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Abstract Most commercially available detonation nanodiamonds (DNDs) require further processing to qualify for use

in biomedical applications, as they often contain many impurities and exhibit poor dispersibility in aqueous media. In

this work, DNDs are modified to improve purity and impart a high colloidal stability to the particles. The dispersive and

adsorption properties of modified DNDs are evaluated in terms of the suitability of DNDs as carriers for non-steroidal

anti-inflammatory drugs (NSAIDs) in transdermal delivery. The study of adsorption on strongly positively and strongly

negatively charged DNDs showed their high loading capacity for NSAIDs, and a pronounced relationship between the

drugs and the particles’ charges. Experiments on long-term desorption carried out with DND/NSAID complexes indicate

that the nanoparticles exert a sustained effect on the drug release process.

Keywords: Detonation nanodiamonds (DND), Modification, Colloidal stability, Nonsteroidal Anti-inflammatory Drugs

(NSAID), Sustained drug release
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1. Introduction

Detonation nanodiamonds (DND) are receiving much

attention due to its remarkable mechanical, electrical and

thermal properties, and large specific area. Nanodia-

monds find wide applications in composite coatings for

metals, diagnostic probes, micro-electro-mechanical devices,

additives to polymers and lubricants etc [1-7]. The modi-

fiable surface, high adsorption capacity, non-toxicity and

small size of nanodiamond particles suggest their great

potential in the biomedical field, particularly in drug

delivery. The capacity of DND in drug delivery has been

demonstrated many times for a variety of compounds

employing different loading mechanisms [1-6]. The most

important advantages of DND as a drug delivery vehicle

stem from a strong physical adsorption controlled by the

functional groups on well-developed surface area that is

well suited for conjugating various biochemical sub-

stances. A high loading capacity means a high concentra-

tion of payload to be delivered using lower concentra-

tions of DND. However, to fully use the potential of

DND in drug delivery, attention must be paid to its

purity, surface chemistry, colloidal stability and other

parameters that may influence drug adsorption and des-

orption.

To be used in biomedical applications, most of com-

mercial DND require further processing as they contain a

high amount of impurities, are highly polydispersed and

often exhibit micron-sized clusters unbreakable by the

ultrasonic treatment [8-9]. Upon drying, DND particles

aggregate and lose colloidal stability, which makes

impossible their subsequent re-suspension or fractionat-
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ing. There are several ways to overcome the aggregation

and improve sedimentation stability of DND including

the use of surfactants, removing impurities with ion

exchange resins, oxidation at elevated temperatures, and

ultrasonic irradiation [1, 8, 10-12]. However, most of

them involve high power consumption and the use of

costly equipment and reagents.

In this study we propose a simple and cost effective

method for modifying commercially available DND with

aims to provide properties suitable for drug delivery, par-

ticularly for the use of DND as a carrier for non-steroi-

dal anti-inflammatory drugs. The dispersive and adsorption

properties of modified DND were evaluated on purpose

to be exploited in controlled drug release for prolonged

times. 

Non-steroidal anti-inflammatory drugs (NSAID) are a

group of compounds known to prevent formation of

prostaglandins and thromboxanes from arachidonic acid

through the inhibition of the enzyme cyclo-oxygenase

[13]. The drugs of this group are widely used for acute

and chronic diseases accompanied by pain and inflamma-

tion, with their oral, intramuscular or intravenous admin-

istration. However, there are a number of undesirable

side effects associated, primarily with the digestive tract

and kidneys. An alternative way to deliver NSAID is to

use them in medical patches intended for external use

with controlled and sustained release of the drug [14].

Diclofenac and Ketorolac, which are widely used in sur-

gery, traumatology, neurology, gynecology, urology, oncol-

ogy and other medical fields, were chosen for the purposes

of this research. Both drugs are hydrophobic, but they are

soluble in water in salt form.

2. Experimental 

Detonation nanodiamond materials from three suppli-

ers were used in this study: powder grade 0-150 pro-

duced by Real-Dzerzhinsk Ltd., Russia (hereafter named

RND); powder obtained upon drying 5% nanodiamond

aqueous dispersion produced by Carbodeon Ltd Oy, Fin-

land (CND); powder produced by SKN, Snezhinsk, Rus-

sia (SND). The reason behind the choice of DND was to

study the surface charge effect on the binding capacity of

DND for the therapeutic agents. CND and SND have a

positive zeta potential, while RND shows a negative

charge in aqueous solvents.

Ketorolac Tromethamine and Diclofenac sodium with

molecular weight of 376.4 and 318.1, respectively, were

obtained from Sigma-Aldrich Co. LLC and used without

further purification.

Modification of the initial DND was performed to

obtain material having a high colloidal stability and

purity required for biomedical application. Sodium bicar-

bonate (NaHCO3) was found to show a good effective-

ness as a modifier for the chosen materials. The process

of modification and simultaneous fractionating started

with preparation of an initial suspension, which includes

deionized water DI (18 MΩ cm, Milli-Q system, USA), a

DND powder in concentration of 5 wt% and the modify-

ing reagent. Ultrasonic pretreatment of the initial DND

suspensions was not performed as sonication may result

in wear debris from the sonotrode tip, which are difficult

to remove. The suspension was held at room tempera-

ture for 5 hours, during which DND particles precipi-

tated and reaction products between the modifier and

surface substances of DND released into the supernatant.

The precipitate was treated with water, intensively agi-

tated with a stirrer and then centrifuged at 5000 g for 5

min at 10oC using the Eppendorf Centrifuge 5415 R

(Eppendorf AG, Germany). The residue was added with

water and stirred to get a uniform solution.  The suspen-

sion was centrifuged at 16000 g for 20 min at 10oC and

the resulting supernatant was collected. The cycle was

repeated until the excess of modifier was removed (it

manifested as a change of the supernatant color due to

floating DND particles). Then the centrifugal fraction-

ation of samples was conducted at 10oC with the follow-

ing regimes: at 16000 g for 10 min; at 10000 g for

10 min; at 5500 g for 20 min; at 1000 g for 20 min. The

final products of the modification procedure are suspen-

sions of DND particles, whose size distribution depends

on acceleration used during centrifugation. These suspen-

sions were dried, the powders were weighed and the

weight percents of each fraction were determined. Then

all fractions of a certain DND were combined thus

obtaining a sample to be used in experiments. 

It is well known that DND enriched with carboxyl

groups exhibits high affinity to proteins and polypeptides

[4]. However, for a high effectiveness the DND surface

should be as uniform as possible. RND powder was used
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to produce the carboxylated nanodiamond (RND-COOH).

The functionalization was achieved chemically employ-

ing the procedure described in [15] with a slight modifi-

cation. An aqueous suspension of RND (3.0 g) was added

to 100 ml of a preheated (60oC) mixture of H2SO4 : HNO3

(3:1) and stirred for 48 h. Then, to remove the excessive

acid, 50 ml of 0.1 M aqueous NaOH were added and the

mixture was stirred at 80oC for 3 hours following the

addition of 0.1 M aqueous HCl for 2 hours. Finally, the

resulting mixture was extensively washed several times

by centrifugation with deionized water. The obtained sed-

iment of RND-COOH was dried and dispersed in DI

water for the further modification by the procedure

described above. It should be noted that aqueous suspen-

sions obtained from a dry powder of RND-COOH do not

exhibit colloidal stability.

Unimodal particle size distributions of DND (pristine

and NSAID-loaded) were determined with the dynamic

light scattering technique using a Zetasizer Nano ZS

(Malvern Instruments Ltd, UK). The same device was

used for the zeta (electrokinetic) potential measurements.

The data given are averaged over 3 measurements, 30

runs each performed on ~0.1 wt.% ND aqueous suspen-

sions at 25oC. The elemental composition of DND was

examined using a scanning electron microscope (Hitachi

TM-1000, Japan).

To obtain DND-NSAID complex, 100 µl of RND,

RND-COOH, SND or CND suspension (5 mg of pow-

der) was added to 1000 µl aqueous solutions of known

concentrations of NSAID into Eppindorf vials. The vials

were shaken at ambient temperature for 10 min to ensure

equilibrium adsorption. Then 2 µl of CaCl2 (1M) or

0.25 M NaCl solution was added to the mixture and kept

for 5 min under continual stirring. To precipitate the nan-

odiamond particles before the absorbance measurements

were made, the resulting mixture was centrifuged at

16000 g for 10 min at 10oC. The peak absorbance of the

supernatants with nonadsorbed NSAID was measured at

276 and 323 nm (correspondingly, for Diclofenac and

Ketorolac) by using a UV-1800 (Shimadzu, Japan) spec-

trophotometer. The supernatants were diluted 1:400

before being analyzed. The drug concentration was deter-

mined by the Beer’s law using a linear calibration. Cali-

bration curves were obtained by a series of separate

measurements on the solutions without DND with known

concentrations of the drug. The drug binding (adsorp-

tion) capacity of DND was calculated using the follow-

ing equation:

Binding capacity = Wd / WDND × 100%

where Wd - the weight of the drug adsorbed, WDND - the weight

of DND nanoparticles.

The diffusion profiles of RND–COOH/Diclofenac and

CND/Ketorolac complex were evaluated in vitro at 26oC

employing a home-made cell assembled with a semi-per-

meable membrane between the donor and receptor cham-

bers. The choice in favor of RND–COOH rather than

RND was determined by the higher loading capacity of

the former.

A dialysis tubing 36/32 VISKING (Serva, Germany)

with the overage pore radius of 24 Å and exclusion limit

of 8-15 kDa was used as the membrane. Before the

experiment, the dialysis bag was activated with 10 mM

EDTA-Na salt (pH 7.0) for 1 h at 50oC and then washed

several times in DI water. Preliminary spectrophotomet-

ric testing showed that no DND particles could pass the

barrier. The donor chamber was a plastic ring (27 mm in

diameter) covered by the dialysis bag. The sample under

study (2 ml) were introduced into the donor chamber, one

end of which was fastened to a float immersed in a glass

beaker filled with 30 ml of DI water (receptor solution).

Continuous stirring was maintained throughout the test-

ing using a magnetic bar. The receptor solution was peri-

odically withdrawn (each hour during the first 24 hours,

then with 12 hour interval) and replaced with equal vol-

ume of DI water. The drug concentration in the receptor

solution was determined at the absorption maxima using

the calibration curves. As a control, a release pattern of

free drugs dissolved in 2 ml of DI water was monitored

under the same conditions. The drug payload was virtu-

ally the same in the test and control samples. For the

former, it was calculated based on the drug loading

capacity of DND determined by absorption tests.

3. Results and Discussion

The stability of DND suspensions prepared from the

as-received powders was low. After storage for ca. 1 hour

they separated into observable layers containing aggre-

gates of different sizes formed under the influence of

gravity. Metallic impurities, which facilitate coagulation
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of individual diamond particles, may be one of the rea-

sons for poor dispersion [16]. In contrast, the suspen-

sions of modified DND exhibited a good colloidal

stability with no precipitation observed for at least 6

months. They retained their colloidal stability after sev-

eral cycles of drying followed by the addition of water to

the resulting powder. All tested materials exhibit a fea-

ture that is intrinsic for DND: the color of a powder

depends on the average size of particles. It changes from

a deep black for the smallest fraction through grey for the

middle sized fraction to milk white or beige for the big-

gest one [17]. The modification significantly reduces

amounts of inorganic impurities contained in the initial

DND as it was showed by the elemental analysis. For

example, the total amount of metals (Al, Si, P, Ca, Fe,

Ni, Cu and Zn) in RND samples was reduced by more

than two times (from 1.15% to 0.47%). We attribute such

improvement to the use of modifier that binds ions of

bivalent metals.

Colloidal stability can be measured quantitatively

through the electrokinetic potential (zeta potential). All

modified DND have a measured z-potential above 30

mV or below −30 mV (Table 1) and are considered sta-

ble because these particles presumably maintain their

repulsive forces while dispersed [17]. It is important to

note that the performed modification does not alter the

sign of charge of DND particles in suspension, but

increase the change degree (in absolute value).

The fraction analysis revealed that studied DND are

polydispersed systems containing DND aggregates of dif-

ferent sizes (Fig. 1). All but SND samples displayed

comparable average size and distribution of nanoparti-

cles. It implies that the size effect on the drug loading

capacity of these materials was not significant.

Processing of the soot or further oxidation of DND

(like carboxylation) results in oxidation with predomi-

nant carboxylic acid groups on the DND surface. Disso-

ciation of these groups in water leads to a negative

charge on surfaces of RND and RND-COOH. The posi-

tive charges of CND and SND can be attributed to proto-

nation of amino groups on the DND surfaces.

The adsorption study showed a significant difference of

DND in the adsorption capacity to the NSAID as it is

demonstrated in Table 2.

The data show that negatively charged DND (RND and

RND-COOH) practically do not adsorb Ketorolac, which

has a negative charge in water, due to electrostatic repul-

sion. In contrast, these DND demonstrated a high adsorp-

tion to positively charged Diclofenac with a comparable

capacity. RND-COOH showed a slightly higher value,

presumably due to differences in surface chemistry, since

RND-COOH has a higher density of negative surface

groups.

The values of the zeta potential (Table 1) for RND,

RND-COOH and their conjugates with Diclofenac indi-

cate the presence of the drug on the DND surface. Due to

Table 1. Particle size distribution and z-potential of DND and DND-NSAID conjugates in aqueous suspensions 

Sample Z-average, nm Polydispersity Z-potential, mV

RND 80.7 0.17 -49.5

RND-COOH 82.9 0.21 -50.5

CND 75.5 0.19 +39.3

SND 132.8 0.21 +30.6

RND /Diclofenac 121.5 0.18 -35.6

RND-COOH/Diclofenac 66.5 0.17 -29.7

CND/Ketorolac 5563* 0.43 +19.9

*multimodal distribution

Fig. 1. Particle size distributions of the studied DND.

Table 2. Adsorption capacity of DND to NSAID, µg/mg

ND/NSAID RND RND-COOH CND SND

Diclofenac 511 524 260 -

Ketorolac - - 516 380
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the formation of complexes, the zeta potential of both

RND/Diclofenac and RND-COOH/Diclofenac conjugates

was significantly lower in absolute magnitude than that

of the pristine DND. The same way, the conjugation of

Ketorolac to the CND surface decreased the positive

charge of DND by about 50%, which resulted in a low

stability of the complexes in suspension. Adsorption of

Diclofenac also manifests in an increase in the size of

RND particles by 50% (Table 1). Surprisingly, the

adsorption of the drug on RND-COOH resulted in a

reduction (from 83 to 66 nm) of the average particle size.

Such a phenomenon we observed in our earlier studies

when bovine serum albumin was adsorbed on RND-

COOH.

An attempt has been made to improve the adsorption

capacity of RND-COOH for Ketorolac by changing the

pH of the solution. However, the transition to alkaline

medium did not lead to a change in the adsorption capac-

ity, while even a slight decrease in pH led to the crystalli-

zation of the drug, which made it impossible to carry out

the experiment.

Positively charged CND and SND showed a high

adsorption of Ketorolac, although their binding capacity

was different (Table 2). At the same time, SND did not

adsorb Diclofenac molecules. It is widely recognized that

electrostatic forces play an important role in the adsorp-

tion process on DND. However, the electrostatic attrac-

tion/repulsion model cannot explain the observed

interactions between CND and Diclofenac [18]. The

binding capacity of CND for Diclofenac was almost two-

fold less than that of RND or RND-COOH, however, it

was still quite high.

Figures 2-3 depict the results of determining the bind-

ing capacity for RND and RND-COOH, depending on

the mass ratio of Diclofenac and nanoparticles. As fol-

lows from the data presented, the binding capacity of

DND increases with increase of the mass ratio, reaching

the maximum values of 511 and 524 μg/mg, respec-

tively. Given that the size of the DND particles is much

larger than the size of the drug molecule, it is obvious

that during adsorption the latter form several layers on

the surface of DND.

Experiments on the long-term desorption carried out

with DND/NSAID complexes showed a delayed effect of

the nanoparticles on release of the drugs. The diffusion of

the molecules of NSAID from the surface of the DND

through the membrane was much slower than the diffu-

sion of free drugs. This effect was observed for the both

complexes of DND/NSAID. However, for the CND/

Ketorolac complex, the release of the drug was signifi-

cantly slower than in the case of RND-COOH/Diclofenac.

In this case, diffusion of free molecules of Diclofenac

and Ketorolac occurred approximately at the same rate.

Note that at the initial stage of exposure (time to reach

half of the maximum value of the drug that passed

through the membrane), the diffusion rate of the prepara-

tions within the complexes was several times less than

this value for control solutions. Over time, the rate of dif-

fusion of drugs not associated with nanoparticles tended

to zero, while the rate of their diffusion from the surface

of DND upon a small decrease remained almost constant.

Fig. 2. Dependence of the binding capacity of RND on the

ratio of Diclofenac/DND.

Fig. 3. Dependence of the binding capacity of RND-COOH

on the ratio of Diclofenac/DND.
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Figures 4-5 are graphs showing the change in the total

number of drug molecules passed through the membrane

with time. The experimental data are well approximated

by a function based on the Michaelis-Menten equation,

the coefficients of which are shown in the figures. Based

on these dependencies, it is possible to calculate the

required drug loading on nanoparticles taking into

account the time. 

Results of our study showed that nanodiamonds posses

properties required for an effective carrier in transdermal

delivery of NSAID. Modified DND have an excellent

colloidal stability and resist aggregation in aqueous solu-

tions for long time, exhibit a high drug and cargo load-

ing capacity, and display a sustained mechanism on the

drug release thus able to provide its controlled dose to

the skin. Moreover, a recent study showed the capability

of nanodiamonds as a drug permeation enhancer to improve

limited drug delivery through the stratum corneum with a

high biocompatibility and reactive oxygen species scav-

enging effect [19]. 

4. Conclusions

Commercial detonation nanodiamonds were modified

to reduce the amount of impurities and impart to the par-

ticles a high colloidal stability in water suspension. Mod-

ified DND retain colloidal stability after drying and can

be re-dispersed in water without sonication. Physical

adsorption was used to produce conjugates of the modi-

fied DND with nonsteroidal anti-inflammatory drugs

Diclofenac and Ketorolac. The study of adsorption showed

a high adsorption capacity of DND towards NSAID,

which increases with the NSAID/DND mass ration and

reaches up to 524 μg/mg. A pronounced relationship

between adsorption and the charge of particles and

NSAID was observed. However, a simple electrostatic

model cannot explain all observed interactions between

DND and NSAID. Experiments on desorption carried out

with DND/NSAID complexes showed a sustained effect

of the nanoparticles on drug release. Thus, the results of

this study showed that detonation nanodiamonds are per-

spective materials to be used as a carrier in transdermal

delivery of NSAID.
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