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Abstract
In the present study the effect of nanodiamond (ND) on the adsorption capacity of Drug has been investigated. Thermal 
oxidation nanodiamond (OND) was used as adsorbents for Methotrexate adsorption. The surface properties of NDs were 
studied by Fourier transform infrared spectroscopy and zeta potential. It was determined that thermal oxidation changed the 
surface properties of ND, including increase the amount of carboxylic acid groups and decreasing the zeta potential of ND 
by increasing the thermal oxidation time. The adsorption experiments showed that untreated ND (UND) has large adsorption 
capacity and fast adsorption kinetic for methotrexate (MTX). These results suggest that the adsorption behavior of UND with 
the MTX follows not only the charge but also the chemical interaction. Due to form the strong hydrogen bond between the 
carboxyl groups of MTX and the oxygen containing groups on the surface of NDs, Kinetic studies showed that the kinetic 
data are well fitted with the pseudo- second-order model for most of the adsorbents. MTT assay, Hemolysis assay and acute 
toxicity were used for determining biocompatibility of the adsorbents; MTT assay showed no significant toxicity up to near 
300 µg/mL, OND showed neglectable hemolysis and acute toxicity result demonstrated OND was nontoxic.
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1  Introduction

In 2010, approximately 40,000 people died due to drug 
poisoning and drug overdosing (accidental and intentional) 
in the United States. In other words, the rate of drug over-
dose-related mortality has increased from 6.1 per 100,000 
standard population in 1999 to 16.3 in 2015 [1], an overall, 
it grows by 5.5% each year. Intentional self-harm and acci-
dental death due to drug abuse or overdosing is very com-
mon in the Western world. Today, because of an increase 
in the number of prescriptive drugs with high risk factors, 
their toxicity is more prevalent than in the past [2]. So today 
researcher are looking for a better solution for overcoming 
this problem. Some of these solutions are, specific fast-act-
ing antidotes and adsorbents that can be effective in treating 
and caring poisoned patients in emergency situations if they 
are used at the appropriate time. They can limit mortality. 
In 2015, antidotes and adsorbent were used 184,742 times 
in US. But if they are used incorrectly, they can be harmful 
for patients [3–6].

Methotrexate is primarily known as an anti-neoplastic 
anti-metabolite with immunosuppressant properties that 
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interferes with the actions of folate in cellular synthesis, and 
in excess this action results in cell death. However, metho-
trexate has some important adverse effects, for example, it 
can cause gastrointestinal tract, bone marrow and kidneys 
toxicity and sometimes high dose intravenous therapy or 
intrathecal administration, can cause severe toxicity of cen-
tral nervous system (CNS) [7]. So, in some cases, it should 
be necessary to use adsorbents and antidotes to improve 
the patient’s condition and even save them. There are 
some adsorbents and antidotes such as liposomes [8], lipid 
emulsions [9], polycations [10], polymeric nanoparticles 
[11], modified cyclodextrins and related compounds [12], 
enzymes [13], oligonucleotides [14], antibodies and recom-
binant proteins [15], metal–organic frameworks (MOFs) 
[16], activated carbon [17], nanodiamond (ND) [18, 19], etc.

Among these materials, ND is used as a relatively new 
adsorbent agent. NDs due to lack of toxicity, high resistance 
and acceptable chemical stability against harsh conditions 
and high affinity to organic molecules, are useful materi-
als for adsorption. ND in comparison to graphene, carbon 
nanotube and other carbon-based nanoparticles, has a high 
surface reactivity because of specific surface area about 
200 m2/g that could be easily functionalized with appropri-
ate polar groups [20, 21] such as carbonyl (ketone, ester 
or aldehyde), carboxyl, different type of alcohols and ether 
groups are the main surface functional groups on raw ND.

Carboxyl group is one of the acceptable and possible 
functional groups on the ND surface [22–24]. So, to cre-
ate a layer of carboxylic group on the surface of ND, some 
methods such as chemical and thermal oxidation have been 
used [25]. This method can efficiently make a homogeneous 
layer of carboxyl groups on the ND surface.

In present study, we evaluate the effect of surface charge 
of ND on the adsorption capacity of drugs. For this pur-
pose, thermally oxidized ND was used as adsorbents and the 
adsorption capacity of all NDs was investigated. The focus 
was on acute overdose, rather than treating iatrogenic (such 
as side effects) toxicity, such as intravenous methotrexate in 
cancer chemotherapy.

2 � Experimental

2.1 � Materials and Methods

Detonated ND with an average particle diameter of 4–6 nm, 
purity of 98–99% and specific surface area of 282 m2/g was 
purchased from NaBond Technologies Co., China, MTX 
(Aldrich, St. Louis, USA, USA), Trypan blue dye and 
5-(Dimethylthiazol-z-yl)-2,5-diphenyltetrazotium bromide 
(MTT) were purchased from Sigma. All other agents and 
solvents used in this study were analytical grade and all solu-
tions were prepared with distilled and double distilled water.

2.2 � Thermal Oxidation of ND

To create a homogeneous layer of carboxyl group on the 
surface of ND, as-received ND was oxidized at 425 °C for 
4.5 h under air atmosphere according to reported proce-
dure [26–28].

2.3 � Characterization

Fourier transform infrared (FTIR) spectroscopy analysis 
was carried out using 100-FT-IR Spectrometer, Perkin-
Elmer, with a wavenumber resolution of 4 cm−1 to charac-
terize the surface chemistry of different NDs, and illustrate 
the interaction between MTX and NDs. The zeta potential 
of different NDs in ultrapure water was measured by a 
zeta potential analyzer (Zetasizer, Malvern Instruments, 
Worcestershire, UK, model Nano ZS). Field emission 
scanning electron microscopy (FESEM–MIRA3 TES-
CAN) was used to determine the morphology of the NDs. 
X-ray diffraction (XRD) patterns were obtained at room 
temperature using a X-pert Philips, pw 3040/60 diffrac-
tometer with a copper anode and a graphite monocho-
romator to select Cu Ka1 radiation (λ = 1.54060 Å), and 
with accelerating voltage and current of 40 kV and 40 mA, 
respectively. TEM image was recorded on a Philips CM 
120 transmission electron microscope at an accelerating 
voltage of 120 KV.

2.4 � In Vivo and In Vitro Biocompatibility Test 
of Adsorbent (ND)

2.4.1 � Cell Cytotoxicity Assay

MTT assay was used for determining toxicity of synthesized 
adsorbent, for this purpose, Human embryonic kidney cells 
293 (HEK-293) were cultured according to pervious works 
[29, 30], the cells were incubated at 37 οC in 5% CO2 atmos-
phere. Then, cells were seeded in 96-well plates at a density 
of 5000 cells per well, and grown for 24 (for HEK-293). The 
cells were then incubated with a series of UND and OND-
4.5 loaded micelles in different concentrations for 72 h. then 
medium was removed and fresh DMEM medium (0.1 mL) 
and 0.01 mL of MTT solution (5 mg/mL) were added to 
each well. Then the plates were incubated in 5% CO2 at 37 
οC for another 4 h. After incubation, for dissolving formazan 
crystals, the culture medium was taken out and 0.05 mL of 
DMSO was added to each well and left for 10 min at room 
temperature. The absorbance was measured at a wavelength 
of 570 nm using a plate reader (Tecan Infinite 500). Three 
replicates were conducted for each experiment.
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2.4.2 � Hemolysis Assay

For determining Hemolytic activity of UND and OND-4.5 
fresh human blood obtained from a volunteer was diluted 
by physiological saline, then red blood cells (RBC) were 
separated from serum using centrifugation (4000  rpm, 
5 min). After separation, RBCs were washed with isotonic 
Phosphate Buffer Saline (PBS). Then RBCs suspension was 
diluted with PBS to reach appropriate concentration [31, 
32]. After dilution, RBCs were mixed with NDs solution 
(10 mg/mL), after mixing, RBCs were incubated at 37 οC 
in a shaker incubator for 4 h. For negative and positive con-
trols we used PBS and deionized respectively. Then, the tube 
containing RBCs were centrifuged at 13,000 rpm for 10 min, 
then 100 µL of supernatant of each sample was transferred 
to a 96-well plate. Bio-Rad 680 microplate reader was used 
for measuring free hemoglobin at wave length 540 nm. 
The hemolysis ratio (HR) of RBCs was determined using 
the following formula: hemolysis (%) = (AND – Anegative)/
(Apositive – Anegative) × 100, where AND, Anegative and Apositive 
were denoted as the adsorption of ND treated RBCs, nega-
tive and positive controls, respectively. All hemolysis experi-
ments were performed in triplicates.

2.4.3 � Acute Toxicity

For determining acute toxicity of adsorbent, first, accord-
ing to ideal laboratory environment (OCED), 10 Adult mice 
(30–35 g) were selected from laboratory of Zanjan Univer-
sity of Medical Sciences in both sexes and every 5 mice 
were placed in a cage for seven days. Experimental protocol 
and morally were confirmed by University’s Research and 
Ethics Committee. After experiment the all animals were 
sacrificed. Acute toxicity test was carried out according to 
OCED protocols [33], briefly, animals were treated orally 
with different doses (control, 17.5, 175, 1750, 5000 mg/kg). 
Animals were weighed before administration and after 24 h 
and 168 h. Any physical activities and behavioral changes 
of animals were observed for 6 h after the administration of 
the dose. After surviving all the animals during 24 h, two 
additional animals were treated at the highest dose, if these 
animals survived, the acute toxicity is more than the limit 
dose and the test is stopped.

2.5 � Batch Adsorption Experiments

The calibration curve of MTX was prepared by measuring 
the characteristic absorbance of MTX in a series of stand-
ard solution (1–5 mg/L) at 306 nm. Then the initial and 
equilibrium concentrations of MTX were calculated using 
this calibration curve. 20 mg of different NDs were dis-
persed in 50 mL of MTX solution at different concentra-
tions (0.24–0.96 mg/mL), then the solution was stirred at 

room temperature with a magnetic stirrer for 2 h. At speci-
fied time intervals, the NDs were separated from the MTX 
solution with centrifugation at 20,000 rpm for 15 min, and 
the residual concentration of MTX was determined using the 
UV–Vis spectroscopy. The equilibrium adsorption capacity 
(qe) was calculated according to the following Eq. (1) [16]:

where C0 and Ce (mg/L) are the initial and equilibrium con-
centrations of MTX, respectively, V (L) is the volume of the 
drug solution and W (g) is the initial mass of the NDs. Each 
batch adsorption experiment was repeated at least twice to 
check the repeatability of the data.

2.6 � Adsorption Kinetic Study

For determining kinetic of adsorption, exactly 5 mg of each 
adsorbents were added into a series of 15 mL Conical Cen-
trifuge Tubes containing 10 mL of 100 µg/mL MTX. The 
tubes were shaken at 300 rpm at 310 K, and at predeter-
mined time interval one tube was taken and centrifuged at 
4000 rpm and 1 mL of supernatant was collected. The con-
centrations of non-adsorbed MTX were analyzed by UV–Vis 
at 307 nm.

2.7 � Statistical Analysis

The experiments were repeated at least three times, and the 
data were expressed as means ± SD. Comparisons between 
groups were made with ANOVA. If ANOVA analysis indi-
cated significant differences, a Sidak test was performed to 
compare mean values between treatments.

3 � Results and Discussion

3.1 � FT‑IR Analysis

To investigate the effect of thermal oxidation on the surface 
chemistry of NDs, FTIR analysis was conducted on UND 
and OND-4.5. As shown in Fig. 1, the sharp peaks in the 
range of 1000–1200 cm−1 appeared in the spectra of NDs, 
which could be due to the stretching vibration of different 
C–O–C groups, and the intensity of these peaks increased 
after oxidation. The bands observed at 1650–1750 cm−1 are 
assigned to the stretching vibration of different carbonyl 
groups which are on the surface of NDs. The small bands 
appeared around 2850–3050 cm−1 are assigned to the C–H 
stretching vibration of saturated and unsaturated carbons 
[34, 35]. Moreover, the broad absorption band observed in 
the range of 3200–3600 cm−1 could be due to the formation 

(1)qe =
(C

0
− Ce)V

W
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of hydrogen bond between carbonyl and hydroxyl groups 
of NDs.

As can be inferred from Fig. 1, the characteristic band 
of carboxylic group appeared around 1723 cm−1 is shifted 
to higher frequencies and becomes more intensified after 
thermal oxidation. This result suggest that, the content of 
carboxylic acid group on the surface of ND increased after 
thermal oxidation which is similar to the results reported by 
other researchers [36].

To investigate the possible interactions between NDs and 
MTX, the FTIR spectra of NDs is compared with that of 
NDs/MTX in Fig. 1. As can be inferred from this Figure, 
some differences are observed between the spectra of the 
nanoparticles before and after adsorbing MTX. It can be seen 
that there is an absorption band around 2850–2950 cm−1, 
which is assigned to the CH stretching vibration of adsorbed 
MTX. The peak of carbonyl group, is shifted to lower fre-
quencies after adsorbing MTX, which could be attributed to 
formation of hydrogen bond between carbonyl and hydroxyl 
groups of NDs and polar functional groups of MTX. The 
hydrogen bonding are obviously improved by increasing the 
number of polar functional groups on the surface of ND, 
which could be demonstrated by the redshift of carbonyl 
peak of OND-4.5 Moreover, in the spectrum of NDs/MTX, 
there are two sharp absorption bands around 1400 cm−1 and 
1600 cm−1 which are assigned to the aromatic ring of the 
adsorbed MTX on the surface of NDs. Additionally, the 
strong and broad absorption band observed in the range of 
3200–3600 cm−1 could be due to the formation of hydrogen 
bonds between the oxygen containing groups of NDs and the 
polar groups of MTX. These results indicate that MTX is 

successfully adsorbed on the surface of NDs. Additionally, 
the amide bonds within the MTX structure overlapped with 
the carboxyl groups on the surface of NDs, which resulting 
to increase the intensity of this band in the spectrum of MTX 
adsorbed NDs [37].

3.2 � XRD Analysis

The powder XRD patterns of UND and OND-4.5 are 
given in Fig. 2. The main characteristic peaks of UND 
(2θ = 21.5, 43.2 and 74.8°) well match with the previously 

Fig. 1   FTIR spectra of all NDs 
before and after adsorbing MTX

Fig. 2   XRD patterns of UND and OND-4.5



705Journal of Inorganic and Organometallic Polymers and Materials (2019) 29:701–709	

1 3

reported diffraction peaks in literature [38, 39]. In 
the XRD pattern of UND the broad peak observed at 
2θ = 21.5°, could be attributed to the reflection from a 
graphite-type lattice [39, 40]. As can be seen from Fig. 2, 
the position of this peak shift to lower degrees and the 
intensity of that decrease after thermal oxidation, which 
indicates that thermal oxidation, decrease the graph-
ite-type lattice of ND. The other characteristic peaks 
observed in the XRD patterns of UND and OND-4.5, 
such as 2θ = 43.2 and 74.8°, are correspond to the (111) 
and (220) reflection from a diamond-type lattice, respec-
tively. The position and also the intensity of these peaks 
do not changed after thermal oxidation, which indicates 
that thermal oxidation does not affect the core diamond-
type lattice of ND [39].

3.3 � Particle Morphology

In order to investigate the particle size and the size dis-
tribution of NDs, FESEM analysis were performed on 
UND and OND-4.5. To give good FESEM images, the 
ND suspensions in water were dispersed onto Si wafers 
(were precleared with piranha acid solution) and imaged 
at medium resolution. As shown in Fig. 3a, b, ND parti-
cles have a spherical crystal structure with a characteristic 
size of about 20–40 nm. Some agglomeration centers with 
maximum sizes of about 500 nm were also observed in 
the FESEM images of these nanoparticles. FESEM image 
of OND-4.5 shows no change in the nanoparticle mor-
phology, which confirms that ND is stable after oxidation 
at this condition [38, 41]. The particle size and morphol-
ogy of OND-4.5 was also investigated using TEM image. 
Figure 3c illustrates that OND-4.5 particles have a spheri-
cal shape.

3.4 � Zeta Potential of Adsorbent

The zeta potential of the aqueous suspension of NCs were 
also measured. Zeta potential for OND 4.5 determined in the 
PBS buffer solution at pH 7.4. Zeta potential of adsorbent at 
pH 7.4 were found to be about − 9.65 ± 0.57 mv. It is clear 
that at the pH 7.4 where our results showed a negative zeta 
potential due to carboxyl group of oxidized nanodiamond. 
Therefore, as we knew, higher oxygen content can cause 
to more electrostatic affinity to the drugs. So, when oxy-
gen content of nanodiamond were increased, the adsorption 
ability were increased. Therefore with this method, we can 
improve adsorption capacity of nanodiamond.

3.5 � In Vivo and In Vitro Biocompatibility Test 
of Adsorbent (ND)

3.5.1 � Cell Cytotoxicity Assay

The biocompatibility studies using HEK-293 cells revealed 
that UND and OND-4.5 was nontoxic up to the highest test-
ing concentration of 280 µg/mL (Fig. 4), indicating its bio-
compatibility. Both of adsorbent approximately have same 
cell viability, so in this project due to great adsorption capac-
ity of NDs, NDs biocompatibility up to near 300 µg/mL is 
very good for our purpose to adsorbing drugs.

3.5.2 � Hemolysis Assay

Because the application of the adsorbent in the pharma-
ceutical field counts on several aspects including safety. 
Therefore, a hemolysis assay was performed based on the 
previous report [32]. As shown in Table 1 OND-4.5 showed 
negligible hemolysis toxicity (2.47%) to RBCs even at 
adsorbent concentration of 10 mg/mL, indicating the great 
blood compatibility of modified OND-4.5 and the potential 

Fig. 3   FESEM images of UND (a) and OND-4.5 (b), and the TEM image of OND-4.5 (c)
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application as drug adsorbent. But, UND have hemolysis 
toxicity about 35.63%. The increase could be justified in 
terms of zeta potential of NCs. the neutral zeta potential of 
OND changed to more negative when the carbocyclic group 
added to UND [36]; therefore, due to negative surface charge 
of cells [42] the interaction between the OND and cell walls 
decreased. So, it was expected that, percent of hemolysis for 
OND decreased to 2.47%, but, because of high interaction 
between UND and cell walls, the destruction of RBCs by 
UND could increase and the hemolysis of UND reach to 
35.63% .So in order to these results, modification of UND 
reduce its toxicity. Therefore, it can be concluded OND-4.5 
is suitable adsorbent for drugs adsorption. Figure 5 shows 
schematic comparison between NDs and positive control.

3.5.3 � Acute Toxicity

For acute toxicity test we treated mice with a range of doses. 
Mice which treated with 5000 mg/Kg are showed in Fig. 6. 
As it demonstrates, after 168 h (one week), none of our mice 
are died at 2000 mg/kg. So due to OCED and Hodge and 
Sterner scale we deduced that all of our adsorbent are prac-
tically none toxic [33]. In Addition, body weight change is 
an important indicator for potential toxicity of formulation. 
Table 2 demonstrates weight change in mice after 24 and 
168 h, as it demonstrates any increase in mice weight were 
natural.

Fig. 4   Cell viability of UND 
and OND-4.5. (HEK-293)

Table 1   Hemolysis percent of UND and OND 4.5

Sample Concentration (mg/mL) Hemolysis (%)

UND 10 35.63 ± 6.07
OND-4.5 10 2.47 ± 2.78

Fig. 5   Schematic comparison between NDs and control

Fig. 6   Illustration of treated mice after predetermined time
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3.6 � Adsorption Study of ND

The adsorption capacity of MTX was measured via putting 
UND and OND in MTX aqueous solution. Residual drug 
concentrations were evaluated at various time intervals using 
UV–Vis spectrophotometer (λmaxMTX: 307 nm). In order to 
optimize the effect of Drug/NDs ratio on adsorption efficiency, 
a variety of MTX/NDs mass ratios in feed were studied. As 
shown in Fig. 7, when mass ratio of MTX/NDs were increased, 
the adsorption efficiency of NDs were increased. According 
to this experiment, the maximum adsorption efficiency was in 
mass ratio = 0.72. This showed, NDs can adsorb more drugs 
at high concentrations of drugs. As shown in Fig. 7, approxi-
mately the adsorption efficiency of UND and OND was simi-
lar. The maximum adsorption capacities of OND and UND 
were about 650.82 and 604.18 mg/g, respectively. As it can be 
seen, the adsorption capacity of oxidized ND is slightly higher 
than un-oxidized ND, this phenomenon could be justified 

due to the fact that by increasing the functional groups, the 
interaction forces between adsorbent and Drugs like electro-
static force and hydrogen bond were increased. Therefore, the 
adsorption capacity were increased too.

3.7 � Kinetic Study

The Drug removal rate was calculated on the basis of pervi-
ous works [16]. Figure 8 shows drug removal rate vs. time is 
plotted for the two type of NDs. within approximately 15 min 
the removal rate of MTX by NDs reach a constant amount, 
indicating the effectiveness of NDs adsorbents. The kinetic 
experiments of NDs adsorption were carried out with the 
results for MTX (Table 3). To study of adsorption mechanism, 
classical kinetic models were used to show the mechanism of 
NDs adsorption as follows:

Equation (2) represent pseudo-first-order model:

Equation (3) represent pseudo-second-order model:
(2)ln(qe − qt) = ln(qe) − K

1
t

(3)
t

qt
=

1

K
2
q2
e

+
t

qe

Table 2   Weight change of NDs treated mice

Single oral dose Weight changes after 
24 h (%)

Weight changes 
after a week (%)

NDH 4.5 NDH 4.5

Control 1.00 ± 1.80 1.98 ± 1.80
17.5 3.09 ± 1.79 4.12 ± 1.79
175 5.15 ± 0.00 7.22 ± 1.79
2000 1.96 ± 1.79 3.92 ± 1.70
5000 Dead Dead

Fig. 7   Drug adsorption curve for UND and OND-4.5

Fig. 8   Effect of contact time on adsorption rate

Table 3   Kinetic parameters for the adsorption of MTX on NDs at 
37 °C and initial concentration of 100 µg/mL

Adsorbent qe (mg/g) k2 (g/mg/min) R2

First-order Second-order

UND 604.18 1.04⋅10−2 ~ 1.000 0.645
OND 4.5 650.82 5.23⋅10−3 0.999 0.742
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In these equation, qe and qt represent the amount of MTX 
that was adsorbed (mg/g) at equilibrium and time t, respec-
tively, and the K1 and K2 show the kinetic rate constants 
50 and 51, respectively. The kinetic results (Table 3) well 
characterized via pseudo-second-order model with good cor-
relation coefficients (R2 > 0.995). Also, good recovery and 
stability are expected and good for the large-scale applica-
tions of adsorbents. In addition, as we expected, the removal 
rate of OND 4.5 was higher than UND. It indicated that, 
thermal oxidation was useful for increasing adsorption abil-
ity of NDs.

4 � Conclusion

In this study, NDs capacity for removing MTX has been 
studied in details. The OND 4.5 is also reusable and eas-
ily recycled several times in adsorption of drugs. In other 
words, the MTX removal or adsorption application of modi-
fied oxidized NDs were investigated. Kinetic study showed 
the adsorbance capacity reach to maximum within 15 min 
due to great affinity between MTX and NDs. In order to 
investigate biocompatibility of NDs several test like: MTT 
assay, hemolysis assay and acute toxicity were carried out. 
MTT assay results revealed that OND 4.5 showed no sig-
nificant toxicity even at 280 µg/mL. Also, OND 4.5 showed 
neglectable hemolysis percent (2.47%). Therefore, All of 
those tests showed, OND 4.5 has not significant cytotoxic 
and categorized as practically nontoxic material.
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