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Abstract 

In order to deploy detonation nanodiamonds (NDs) in nanomedicine and drug delivery 

applications, fundamental understanding of their surface chemistry and drug loading capacity 

is highly desirable. Herein, bone morphogenetic protein 2 (BMP-2) derived peptide with the 

sequence KIPKASSVPTELSAISTLYLGGC (molecular weight = 2336 g/mol) have been 

successfully grafted onto NDs using carbodiimide crosslinker chemistry. Initially, functional 

surface groups of wet- and dry-oxidized NDs were compared using infrared and mass 

spectroscopy. Dry-oxidized NDs exhibited the highest amount of carboxylic acid derivatives 

with a surface loading of 0.113 mmol/g after air annealing at 415 °C for 5 hours as determined 

by mass spectroscopy. Compared to wet-oxidation, the dry-oxidation process showed a 1.4-fold 

increased amount of carbonyl compounds deduced from infrared and mass spectroscopy. 

Crosslinking of the carboxylic acid derivatives to the primary amines of BMP-2 derived peptide 

is feasible in the range of 30-96% total surface coverage of NDs. 1:1 and 5:1 ND-peptide ratios 



 

 

were utilized to study the surface loading of NDs using fluorescence spectroscopy. The 

chemisorption of BMP-2 derived peptide onto NDs reveals superior surface coverage and 

results in reproducible amounts of tethered bioactive molecules. 

 

Graphical abstract 

 

 

 

1. Introduction 

Detonation nanodiamonds (NDs) are an emerging class of carbon-based nanoparticles. Due to 

their unique properties, such as a rich surface chemistry, high biocompatibility and resistance 

to harsh environments NDs are used in a broad range of interdisciplinary research 

areas [1,2,3,4]. Recently, ND research has led to bio-imaging, biosensing, drug and gene 

delivery applications for regenerative and personalized medicine [5,6,7,8,9]. NDs conjugated 

to antimicrobial agents are promising composite biomaterials for root canal therapy [10]. NDs 

as small interfering ribonucleic acid (siRNA) gene delivery vehicles showed a selective gene 

silencing effect in carcinoma cells, which enables an effective cancer treatment [ 11 ]. 

Furthermore, it has been shown that NDs are capable of dual functionalization for multimodal 

imaging and mitochondrial targeting. Those dually functionalized NDs are used to specifically 

target overexpressed folate receptors in cancer cells and to alter the intercellular localization to 

mitochondria [12]. In order to modulate the osteogenic differentiation of stem cells, NDs have 

been conjugated to the steroid dexamethasone as drug delivery vehicles [13]. 

The conjugation of NDs with growth factors for bone tissue engineering is a potential pathway 

to promote bone healing and to modulate the basic multicellular unit. Growth factors are 



 

 

particularly interesting due to their ability to regulate a variety of cellular processes and to 

trigger tissue regeneration [ 14 ]. ND suspensions showed the capability of simultaneous 

delivery of two physisorbed proteins, bone morphogenetic protein 2 (BMP-2) and basic 

fibroblast growth factor (bFGF) to promote bone formation [15]. Li et al. showed an increased 

cell adhesion and viability of osteoblasts on hydroxyapatite coatings in combination of BMP-2 

physisorbed onto NDs [16]. Although 20 different BMPs have been discovered, only BMP-2 is 

currently FDA approved and available in recombinant form for use in human spine surgery 

[17]. However, serious concerns have been raised regarding many adverse effects caused by 

excessive concentrations of BMP-2. Side effects include ectopic bone formation, inflammatory 

complications and possible tumour formation [ 18 ]. It has been demonstrated, that 

overexpression of BMP-2 in nasopharyngeal carcinoma cells promoted cell proliferation, 

migration, invasiveness and epithelial‐mesenchymal transition [19]. High doses over 40 mg 

BMP-2 in lumbar spinal arthrodesis were associated with an increased risk of cancer [20]. 

Therefore, new pathways to use BMP-2 effectively have to be developed [21]. Regulation of 

BMP-2 dosage, sufficient drug delivery vehicles, and localization at the defect site are crucial 

factors for the successful implementation of BMP-2 [22]. Tailored drug delivery vehicles of 

BMP-2 derived peptides are promising candidates to overcome the above discussed 

disadvantages. The derived peptide can be synthetically produced and are more resistant to 

denaturation due to its smaller size and lower structural complexity. Additionally, short 

polypeptides show no immunogenicity compared to proteins [23]. 

This work describes the extension of the established covalent conjugation of NDs [24,25] by 

using BMP-2 derived osteogenic peptide. The pathway of conjugation includes the oxidization 

of NDs and application of zero-length crosslinking agents. As-received and dry-oxidized ND 

agglomerates with an initial mean hydrodynamic diameter of 26±2 nm and 34±5 nm were used 

to bind osteogenic peptide. This study focuses on the quantification of functional surface groups 

and the analysis of the surface loading capability of NDs with respect to future drug delivery 

applications. Our report leads to a better understanding regarding the controlled covalent 

binding of BMP-2 derived peptide and paves the way to tailored ND growth factor delivery 

vehicles. 

2. Experimental procedure 

2.1 Materials and reagents 

Detonation nanodiamonds (NDs) were purchased from PlasmaChem GmbH, Berlin, Germany. 

The declared average particle size is 4 nm. The BMP-2 derived peptide sequence 



 

 

(KIPKASSVPTELSAISTLYLGGC) was found to bind to both BMPrI and BMPrII 

receptors [26] and was ordered from Biotrend Chemikalien GmbH, Köln, Germany. 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide (EDC) was obtained from Carl Roth GmbH Co. KG, 

Karlsruhe, Germany. N-Hydroxysuccinimide (NHS), 2-mercaptoethanol, and all other reagents 

used in this work were purchased from Merck KGaA, Darmstadt, Germany. Type 1 ultrapure 

water (ddH2O) was collected using a Direct-Q 3 UV System water purifier by Merck KGaA, 

Darmstadt, Germany. 

2.2 De-agglomeration and oxidation pathways of NDs 

In order to homogenize aqueous ND suspensions, bead-milling was applied. In brief, 0.75 g of 

as-received NDs were suspended in 15 mL of double-distilled water (ddH2O) along with 7.5 g 

of 100 µm ZrO2 beads by Sigmund Linder GmbH, Warmensteinach, Germany. The milling 

treatment consisted of two consecutive cycles (700 rpm for 30 min) using the planetary micro 

mill Pulverisette 7 by Fritsch GmbH, Idar-Oberstein, Germany. Further de-agglomeration steps 

utilized ultrasound treatments. The pH-value of ND suspensions were adjusted to pH = 9 using 

75 mM NaOH. Subsequently, the aqueous ND suspensions were subjected to 30 min of 

ultrasound treatment. The applied oscillation frequency of the submerged ultrasound probe was 

20 kHz at 70% of the instrument’s power output operated on the pulsed cycle with a 0.7 s active 

and 0.3 s passive intervals using a Sonopuls HD 2200 ultrasonic homogenizer by Bandelin 

electronic GmbH and Co. KG, Berlin, Germany. 

The wet oxidation pathway of NDs utilizing a mixture of H2SO4:HNO3 (9:1) was performed 

according to the protocol of Jee et al. [27]. The dry oxidation of NDs was performed using air 

annealing at 415 °C (heating rate of 20 K/min) for 5 h in a high temperature furnace from 

Thermconcept GmbH (model HTK 16/17), Bremen, Germany. 

2.3 Biochemical functionalization of NDs 

BMP-2 derived peptide was grafted to as-received and dry-oxidized NDs using EDC/NHS-

mediated crosslinking chemistry. Therefore 0.4 mg of EDC and 0.6 mg of NHS were 

successively added per 1 mL of ND suspension to a final concentration of 2 mM and 5 mM, 

respectively. The chemicals were allowed to react for 5 min at room temperature. Subsequently, 

1.4 μL of 2-mercaptoethanol per 1 mL of ND suspension (final concentration 20 mM) were 

added to quench the EDC. The peptide was directly suspended into the NHS-activated ND 

suspensions to a final concentration of 100 µg/mL of peptide. The mixtures of NDs and peptide 

was incubated for 24 h at 700 rpm and 37 °C using the ThermoMixer® by Eppendorf AG, 



 

 

Hamburg, Germany. Afterwards the ND suspensions were centrifuged for 30 min at 14000 g 

using the MiniSpin®-plus centrifuge by Eppendorf AG, Hamburg, Germany. The supernatants 

were collected to determine the amount of the peptide and the functionalized ND pellets were 

washed twice with ddH2O. 

2.3 Structural characterization 

In order to determine the functional surface groups of NDs, Fourier-transform infrared 

spectroscopy (FT-IR) and inductively coupled plasma atomic emission spectroscopy (ICP-

OES) were used. Infrared absorption spectra of NDs were recorded from 400 cm-1 to 4000 cm-

1 with 32 scan cycles and resolution of 1 cm-1 using a Vertex 70 FTIR spectrometer from 

Bruker, Billerica, MA, USA in pellets with KBr (1:100 mass ratio of sample to KBr). ICP-OES 

was used to quantify the ND surfaces using the selective sodium ion exchange of NaHCO3 to 

carboxylic acids. Therefore, 1.5 g NDs were mixed with 50 mL of 0.05 M NaHCO3 according 

to the Boehm titration method [28]. The mixture was allowed to react at 40 °C for 24 h. 

Afterwards, centrifugation (4000 g for 30 min) was conducted using Allegra® X-15R centrifuge 

by Beckman Coulter Inc., Brea, CA, USA with a swinging-bucket rotor and 10 kDa Amicon® 

ultra centrifugal filters by Merck KGaA, Darmstadt, Germany. The sodium content of the initial 

and reacted NaHCO3 was determined using the ICP-OES Optima 8300 by PerkinElmer Inc., 

Waltham, MA, USA. The device was operated by 1500 W at 40 MHz with 12 L/min plasma 

gas flow and calibrated using 1% HNO3. 

Fluorescence spectroscopy was used to quantify the conjugated BMP-2 derived peptide. The 

instrument used for fluorescence emission measurements was a Fluoromax-4 

spectrofluorometer by Horiba Ltd., Kyoto, Japan. The calibration was set using serial two-fold 

dilutions of 100 μg/mL aqueous peptide solution. The excitation wavelength was 274 nm and 

the emission was measured in the range of 290-350 nm with a slit opening of 5 nm and in 

increments of 0.5 nm. 

Agglomerate size distribution and zeta potential measurements were obtained using Zetasizer 

Nano ZS by Malvern Panalytical GmbH, Kassel, Germany. Before the measurements, ND 

suspensions were homogenized for 5 min using ultrasonic cleaner by VWR International 

GmbH, Darmstadt, Germany. The folded polycarbonate capillary zeta cell (model: DTS1070) 

by Malvern Panalytical GmbH, Kassel, Germany with inbuilt gold plated copper electrodes was 

applied for agglomerate size and zeta potential measurements. Each measurement was repeated 

3 times including an intermediate cleaning step of the cuvette with ethanol and ddH2O. 



 

 

3. Results and discussion 

3.1 Surface quantification of oxidized NDs 

Crosslinking techniques of amide and thiol compounds require deprotonated carbonyl 

compounds [29,30,31]. In order to enrich the ND surface with carbonyl containing surface 

groups, wet and dry oxidation pathways present promising approaches [ 32 ]. FT-IR 

measurements of various ND surface modifications were performed to determine the species of 

functional surface groups. Fig 1 compares the infrared spectra of the as-received, wet- and dry-

oxidized functional ND surface groups. 

 

 

Fig. 1 (A) Infrared spectra of as-received (black), wet- (orange) and dry-oxidized (blue) NDs, (B) in the 

spectral range 1460-1960 cm-1. Grey boxes indicate the stretch vibration of carbonyl (νC=O) compounds 

in the range 1710-1810 cm-1 and sp2 carbon (νC=C) in the range 1600-1680 cm-1, respectively. 

 

As shown in Fig. 1 (A) all ND surface modifications possess the same stretch vibrations νO-H 

at 3660-3300 cm-1, νC=C peak at 1630 cm-1 and νC-O peak at 1105 cm-1 [33,34]. The carbonyl 

stretch vibrations νC=O are expected at 1850-1710 cm-1, whereby νC=O of acid anhydrides at 

1800 cm-1 and νC=O of carboxylic acids at 1760 cm-1 are observed, respectively [35]. Fig. 1 (B) 

displays the FT-IR spectra in the range of 1460-1960 cm-1. As shown in the grey boxes, the 

surface loading of carbonyl compounds (C=O) are increasing and sp2 carbon compounds (C=C) 

are decreasing on the ND surface, due to the respective oxidation method. Whereby a high 

intensity (I) ratio of I(νC=O)/I(νC=C) represents an absolute higher quantity of carbonyl 

compounds on the ND surface. The highest amount of carbonyl compounds was observed for 

the dry-oxidized NDs. The wet oxidation increased the amount of carboxylic acids, whereas 



 

 

dry oxidation leads to the conversion into acid anhydrides on the ND surface. The conversion 

of functional ND surface groups into acid anhydrides is favourable in the absence of water and 

requires the dehydration of carboxylic acids. We can report the formation of acid anhydrides 

onto ND surface after air annealing at 415 °C for 5 h, while Sotoma et al. observed the acid 

anhydride formation at 600 °C for 5 h [36]. Dideikin et al. indicated a sp3-sp2 rehybridization 

of carbon atoms at 450 °C and annealing time of 1 h [37]. The conversion of functional ND 

surface groups into carbonyl compounds is strongly related to the initial sp3/sp2 carbon ratio, 

which depends on the actual manufacturer [38]. In order to compare the ND surface chemistry, 

the intensity ratio of νC=O and νC=C was calculated. Fig. 2 illustrates the quantitative comparison 

of as-received, wet- and dry-oxidized ND surfaces. 

 

 

Fig. 2 Comparison of as-received, wet- and dry-oxidized ND surface modifications. Diagram (A) 

represents the infrared absorbance ratio of carbonyl (νC=O) to sp2 carbon (νC=C) compounds and (B) 

surface loading of carboxylic acid derivatives onto ND surface obtained from ICP-OES. 

 

As shown in Fig. 2 (A) the highest ratio of I(νC=O)/I(νC=C) was obtained for dry-oxidized NDs. 

Wet-oxidized NDs have 2.3-fold while dry-oxidized NDs possess 3.2-fold from the amount of 

carbonyl compounds of as-received NDs. Therefore, the area underneath the respective peak of 

the infrared spectra has been evaluated and processed. In order to quantify the amount of 

carboxylic acid derivatives, mass spectroscopy was conducted. Fig. 2 (B) shows the amount of 



 

 

carboxylic acid derivatives on the ND surface. As-received NDs exhibit 0.07±0.01 mmol/g, 

wet-oxidized NDs 0.083±0.01 mmol/g and dry-oxidized NDs 0.113±0.01 mmol/g of carboxylic 

acid derivatives. The specific dissociation of Na+-ions of NaHCO3 to carboxylic acids was used 

to determine the total surface loading onto NDs [39]. Despite the different surface carbonyl 

species, NDs with a high amount of acid anhydrides show the highest amount of Na+-ions on 

their surface. Aqueous alkaline media are able to regenerate carboxylic acids from acid 

anhydrides [40]. Therefore, acid anhydrides will be hydrolysed to carboxylic acids which in 

turn act as compounds to bind for example biomolecules to the ND surface. 

3.2 Dependence of ND surface modification on BMP-2 derived peptide loading efficiency 

BMP-2 derived peptide was grafted to as-received and dry-oxidized NDs. The EDC/NHS-

mediated amide formation was used to covalently bind the osteogenic peptide to the nanoscaled 

ND agglomerates [41]. In order to quantify the amount of the peptide grafted onto NDs, 

fluorescence spectroscopy was used. Fig. 3 shows the surface loading of NDs with the peptide 

and the correlated calibration curve. The amide formation was verified using infrared 

spectroscopy. 

 



 

 

Fig. 3 (A) Fluorescence spectra for various BMP-2 derived peptide concentrations and (B) calibration 

curve (n = 3 and R2 = 0.99785) of the fluorescence intensity as function of peptide concentration. (C) 

Amount of peptide in [%] bonded to 100 and 500 µg/mL of as-received and dry-oxidized NDs. Initial 

peptide concentration for conjugation cpeptide = 100 µg/mL. n = 3; unpaired t-test * P < 0.01; 

** P < 0.15; *** P < 0.05. (D) Infrared spectroscopy of 1) BMP-2 derived peptide, 2) as-received 

ND/peptide conjugate, 3) dry-oxidized ND/peptide conjugate and 4) as-received ND without peptide. 

 

As shown in Fig. 3 (A), the integral autofluorescence intensity around 302 nm of the BMP-2 

derived peptide was used to correlate its concentration. The fitted regression line in Fig. 3 (B) 

displays a high coefficient of determination with 99.785%, which refers to the little variability 

of the obtained data. The surface loading of NDs and the related quantity of BMP-2 derived 

peptide loaded onto their surface was calculated by subtracting the amount of the unbound 

peptide from the initial loading amount after conjugation. The amount of peptide was 

determined using fluorescence spectroscopy. Fig. 3 (C) indicates the surface loading efficiency 

of the peptide onto NDs, where 100 µg/mL of the peptide were loaded onto 100 µg/mL (1:1 

ND-peptide) and 500 µg/mL (5:1 ND-peptide) of NDs, respectively. In general, the dry-

oxidized NDs show a higher amount of peptide on their surface, although the difference to as-

received NDs is not significant for high amount of tethered peptide. In case of the 1:1 ND-

peptide ratio without EDC/NHS, the dry-oxidized NDs have an absolute surface loading 

efficacy of 49±4%, which is 17±2% higher compared to the as-received NDs. While with 

EDC/NHS activation the absolute surface loading of as-received NDs is 84±2% and dry-

oxidized NDs 87±3%. Following the EDC/NHS-mediated conjugation the interaction of the 

peptide with NDs is based on chemisorption, wherein without EDC/NHS peptides are mainly 

adsorbed onto NDs. The significant higher amount of tethered peptide using EDC/NHS and the 

influence of different ND-peptide ratio was confirmed using unpaired t-tests. P-values below 

0.05 indicating a relevant difference between the populations of NDs with and without 

EDC/NHS-mediated conjugation as well as among the respective oxidation technique for a 

significance level of 5%. Dry-oxidized NDs exhibit a higher surface loading compared to wet-

oxidized NDs if the ND-peptide ratio is 1:1. As the ND-peptide ratio increases the surface 

loading onto NDs increases simultaneously starting from under 50% to over 80% of bonded 

peptide. If EDC/NHS was added to the system, the surface loading of NDs increases 

independently in respect to the employed ND-peptide ratio. The addition of EDC/NHS enables 

the possibility to control the surface loading even at low ND-peptide ratio and ensure the 

economical application of NDs. At surface loadings higher than 80% the discrepancy for as-

received and dry-oxidized NDs is considered to be not statistically significant (P < 0.15). This 



 

 

phenomena is related to the maximum surface loading for 1:1 ND-peptide mass ratio, since 

steric and hydration repulsion inhibit further peptides to approach the ND surface [42]. With an 

increased amount of NDs and ultimately covalent binding sites, the surface loading capability 

can be enhanced. In case of 5:1 ND-peptide ratio with EDC/NHS activation the absolute surface 

loading was slightly increased with 96±1% for as-received and 95±1% for dry-oxidized NDs. 

Fig. 3 (D) provides the evidence of the EDC/NHS-mediated amide formation between the 

BMP-2 derived peptide and NDs. The BMP-2 derived peptide (1) shows the typical infrared 

bands of amide I at 1630 cm-1, amide II at 1540 cm-1 and amide II’ at 1450 cm-1 [43,44]. 

Amide I vibration arises mainly from the stretch vibration νC=O and is visible in all samples (1-

4), whereas amide II and amid II’ are depicted in ND-peptide conjugates (2-3). The visible 

amide II (N-H) and amid II’ (C-N) bands as well as the increased surface loading in case of the 

EDC/NHS-mediated amide formation, provide the evidence of covalent compounds between 

the BMP-2 derived peptide and NDs. In order to confirm the stability of the ND peptide binding, 

agglomerate size distribution and zeta potential measurements have been employed. As-

received and dry-oxidized ND agglomerates with an initial mean hydrodynamic diameter of 

26±2 nm and 34±5 nm at pH = 9 were used to bind the BMP-2 derived peptide. After 

EDC/NHS-mediated conjugation, as-received and dry-oxidized NDs show an increased mean 

agglomerate size distribution of 1020±143 nm (as-received NDs) and 100±4 nm (dry-oxidized 

NDs) with the correlated zeta potential of -11±1 mV and -33±1 mV, respectively. This increase 

of the agglomerate size is mainly attributed to re-aggregation of the NDs during the 

sedimentation process related to sample collection and centrifugation. Hence, as-received NDs 

are not stable after conjugation with the BMP-2 derived peptide at pH = 9 [45]. Concerning the 

high agglomerate size, further separation techniques of unbounded peptide and conjugated NDs 

such as cascade centrifugation and dialysis have to be considered [ 46 , 47 ]. Additional 

biocompatible dispersing agents and different crosslinking approaches are able to improve the 

outcome of the conjugation [48,49]. 

4. Conclusion 

In summary, this report is the first describing the covalent surface loading of NDs using a 

cysteine-terminated BMP-2 derived peptide and the quantification of its loading efficacy. The 

employed ND agglomerate sizes for the conjugation were 26±2 nm for the as-received and 

34±5 nm for the oxidized NDs, respectively. We have shown the feasibility of a controlled 

biomolecule loading onto NDs for drug delivery applications. The optimized loading of 

biomolecules onto NDs was done in the range of 33-96% total surface coverage using an 



 

 

EDC/NHS-mediated amide formation. The applied carbodiimide crosslinker chemistry was 

suitable to covalently bind 96% of BMP-2 derived peptide at a given ND-peptide ratio of 5:1. 

Disadvantages of the EDC/NHS conjugation are the high pH sensitivity of the chemical reaction 

and its cytotoxicity at high concentrations. Concerning the translational relevance of the ND 

conjugates, further cytotoxicity tests have to be conducted systematically. Main advantages are 

the water solubility of EDC and NHS as well as the high selectivity to carboxylic acids. 

EDC/NHS conjugation can be conduct under physiological conditions to covalently graft 

biomolecules onto nanoparticles. Furthermore, excess crosslinking reagents can be removed 

using washing with ddH2O. In order to promote the surface loading of NDs with the peptide, 

wet and dry oxidation of NDs was performed and evaluated using infrared and mass 

spectroscopy. It has been demonstrated, that dry-oxidized NDs show the highest amount of 

carboxylic acid derivatives with 0.113±0.012 mmol/g compared to wet-oxidized NDs with 

0.083±0.005 mmol/g and as-received NDs with 0.07±0.006 mmol/g. The authors strongly 

recommend dry-oxidized NDs as initial surface modification for further physisorption or 

chemisorption of small biomolecules and drugs. Additional drug binding will be possible 

applying simultaneously conjugation of different species using the approach of the current study 

or further physisorption of drugs. This work will open the pathway to the development of the 

systematic understanding, and consequently optimization of NDs as drug delivery vehicles. 
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