.928 22.827 59.034 30.031 21.861 39.596

Higuchi kH (h− 1/2) 37.715 35.652 33.903 37.715 35.652 33.903
R2 0.9707 0.9899 0.9246 0.9707 0.9899 0.9246
RMSE 5.489 3.125 10.031 5.489 3.125 10.031
AIC 36.555 25.290 48.615 36.555 25.290 48.615

Hixson-Crowell kHC (h− 1) 0.4797 0.4487 0.509 0.5247 0.4340 0.3687
R2 0.9414 0.8895 0.9320 0.9294 0.9373 0.9678
RMSE 7.246 7.548 10.863 8.516 7.780 6.551
AIC 42.109 42.925 50.207 45.339 43.532 40.092
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and pH sensitive behavior under in vitro conditions confirmed the suitability of GO/HAP as a carrier for 5-FU.
The release profiles of all produced GO/HAp composites were evaluated at physiological pH in order to observe the possible effect 

of GO ratio and a significant change in initial burst value was not determined within samples (Fig. 11B). Linear fitting of the release 
data (Fig. S6 and Fig. S7) displayed better compliance with zero order model at lower GO ratios, R2 values of 0.9868 (GO/HAp-2) and 
0.9509 (GO/HAp-5) respectively (Table 11). Similar to the case in GO/HAp-8, compliance of GO/HAp-2 (R2 = 0.9884) and GO/HAp-5 
(R2 = 0.9546) release data shifted to Korsmeyer-Peppas model as the best fit for nonlinear fitting.

The effect of initial drug concentration in adsorption medium on burst release and release profile was investigated as presented in 
Fig. 11C. Similar to previous reports in literature, increasing drug loadings resulted in higher burst release ratios, which could be 
attributed to presence of more drug molecules attached to composite surface [93]. The R2 values of zero order model lessened with 
higher drug contents, indicating a diversion from constant rate release (Table 12). For GO/HAp-8 composite, influence of adsorbent 
dosage was also examined at various adsorbent dosage values as presented in Fig. 11D. Similar to several literature studies, adsorption 
capacity displayed a decreasing trend, possibly related to the agglomeration of GO/HAp particles leading to less available active 
adsorption sites for 5-FU molecules [100–102].

3.11.2. Drug release kinetics of GO-NH2/HAp composite
The drug release profiles GO-NH2/HAp composite in comparison with GO/HAp with changing pH were presented in Fig. 12. Drug 

Fig. 11. Release profiles of 5-FU from A) GO/HAp-8 at pH 1.2, 5.0 and 7.4 (temperature: 37 ◦C), B) GO/HAp-2, GO/HAp-5 and GO/HAp-8 at pH 7.4 
(temperature: 37 ◦C), C) GO/HAp-8 loaded with various 5-FU content, D) Various GO/HAp-8 amounts in proportion to total adsorbed drug.
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Table 11 
Kinetic model parameters derived from linear and nonlinear fitting of % drug release from GO/HAp-2, GO/HAp-5 and GO/HAp-8 composites (pH 7.4, 
temperature: 37 ◦C).

Model Linear Fitting Nonlinear Fitting

GO/HAp-2 GO/HAp-5 GO/HAp-8 GO/HAp-2 GO/HAp-5 GO/HAp-8

Zero Order k0 (h¡1) 11.896 11.409 13.203 - - -
R2 0.9868 0.9509 0.9492 - - -
RMSE 3.709 6.987 8.237 - - –
AIC 28.717 41.382 44.672 - - -

First Order k1 (h− 1) 0.2315 0.1902 0.4376 0.2115 0.1972 0.2916
R2 0.9611 0.9331 0.8981 0.9430 0.9252 0.9462
RMSE 7.793 8.650 8.990 7.709 8.628 8.471
AIC 43.564 45.651 46.422 43.348 45.599 45.234

Korsmeyer-Peppas n (h− 1) 0.7320 0.8760 1.3652 0.8939 0.8761 0.7449
R2 0.9613 0.9454 0.8927 0.9884 0.9546 0.9694
RMSE 5.337 7.083 21.849 3.483 6.719 6.390
AIC 32.714 37.809 59.034 27.458 40.599 39.596

Higuchi kH (h− 1/2) 28.932 27.619 33.903 28.932 27.619 33.903
R2 0.9046 0.8765 0.9246 0.9046 0.8765 0.9246
RMSE 9.973 11.082 10.031 9.973 11.082 10.031
AIC 48.497 50.606 48.615 48.497 50.606 48.615

Hixson-Crowell kHC (h− 1) 0.4252 0.4019 0.509 0.2767 0.2593 0.3687
R2 0.7753 0.7106 0.9320 0.9641 0.9396 0.9678
RMSE 13.730 14.168 10.863 6.114 7.751 6.551
AIC 54.892 55.520 50.207 38.712 43.456 40.092

Table 12 
Zero Order kinetic model parameters of GO/HAp-8 composite for different initial drug concentrations (pH: 7.4, temperature: 37 ◦C).

Model Zero Order

Initial drug concentration (mg/ml) k0 (h− 1) R2 RMSE AIC

0.02 13.203 0.9492 8.237 44.672
0.1 11.427 0.8173 14.564 56.072
0.2 10.233 0.8035 13.639 54.759
0.3 12.389 0.8682 11.535 46.589
0.4 8.9629 0.5767 20.697 63.099
0.6 9.4293 0.6138 20.160 62.574

Fig. 12. Release profiles of GO-NH2/HAp-8 in comparison with GO/HAp-8 at pH 1.2, 5.0 and 7.4 (temperature: 37 ◦C) in proportion to total 
adsorbed drug.
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release was completed after approximately 10 h at all pH values and compared to GO/HAp-8, the initial burst release occurred at lower 
levels. At the end of first hour, 10.1 %, 18.9 % and 2.8 % of the total drug were released at pH 1.2, 5.0 and 7.4 respectively. Based on 
the linear fitting of release profiles obtained for different kinetic models (Fig. S8–10), calculations revealed that 5-FU release from GO- 
NH2/HAp followed zero order release kinetic at all pH values, similar to GO/HAp at physiological pH (Table 13). However, nonlinear 
fitting resulted in slightly higher R2 values for pH 1.2 (R2 = 0.9886) and 7.4 (R2 = 0.9801) for Korsmeyer-Peppas compared to zero 
order model (Fig. S16–18). Atall three pH conditions, n values were obtained in the range of 0.5 and 1, indicating a disordered 
transport state (non-Fickian). Overall data demonstrated that amine modification of GO not only improved the 5-FU adsorption but 
also resulted in a more controlled release profile.

The effect of amine modification on controlled release of drugs such as ibuprofen and paracetamol have been investigated and 
reported in literature. For ibuprofen drug, amine modified mesoporous magnesium carbonate (MMC) was studied as a carrier and 
displayed a more retarded release of drug in comparison with unmodified MMC. Increasing the amount of amine groups reduced the 
initial burst release ratio which was explained by the strong interactions between carboxyl group of ibuprofen and amine groups of 
modified MMC [103]. Another study examined the mesoporous silica KCC-1(KCC-1) in comparison with its amine functionalized 
version (KCC-1-NH2) as a drug carrier of paracetamol. In vitro release studies evidently showed that KCC-1-NH2 sample provided 
slower release rate than unmodified KCC-1. This effect was related to stronger interactions between amine groups of KCC-1-NH2 and 
amide (–CO–NH2) and hydroxyl (–OH) groups of paracetamol. Also, reduced PBS entrance in the pores by NH2 groups and steric 
hindrance of NH2 groups were stated as the reasons of slower initial drug release [104]. Accordingly, the more controlled release from 
GO-NH2/HAp could be attributed to the interactions between H atoms of 5-FU and amine groups of GO-NH2/HAp, possibly stronger 
than the electrostatic interactions and π-π interaction occurred with GO/HAp composite. Literature studies conducted with hydrox-
yapatite/graphene oxide content for the controlled release of various drugs are summarized in Table 14.

4. Conclusions

The present study focused on the production of graphene oxide/hydroxyapatite and amine functionalized graphene oxide/hy-
droxyapatite composites as drug carriers for 5-FU, optimization of 5-FU adsorption via experimental design studies and investigation of 
5-FU release kinetics. The morphological and chemical structure of GO/HAp and GO-NH2/HAp composites were investigated by FTIR, 
TGA and SEM analysis measurements, confirming the achieved composite formation. Experimental design studies pointed out the 
enhanced adsorption percentages of 5-FU at increasing GO content, low adsorption medium pH value and low initial drug concen-
tration. Further adsorption studies with GO-NH2/HAp composites demonstrated that amine modification had a distinct positive in-
fluence on adsorption of 5-FU, allowing the adsorption percentage of 40.9 % at pH 2. Adsorption isotherm studies revealed the 
compatibility of composites with Freundlich model before and after amine modification. From in vitro release studies, it was observed 
that GO/HAp composites followed Higuchi and Korsmeyer-Peppas kinetic models depending on release medium pH value, whereas 
GO-NH2/HAp composites followed zero order and Korsmeyer-Peppas kinetic models at all pH conditions indicating amine modifi-
cation’s positive effect on prolonged release of 5-FU. Overall results suggested that both GO/HAp and GO-NH2/HAp composites had a 
potential for the adsorption and delivery of 5-FU drug in clinical applications.

Table 13 
Kinetic model parameters derived from linear and nonlinear fitting of % drug release from GO-NH2/HAp-8 composite (pH: 7.4, temperature: 37 ◦C).

Model Linear Fitting Nonlinear Fitting

1.2 5.0 7.4 1.2 5.0 7.4

Zero Order k0 (h¡1) 10.291 9.0641 9.7005 - - -
R2 0.9880 0.9583 0.9779 - - -
RMSE 3.744 6.240 4.810 - - -
AIC 34.082 46.344 40.097 - - -

First Order k1 (h− 1) 0.1815 0.1561 0.2004 0.1790 0.1887 0.1675
R2 0.9790 0.9462 0.9095 0.9292 0.9059 0.9381
RMSE 8.724 10.013 8.331 9.091 9.372 8.055
AIC 54.386 57.692 53.279 55.374 56.105 52.472

Korsmeyer-Peppas n (h− 1) 1.1997 0.4980 1.4497 0.9562 0.7569 0.9144
R2 0.9794 0.8637 0.9464 0.9886 0.9515 0.9801
RMSE 8.197 10.365 14.818 3.645 6.729 4.566
AIC 48.726 53.890 61.753 33.442 48.153 38.850

Higuchi kH (h− 1/2) 26.801 27.420 25.653 26.801 27.420 25.653
R2 0.8798 0.9080 0.8849 0.8798 0.9080 0.8849
RMSE 11.847 9.267 10.981 11.847 9.267 10.981
AIC 61.730 55.836 59.908 61.730 55.836 59.908

Hixson-Crowell kHC (h− 1) 0.4165 0.3930 0.3335 0.2341 0.2425 0.2197
R2 0.7876 0.7476 0.7773 0.9566 0.9243 0.9586
RMSE 18.146 18.076 12.727 7.117 8.408 6.587
AIC 71.963 71.870 63.449 49.500 53.501 47.641
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